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Preface 

You once said, 

‘Nothing looks beautiful 

As they near death’, 

But Autumn looks the prettiest. 

Winter is dreadful 

But if you persist, 

Spring follows, 

Bearing gifts. 

An eternal cycle 

Of transience and change, 

A shape-shifting entity, 

Perceived by the mind, 

Giving it 

The highest mandate of a being, 

For all battle is played out 

In the mind first, 

And victory or defeat 

Is a manifestation of 

What has already been decided 

In the mind. 

For all things must come to an end 

In this eternal cycle of exchange.  

                                                                       

Quote 

‘You can only bloom in the right environment. Choose it wisely.’ 

- Monika Chanu Chongtham 
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Abstract 

Resilience and susceptibility are two plausible outcomes following stress exposure. Those 

individuals that can successfully cope with daily stressors and maintain normal daily functions 

are known to exhibit resilience, while those that succumb to the stressors are known to be 

susceptible to the stressor. Susceptibility to a stressor is a major precedent towards the 

development of mental health disorders. Unfortunately, mental health disorders not only 

compromise an individual’s quality of life but also exert a huge burden on the global economy. 

Therefore, with the anticipated surge in mental health disorders following the recent COVID 

lockdowns, a more comprehensive understanding of resilience and susceptibility molecular 

mechanisms is crucial for facilitating early interventions.  

As mechanistic studies on humans face certain limitations, we employ the chronic social defeat 

(CSD) paradigm for rodents - known for its high face validity, construct validity as well as 

predictive validity, mirroring the social stressors that humans experience. However, current 

molecular studies investigating the CSD stress impacts embody at least two limitations. First, 

most studies use bulk tissues rather than isolating engram cells/nuclei. As engrams play pivotal 

roles in the onset of diseased pathways, the use of bulk tissues limits the potential to identify 

rare but crucial signals. Second, the majority of the current literature investigates only one 

omics level at a stationary time point. Such an approach curtails the ability to delineate 

causative factors, which are potent therapeutic targets. Therefore, to circumvent these 

limitations, the thesis employs a study design centered around the implementation of transgenic 

mouse lines to facilitate the capture of specific engram nuclei. These nuclei will then be 

subjected to multiomics investigations to access different layers of molecular machineries at a 

single time point. This approach will facilitate the generation of a higher resolution picture of 

the ongoing alterations, thereby enhancing the potential to delineate plausible causal pathways.   

Thus, within the framework of the study, I highlight the importance of employing optimal 

stressors for the transgenic mouse lines and engram nuclei isolation techniques to increase the 

confidence of the results from the engram-multiomics data. From such systematically curated 

multiomics data, I identified significant roles of the GTPase signaling and endocytic pathways 

behind the divergence and persistence of the susceptibility-resilience patterns post-stress. 

Further analysis of the results led to the identification of endocytosis-related Arf6 GTPase as a 

potential therapeutic target, wherein I hypothesize that reducing Arf6 expression in the ventral 

hippocampus within a defined window period, will enhance resilience outcomes. 
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Zussamenfassung 

"Resilienz und Anfälligkeit sind zwei plausible Ergebnisse nach Stressbelastung. Diejenigen, die 

erfolgreich mit täglichen Belastungen umgehen können und normale tägliche Funktionen 

aufrechterhalten, gelten als resilient, während diejenigen, die den Belastungen erliegen, als anfällig 

für den Stressor gelten. Die Anfälligkeit für einen Stressor ist ein entscheidender Vorläufer für die 

Entwicklung von psychischen Störungen. Leider beeinträchtigen psychische Störungen nicht nur die 

Lebensqualität eines Einzelnen, sondern belasten auch die Weltwirtschaft erheblich. Daher ist mit 

dem erwarteten Anstieg psychischer Störungen nach den jüngsten COVID-Sperrungen ein 

umfassenderes Verständnis der molekularen Mechanismen von Resilienz und Anfälligkeit 

entscheidend, um frühzeitige Interventionen zu erleichtern. 

Da mechanistische Studien am Menschen bestimmten Einschränkungen unterliegen, verwenden wir 

das Paradigma der chronischen sozialen Niederlage (CSD) für Nagetiere - bekannt für seine hohe 

Gesichts-, Konstrukt- und prädiktive Validität, die die sozialen Belastungen widerspiegelt, die 

Menschen erfahren. Allerdings haben aktuelle molekulare Studien zu den Auswirkungen von CSD-

Stress zumindest zwei Einschränkungen. Erstens verwenden die meisten Studien Massengewebe 

anstelle der Isolierung von Engrammzellen/-kernen. Da Engramme eine entscheidende Rolle im 

Beginn von krankhaften Signalwegen spielen, beschränkt die Verwendung von Massengeweben das 

Potenzial, seltene, aber entscheidende Signale zu identifizieren. Zweitens untersucht die Mehrheit 

der aktuellen Literatur nur eine Omics-Ebene zu einem festen Zeitpunkt. Ein solcher Ansatz schränkt 

die Fähigkeit ein, kausale Faktoren zu ermitteln, die potenzielle therapeutische Ziele sind. Um diese 

Einschränkungen zu umgehen, verwendet die Dissertation einen Studiendesign-Ansatz, der auf der 

Implementierung von transgenen Mauslinien basiert, um die Erfassung spezifischer Engramm-

Zellkerne zu erleichtern. Diese Zellkerne werden dann multiomischen Untersuchungen unterzogen, 

um auf unterschiedliche Schichten molekularer Mechanismen zu zugreifen. Dieser Ansatz erleichtert 

die Generierung eines Bildes mit höherer Auflösung der laufenden Veränderungen und verbessert so 

das Potenzial, plausible kausale Wege zu ermitteln. 

Innerhalb des Rahmens der Studie betone ich die Bedeutung der Verwendung optimaler Stressoren 

für die transgenen Mauslinien und der Isolationstechniken für Engramm-Zellkerne, um das Vertrauen 

in die Ergebnisse aus den Engramm-Multiomics-Daten zu steigern. Aus solchen systematisch 

kuratierten Multiomics-Daten habe ich signifikante Rollen der GTPase-Signalwege und der 

endozytotischen Pfade bei der Divergenz und Persistenz der Anfälligkeits-Resilienz-Muster nach 

Stress identifiziert. Eine weitere Analyse der Ergebnisse führte zur Identifizierung der mit 

Endozytose verbundenen Arf6-GTPase als potenziellem therapeutischem Ziel, wobei ich die 

Hypothese aufstelle, dass die Reduzierung der Arf6-Expression im ventralen Hippocampus innerhalb 
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eines festgelegten Zeitfensters die Resilienz verbessern wird."NB: Translation by ChatGPT 

(chat.openai.com)
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I. Overview: Stress and the scope for resilience study 

Any disturbance in the existing homeostatic equilibrium of an organism is termed as stress. 

Stress occurs as a physiological response to activate mechanisms to restore the perturbed 

homeostasis and promote adaptation1,2. However, excessive stress without proper coping 

mechanisms can be detrimental to the survival of the organism2. With the rapid changes in 

lifestyle over the past few decades in areas of nutrition, social bonding and competitive work 

culture, stress-associated mental disorders have been on the rise. From 1990-2019, an 

increase of 55.1% was noted3,4. Indeed, the World Health Organisation (WHO) report 

(2022)5 estimated that 1 in every 8 people (approximately 12%) was living with a stress-

related mental health problem in 2019. Unfortunately, mental disorders decrease the quality 

of life and reduce available human resources. In fact, by 2030, it is predicted that major 

depressive disorders (MDD) will be the leading cause of disability (WHO report cited by 6). 

More alarmingly, the recent COVID lockdowns will, very likely, aggravate the steep 

increase in the rise of mental health disorders7–11. In other words, the impacts of the social 

isolation during the COVID pandemic along with the pending economic aftermath, foretell 

an increase in anxiety and depression cases in the next few years. Indeed, the WHO estimated 

a 26-28% increase in mental disorders within 1 year following the COVID-19 pandemic with 

anxiety and depressive disorders being the most common5. Notably, the result of a swiftly 

declining mental health is already evident in the civil unrest erupting in different countries. 

Apart from this, increasingly urbanised sedentary lifestyles paired with the growth of 

artificial intelligence and automation technology could, further, boost a bigger leap in the 

deterioration of global mental health.  

Thus, studies for identifying the mechanisms behind stress and mental disorders have 

assumed a central role. It is noteworthy that there exists an interindividual variability in stress 

response, wherein some individuals demonstrate resilience, i.e., the ability to navigate 

environmental pressures without succumbing or becoming susceptible to stress- related 

disorders12,13. Consequently, investigating the molecular underpinnings behind resilience 

holds a significant promise for developing therapeutic targets to mitigate the potential surge 

in mental health disorders. Such identification of optimal targets would, in turn, facilitate 

effective interventions at an early stage.  

To this end, the work for this thesis focusses on determining the mechanisms behind stress 

resilience, which holds a significant relevance in the current and nearby social scenario, by 
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employing state-of-the-art techniques. To facilitate a comprehensive understanding of the 

contemporary literature on stress and our research approach, the forthcoming sections will 

introduce concise overviews of key topics on ‘the basics of stress and stress response’, ‘stress 

research models’, and ‘contemporary findings pertaining to mechanisms behind stress 

resilience’. Thereafter, the ensuing discussion of the contemporary literature will encompass 

diverse results from studies employing various psychosocial stressors in humans, primates, 

and rodents, with a predominant amount of research drawn from chronic social defeat stress, 

post-traumatic stress disorder and major depressive disorder studies. Following the 

exhaustive coverage of the foundational aspects, the subsequent sections will address the 

existing gaps in current stress research literature, followed by a detailed description of the 

study design to bridge the gaps. This will be followed by chapters describing the experiments 

and results in detail, supplemented by each chapter’s discussion. Thereafter, to provide a 

cumulative overview, a general discussion section along with conclusions, drawbacks and 

future scope will unfold. 
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II. Introduction 

1. Dissecting stress, its physiological mechanisms and impacts 

1.1. Stress and stressors 

As briefly introduced, stress is the body’s natural response to any stimulus that challenges 

normal physiological functions and disturbs pre-existing homeostatic settings of an 

organismal system1,2. Meanwhile, the entity that evokes a stress response is termed as a 

‘stressor’2 and can be real or perceived14.  A stressor’s pathogenic potential depends on the 

severity of the stress exposure as well as individual differences in stress response (see review 

by Wood and colleagues15). Based on the duration of exposure to the stressor, stress response 

can be broadly classified as acute (short time of exposure) and chronic (occur continuously 

over a period), emulated via environmental stressors – both psychological and non-

psychological16. Non-psychological stressors include exposure to sunlight (UV), extreme 

coldness/hotness, hypoxia, malnutrition, internal metabolic triggers etc. Psychological 

stressors include early life stress/prenatal stress or stress that comes from social interactions 

in a social hierarchy in adults16.  Prolonged psychological stress can increase an individual’s 

risk to the development of mental disorders, other neuropsychiatric diseases or debilitating 

health conditions in the long run16. For example, experiencing stressful situations during 

young adulthood has been known to increase the likelihood of suffering from dementia, 

Alzheimer’s dementia (AD), and Parkinson’s disease (PD)17–19. On the other hand, 

individuals with underlying psychological disorders like autism or attention deficit 

hyperactivity disorder (ADHD) may exhibit a higher sensitivity to perceived stress20,21. 

Although stress carries a negative connotation, it is crucial to recognize that stress response 

is necessary for survival22,23. In fact, acute stress response evokes physiological pathways 

essential for the organism’s adaptation of the organism to environmental demands2,24,25. For 

example, short-term stress, including high intensity trainings or exercises, promotes 

neurogenesis, critical for proper learning and adaptive outcomes26–28. 

1.2. Stress response and the Hypothalamic-Pituitary-Adrenal Axis (HPA) 

Stress brings an organism’s physiology to an arousal state, resulting in freezing, fleeing or 

aggressive behavior to meet the expected or unexpected environmental demands14. The 

immediate reactions of a stress response are governed by the autonomic nervous system, 
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specifically, the sympathetic (epinephrine) and parasympathetic (nor-epinephrine) nervous 

systems14. In contrast, the secondary phase of the stress response is regulated by the 

hypothalamic-pituitary-adrenal axis (HPA), along with the limbic system including the brain 

regions of amygdala, hippocampus, nucleus accumbens (Naccu) and pre-frontal cortex 

(PFC)14,29, amongst others. 

Within the HPA axis (Figure 1a), an active stress response prompts the release of 

corticotrophin releasing hormone (CRH) from the paraventricular nucleus (PVN) of the 

hypothalamus30,31. CRH, then, stimulates the anterior pituitary resulting in the release of 

adrenocorticotropic hormones (ACTH). ACTH signals the release of glucocorticoids (GCs) 

and mineralocorticoids from the adrenal cortices31, with ‘cortisol’ as the primary 

glucocorticoid hormone in primates, and ‘corticosterone’ (CORT) in mice32 (Figure 1a). 

These hormones bind to the GC receptors and mineralocorticoid receptors distributed over 

different regions of the body32, thereby, relaying a global stress response via multiple 

signaling pathways.  

Stress effects can be exerted within a few seconds or minutes through non transcriptional 

mechanisms via activation of glucocorticoid membrane receptors and downstream signaling 

machineries33. Alternatively, effects can manifest over longer periods (hours or days) 

through transcriptional mechanisms via the activation of nuclear glucocorticoid receptors or 

glucocorticoid response elements of specific genes31,32,34. Proper activation and curtailing 

of the signaling pathways from a stress response are critical for adaptive learning, while any 

deficit in the activation or deactivation of the stress response can lead to detrimental 

outcomes of stress exposure32. In fact, GC responses and activation of the HPA axis are 

necessary for an organisms’ survival. Appropriate GC response to stress exposure is 

fundamental for mobilizing energy demands needed to mitigate the insults to the homeostatic 

balance32. However, timely dispensation of the activated HPA axis is equally important32. 

Prolonged activation of the HPA axis can drain resources from the individuals’ normal 

physiological functions. For example, CRH, during stress, inhibits the secretion of 

gonadotropin releasing hormone, growth hormone, thyrotropin-releasing hormone, and 

thyroid-stimulating hormone34, thereby, disrupting the reproductive, growth and thyroid 

functions34. Apart from this, prolonged circulation of GCs induces changes in neural 

functions and inflammatory responses, resulting in unfavourable long-term molecular and 

epigenetic modifications 32.  
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Figure 1: Stress response following stress exposure to chronic social stressors 

a. Illustration of the hypothalamic-pituitary-adrenal (HPA) axis. During a stress response, the hypothalamus 

releases the corticotrophin releasing hormone (CRH), which stimulates the pituitary (in the brain) to release the 

adrenocorticotrophic hormone (ACTH). ACTH, then stimulates the adrenal glands (red) to release the 

glucocorticoids (GCs) and the mineralocorticoids (MCs). The GCs and the MCs, then, enact a negative 

feedback look to curtail the activity of the pituitary and the hypothalamus. Proper activation as well as timely 

dispensation of the HPA axis are required for the optimal functioning of the organism. Blue arrows represent 

activation while red arrows represent inhibitory feedback loops. b. Stress coping strategies depicting the path 

to resilience or susceptibility. Susceptibility to a stressor is a huge risk factor for the development of multiple 

disorders. On the other hand, resilience promotes a good mental and physical well-being, increasing the 

individual’s chance of survival. Such visible symptoms are accompanied by altered structural as well as circuit 

connections. Altered circuit connections: Each node represents a different brain region, and the lines between 

the nodes indicate connections between the regions. Bolder the line, the stronger the connections. (HPA axis 

illustration adapted from Gjerstad and colleagues35.) 

 

From an evolutionary context, the release of GCs was associated with a flight or fight 

survival response requiring physical activity, limiting all non-essential activities of the 

organism36,37. However, in the modern context, where GCs are produced through 

psychosocial stressors without a demanding physical output, negative effects of stress 

(maladaptation) may ensue. Dysregulation of the stress response, whether in the sectors of 

activation or dispensation, results in the development of disorders such as anxiety, 

hypertension, obesity, fatigue, depression, and several systemic dysfunctions, including 
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cancer, that can be attributed to the continued inflammation and overactivation of the stress 

response system34,38,39. In addition to this, multiple longitudinal studies, involving non-

human primates, have revealed that chronic exposure to GCs, activated by psychosocial 

stressors not only decrease the organism’s longevity but also impacts the fitness of the next 

generations (see review by 40). Thus, maladaptive stress response not only depletes human 

resources but also poses a significant challenge to the global economy. However, it is 

important to recognize that the outcomes of stress exposure are contingent on several factors, 

including genetics, prevalence or lack of favourable conditions and implementation of a 

particular ‘stress coping strategy’15. 

1.3. Stress coping strategies – active (resilience) or passive (susceptible)  

During a stress response, an organism can adopt an ‘active’ or ‘passive’ coping mechanism 

(Figure 1b) (see review by Wood and colleagues15). A coping mechanism is the manner in 

which the organism deals with the stressor. Active coping is associated with behavior 

responses such a social buffering, healthy diet, yoga etc., thereby, minimizing the physical 

or psychological burden following stress exposure15,41–44. This type of coping, generally, 

favours a ‘resilient’ outcome of the stress exposure15. In simple terms, resilience can be 

defined as the ability to continue with daily activities despite the presence of a stressor or the 

ability to regain mental health despite exposure to severe stressors45. Meanwhile, passive 

coping manifests as helplessness, withdrawal15,16 etc. Passive coping mechanisms are usually 

associated with susceptibility to a stressor, where the stressor, negatively, impacts the usual 

behavioral and physiological functions of an individual15. Interestingly, both active and 

passive stress coping mechanisms exhibit divergent HPA axis response, with a lower 

reactivity in the former and a higher reactivity in the later15. 

Though the active coping strategies have been associated more with resilience, both 

strategies can be adaptive depending on the situation15. For example, passive coping, usually 

identified by a submissive behavior or immobile response to a stressor can be maladaptive 

under conditions, where an individual is exposed to brief durations of social stressors, 

repeatedly. However, it can be adaptive in situations, where a weaker organism faces a 

natural predator (41 as cited by 15), where passive coping could increase the chance of 

survival, and thus be considered more adaptive46. Hence, a specific coping strategy may be 

considered adaptive, in one context, and maladaptive, in another.  
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On the other hand, though resilience and susceptibility are usually associated with inter-

individual variability, intra-individual variability in experiencing the perceived effects of a 

stressful exposure, can also occur12. An individual may become susceptible to a previous 

stressor, to which it exhibited resilience, depending on prevailing conditions like social 

buffer, healthy diet, additional stress etc. Overall, resilience should be considered as a fluid 

response, and can be altered on prolonged stress exposure without suitable coping 

mechanisms12,13,15. Thus, under conditions of chronic stress, when the coping response 

(passive or active) is not adequate, negative stress-induced psychological as well as 

physiological consequences may ensue.  

1.4. Physiological impacts of stress in the brain - regional and circuit levels 

Amongst the global impacts of stress at various physiological levels, the alterations in the 

brain are well-studied.  Exposure to stress modifies brain structures as well as connectivities 

between different regions via the phenomenon of ‘neuroplasticity’47. Briefly, neuroplasticity 

is the term given to the unique ability of the nervous system to adapt and alter over time in 

response to internal/external factors48. Neuroplasticity occurs in part by modulating the 

strength of ‘synapses’ – junctions between neurons and other neurons or other cell types - 

via increasing, decreasing or even deleting connections between synapses49,50. A synapse 

(term initially coined by Forster and Sherrington in 1897, as cited by 51,52) is equipped with 

a pre-synaptic area and post-synaptic area, harbouring unique molecular machineries as well 

as their own local ribosomal machineries53,54. For example, in the pre-synaptic region, the 

precise orchestration of docking, priming and fusion of synaptic vesicles, that are crucial for 

neurotransmitter release or chemical synaptic communications, are tightly controlled by 

different gene families including the kinases, GTPases and Soluble N-ethylmaleimide-

sensitive factor activating protein receptors (SNAREs)55–57. Such regulatory mechanisms 

facilitate efficient synaptic functions, aligning with the synaptic energy levels at the time 

point58,59, thereby promoting optimal neuronal activity. Meanwhile, in the post-synaptic 

domain - the neurotransmitter receptors, post synaptic density proteins, the protocadherin 

family of cell adhesion molecules as well as GTPases and kinases, amongst other members 

– form the functional unit that relays the incoming signal to multiple regions of the cell60, 

including the nucleus. Hence, synapses are critical functional units important for intercepting 

and relaying signals. Modifications of the synaptic strength, significantly, contributes to 

neuroplasticity and, thus, form the fundamental basis for higher level information integration 
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in dendrites, neurons and networks61, thereby, modulating learning and memory as well as 

behavior.  

As neuroplasticity occurs in response to environmental signals, stress also elicits multiple 

types of modifications in synapses, dendrites and spines62,63, thereby, altering neural circuits 

in the brain.  Such alterations lead to significant modifications in the reward pathway64,65, 

emotion processing66–69, decision making70–72, learning and memory73,74, etc. These behavior 

alterations are, indeed, symptomatic manifestations of underlying changes in neuroplastic 

connections between multiple brain regions including the PFC, dorsal and ventral 

hippocampus (vHipp), Naccu, hypothalamus, amygdala and the ventral tegmental area. For 

example, a study by Madur and colleagues65 demonstrated that stress modified the 

basolateral amygdalar – Naccu pathway, along with dendritic hypertrophy and increased 

spine density of medium spiny neurons75,76 in the Naccu. These types of modifications have 

been frequently associated with stress-induced anhedonia or shift in salience from reward to 

aversion76. Meanwhile, a decrease in the volume of the hippocampus (see review by Khan 

and colleagues6) that acts as a major hub for learning or memory formation and fear 

processing77,78, is a consistently visible pattern in patients with major depressive disorders. 

The reduction in volume is associated with the loss of dendritic spinal density and neuronal 

death, that occur as a signaling cascade response to the influx of corticosteroids6,79,80. Indeed, 

these negative alterations can also be accompanied by a decrease in adult hippocampal 

neurogenesis81 leading to cognitive decline as well as impairments of goal-oriented 

behavior82. Concurrently, the PFC region of the brain that is important for executive 

functions also shows a similar decrease in volume with reduction in neuronal density and 

dendritic atrophy of pyramidal neurons because of stress exposure72,83. In contrast, its 

connectivity with the amygdala, a part of the limbic system important for emotional 

reactivity, is increased84. In fact, a hyperactivated amygdala along with dendritic and 

synaptic hypertrophy in contrast to other brain regions, is, often, observed in depressed 

patients67. Apart from these critical brain regions, other regions that are important for sleep-

wake cycle85,86 as well as motor-related functions87,88 are significantly altered following 

stress exposure. 

As the neural circuit connections are intricately regulated by molecular machineries, the 

noted physical alterations in the synapses and brain structure suggest underlying 

modifications in the molecular signature. This aspect of molecular processes will be further 

explored in a later section. Though studies on humans, using non-invasive techniques offer 
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valuable insights into the brain volume or circuit alterations in mental-health disorders, in-

depth mechanistic studies using human tissues for histological or molecular analyses can 

only be conducted using post-mortem samples. Unfortunately, use of post-mortem samples 

can only provide information on terminal changes and not the causative factors. 

Identification of the causative factors, or the early mechanisms underlying the development 

of debilitating stress effects, is critical for identification of potent therapeutics. Therefore, 

given the likely surge of stress-related disorders in the future, an early access to the ongoing 

alterations, soon after stress exposure, is imperative. As such, the judicious use of non-human 

models for advancing stress research and therapeutic discovery is fundamental89. The next 

section, thus, brings a brief overview of the existing models in contemporary stress research. 
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2. Models for stress research 

To study the mechanisms behind stress response and resulting impacts, multiple models have 

been developed in Neuroscience. Though stress studies in humans remain the perfect tools 

for developing therapeutic applications, certain limitations ensue. This includes, first and 

foremost, the inability to study molecular mechanisms in the brain soon after exposure to 

stress. Therefore, for the purpose of the thesis, the following sections will discuss the current 

animal models, in brief.  

2.1. Non-human model organisms in stress studies 

Amongst many model organisms (C. elegans, Drosophila, rodents and non-human primates) 

used in neuroscience, rodents are the most commonly used stress models90,91. Although the 

research on rodents (mouse/rats) does not completely translate to human studies, such 

preclinical studies still provide important insights of molecular mechanisms behind 

behavioral modifications and therapeutic applications92–94.  

Different rodent models for stress induction – both acute and chronic stress – are prevalent 

in literature. Models for inducing acute stress 94,95 include forced swim test, tail suspension 

test, acute restraint stress etc., lasting for short durations. Meanwhile, models for chronic 

stress 29,91 include chronic restraint stress, chronic mild stress, chronic unpredictable stress, 

and chronic social defeat (CSD) stress. Amongst all the existing stress models, CSD is 

considered to possess high construct validity, face validity and predictive validity96. This 

is because CSD incorporates a form of social stressor, the most common type of 

stressors15,97,98, responsible for depressive disorders in humans, wherein the defeated mice 

display individual differences in the stress response with a positive outcome following 

application of antidepressants96. 

CSD paradigm 

Briefly, the CSD paradigm64,98 is a modified form of the resident intruder stress exposure99. 

In this model, an intruder (male) is temporarily placed in the cage of a more aggressive male 

(see Figure 2a). Following the entry of the intruder, physical attacks from the resident ensue 

due to the territorial nature of rodents. Following brief periods of attacks, the resident and 

the intruder mice are then separated physically by a perforated mesh wall, while the sensory 

visual and odour stimulations are continued. The procedure is repeated for either a few days 

(acute) or for several days (chronic). The amplitude of stress delivered by this type of social 
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stressor is robust. For example, acute social defeat stress can elicit 30 times higher the 

number of arrhythmias as compared to non-social stressors such as foot shock, restraint stress 

or tail suspensions (100 as cited by 101) by activating the sympathetic autonomic nervous 

system. It also leads to an increase in blood pressure, higher amounts of plasma 

catecholamines and prolonged activation of the HPA axis101–104. This tunes in well with the 

robust activation of the HPA axis and the sympathetic nervous system in social stress 

experiments15, thus implying a high face validity of this stress model.  

 

Figure 2: Chronic social defeat (CSD) stress paradigm and measures of stress effects. 

a. General scheme of the CSD paradigm, where an intruder is placed in the cage of a resident male mouse (usually a CD1 mouse, white). 

Being territorial and owing to the larger size of the CD1 mouse, the black mouse suffers repeated physical attacks that could lead to the 

exhibition of social defeat and subordination behavior in the black mouse. The physical attacks last for a few seconds to minutes and is 

variable in different studies. Following the physical attacks, the mice are physically segregated by a perforated mesh wall, represented by 

the dotted blue line in a), usually for 24 hours. During this physical segregation, the black mouse is still subjected to both visual and 

olfactory stimulation from the dominant white mouse. b. Following the defeat procedure, the defeated mouse (black mouse) can be 

subjected to different assays (both behavioral and physiological) to determine the stress effect incurred by the applied stressors. Some of 

the tests are listed in b. Abbreviations. CORT – corticosterone, ECG – electrocardiography, EEG – electroencephalography 
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2.2. Use of genetically modified model organisms for stress research – engram 

approach 

The use of genetically modified (GM) organisms in Neuroscience has been rapidly 

increasing. This is because GM models allow for the study of impacts of certain gene 

deletions or insertions either locally in a tissue region or globally105,106, which would 

otherwise have not been possible in the wild-type model, devoid of gene manipulations. 

Recently, a genre of GM models that can be used for spatiotemporal tracing or control of 

cellular activities has gained popularity. This is because only a few cells termed as ‘engram’ 

cells51,107 are activated during a particular stimulus to store certain patterns of information, 

related to the activity, in the brain. These cells are characterized by the expression of 

immediate early genes (IEGs) like cFos (Fos proto-oncogene, AP-1 transcription factor 

subunit) and Arc (activity-regulated cytoskeleton-associated) genes, rapidly, following the 

arrival of a stimulus/event108,109. Such engrams generated during a particular event persist 

for a long time110 and upon recall of the memory or event, are more excitable than the non-

engram cells111. The heightened excitability, in turn, allows for a faster expression of the 

IEGs.  In stress research, this particular aspect of using only engram cells is very relevant as 

different engrams are known to be associated with susceptibility or resilience112. Since the 

brain consists of different types of cells with their own molecular signatures, it is indeed 

more desirable to increase resolution of a study by using only these engram cells. The GM 

systems that allow for the tracing of such spatiotemporally active cells focus on the Cre-

LoxP with variations in activating the Cre recombinase, including Tetracycline-on/off 

systems, Tamoxifen_CreERT/CreERT2 systems (see review by113) for rodents while 

GAL4/UAS systems114,115 are popular in Drosophila. Amongst the available spatiotemporal 

control of gene expression for rodents, our study will focus on the Tamoxifen_CreERT2 

system and will be described in more detail at a later section. Indeed, similar to the non-GM 

models (e.g., C57BL/6J), the GM models can also undergo stress. Effects of the induced 

stress can be examined by employing various assays, some of which are discussed in the next 

section. 

2.3. Behavioral and physiological assays to determine the effects of the applied 

stress protocols 

Stress-induced behavioral effects are determined by behavioral assays, which evaluate 

avoidance/interaction, exploration, memory, or hedonic/unmotivated behavior94. Some of 
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the common behavioral assays used to determine the impact of stress are enumerated below 

and depicted in Figure 2b. 

Avoidance/Interaction - social interaction (SI) test– to assess deficits in social interaction 

after a stressful episode. In this test, the animals are assessed for their social interaction 

preference96. As mice are social animals, social bonding is known to be rewarding116,117 and 

hence in a normal scenario, they would prefer interactions. However, in the case of 

depression/anxiety, the animals show avoidance behavior118.  

Exploration – elevated plus maze (EPM) test, light-dark preference (LDP) test – to determine 

anxiety. In these tests animals are assessed for their fear of open/ bright areas. A lower time 

spent in open areas is taken as a proxy for anxiety (119,120 and review by Planchez and 

colleagues94). 

Exploration/memory - Y maze test121 – to determine memory deficits. In this test, animals 

are placed in a Y-maze box, where one of the arms of Y is initially closed. Then, the mouse 

is assessed on whether they could differentiate between the new arm and the old arm. (NB: 

There are other variations of the Y-maze experiment but will not be described further.) 

Hedonic – sucrose preference (SP) test122,123– to investigate motivation, also used as measure 

for depression in animal models. In this test, the animals are tested for their preference of 

either water or sucrose, which they had access to ad libitum. Non-preference for sucrose is 

taken as a proxy for depressive behavior94. 

Motivation - Forced swim (FS) test123– to assess helplessness or depression. In this test, the 

animal is put in a half-filled cylinder to determine whether they would float (immobile) or 

swim. Immobility is considered a proxy for measuring hopelessness or depression94. Tail 

suspension test is also used as an assessment for helplessness118. 

Different behavior assays reveal underlying functions of distinct regions of the brain. As 

different stressors exert variable impacts on distinct brain regions124,125, different behavior 

assays are employed for determining the spectrum of effects introduced by the stressors as 

in 126. While each test has its own limitations, it falls beyond the scope of this thesis and 

hence will not be discussed further. 

Physiological assays 

Physiological assays aimed at determining the stress response, commonly, investigate the 

components directly or indirectly related to the HPA axis. For example, the most frequently 



Introduction                                                                                                                  Animal models 

14 
 

used tests to examine the physiological function of the HPA axis is the measurement of 

corticosterone (CORT) levels. In mouse experiments, an elevated basal CORT level predicts 

a resilient outcome, whereas a lower basal level is a predictor of susceptibility127. Indeed, 

low CORT levels following stress exposure are often associated with the development of 

post traumatic disorders128. In addition to the CORT tests, physiological assays such as 

measurements of heart rate (electrocardiography, ECG129) and brain activity 

(electroencephalography, EEG130 ) are also used to quantify the impacts of stress.  

Of note, the physiological and behavioral manifestations of stress response indicate 

underlying molecular deviations from the norm, following stress exposure. These molecular 

machineries, especially ‘epigenetics’ will be comprehensively discussed in the next section.  
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3. Epigenetic mechanisms and their relevance in stress 

Epigenetics, termed in 1942 by Conrad Waddington131,132, refers to the heritable changes 

introduced in the (epi)genome of an organism, without altering the DNA sequence133. These 

alterations result from interactions with the environment, including exposure to stress29, and 

can introduce far-reaching effects into the biology of the organism132. Epigenetic modifications 

encompass alterations in DNA methylation or hydroxymethylation, histone acetylation or 

methylation, chromatin accessibility as well as altered expression of mRNA transcripts, long 

non-coding RNAs and small non-coding RNAs134,135.  

Stressful life events dynamically alter epigenetic mechanisms by ‘marking’ the epigenome to 

generate cell-type specific epigenetic states and transcriptional profiles136. Thus, epigenetic 

mechanisms embed stressful life experiences within discrete neuronal populations, resulting in 

aberrant physiological and behavioral outputs in stress-related psychiatric disorders137. In this 

regard, DNA methylation, being a stable epigenetic marker, has garnered a significant interest 

as a plausible mechanism for encoding the long-term effects of stress in the epigenome, 

especially in post-traumatic disorder (PTSD) studies138–140 .  

Despite the prevalence of multiple epigenetic mechanisms, for the purpose of the thesis, the 

discussion of epigenetics is limited to the basics of DNA methylation and RNA 

(epitranscriptome), their crosstalks and contemporary relevance in stress studies, for the scope 

of this thesis. See Figure 3 for a simplified representation of the molecular section to be 

discussed. 
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Figure 3: Simplified representation of the cellular omics machineries to be accessed within the framework 

of the thesis. 

Methylome is modulated by the antagonistic activities of DNA methyltransferases (DNMTs) and ten-eleven translocation enzymes (TETs). 

DNMTs facilitate the addition of a methyl group to the cytosines and other bases of the DNA, while TETs oxidize the methyl groups, ultimately 

resulting in their removal. Methylome can be accessed by multiple omics sequencing techniques including, whole genome bisulfite sequencing 

(WGBS-seq), reduced representation bisulfite sequencing (RRBS-seq) methyl-DNA immunoprecipitation sequencing (MeDIP_seq) and 

methyl-CpG binding domain MBD2 sequencing (MBD_seq) On the other hand, transcription of mRNA is controlled by the presence of 

multiple components including transcription factors (TFs) in the transcription factor binding site (TFBS) and RNA Polymerase II (RNA Pol 

II) along with  the favourable presence of other transcription initiation factors or in the rare case even a methyl group, upstream of the 

transcription start site. The resulting mRNAs usually possess a poly A tail at the 3’ direction, which is targeted by the miRs. Very often, the 

binding of the miRs with the mRNAs lead to the degradation of the mRNAs, however in rare cases, miRs can upregulate the expression of its 

target mRNAs (see text). The ongoing epitranscriptomics dynamics can be assessed by different sequencing techniques including RNA-seq, 

small RNA-seq and RT-PCR. Abbreviations: DNMTs - DNA methyltransferases, TETs – ten-eleven translocation enzymes, WGBS-seq - 

whole genome bisulfite sequencing, RRBS-seq - reduced representation bisulfite sequencing, TF – transcription factor, RNA Pol II - RNA 

polymerase II, MeDIP-seq - methyl-DNA immunoprecipitation sequencing, MBD-seq - methyl-CpG binding domain MBD2 sequencing, RT-

PCR – reverse transcription-PCR 

 

3.1. DNA methylation of the genome - methylome 

DNA methylation, commonly, refers to the addition of a methyl group on the cytosine base in 

the DNA, at CpG positions i.e., a cytosine base followed by a guanine base linked with a 

phosphate bond. More recently, other variations have been discovered. For example, 

methylation of cytosines in a non CpG context, i.e., CHH or CHG, H refers to adenosine or 

thymidine bases or methylation of non-cytosine bases at A and T positions of the DNA141,142. 

Apart from methylation, hydroxmethylation or formylation – oxidation by-products of 

methylation, have also been shown to possess biological importance137. As DNA methylation 

can be inherited over several cellular divisions, it is considered one of the most stable epigenetic 
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markers for cellular memory143,144, making it a desirable candidate for studying long term 

maintenance of stress/fear memory.  

DNA methylation was discovered in the early 1920’s145 much later than the transcriptome 

(1868). In the 1970s, methylation was thought to only suppress gene expression145. However, 

some of the recent findings show that the role of DNA methylation in gene expression may not 

be that of suppression only, but also activation146. DNA methylation is dynamic147, i.e., it can 

be edited via the antagonistic functions of two enzyme families, DNA methyl transferases 

(DNMTs) and ten-eleven translocation enzymes (TETs). The interplay between the DNMTs 

and TETs forms the major basis for the dynamic control of activity dependent gene expression 

through DNA methylation.  DNMTs (DNMT1, DNMT2, DNMT3A/B/C) catalyse the transfer 

of a methyl group from S-adenosylmethionine to a cytosine group or other groups, resulting in 

the formation of 5-methyl-cytosine or other methylated groups. DNMT3A and DNMT3B are 

responsible for the de novo DNA methylation (with DNMT3A being the most prevalent in the 

brain) while DNMT1 along with methyl-CpG-binding proteins maintain the methylated state 

during multiple rounds of cell division (see review 148). On the other hand, the TETs (TET1, 

TET2 and TET3) convert the methyl group via iterative oxidization to hydroxymethyl, formyl 

and carboxyl groups (see review by 148), subsequently, with each of the groups possessing 

unique biological importance137. Thereafter, the formyl and carboxyl groups are removed by 

thymine DNA glycosylase (see review by 148).  

Of note, DNA methylation modifications are confined not only to the genic regions but also 

extend to the intergenic positions145. Additionally, methylation, itself, is not restricted to DNA 

and can also occur in other biological molecules including RNA and histones with important 

functional roles. For more information, please refer to the reviews by 149,150. 

3.1.1. Accessing the methylome  

The methylome can be assessed by multiple techniques for either target-specific studies or 

genome-wide investigations151. For instance, gene-specific pyrosequencing technique is a 

popular technique for methylome analysis in target-specific studies151,152. Meanwhile, for 

genome-wide studies, protein-based techniques including methyl-DNA immunoprecipitation 

sequencing (MeDIP-seq153) or methyl-CpG binding domain MBD2 sequencing (MBD-seq154) 

and bisulfite-treatment based techniques including whole genome bisulfite sequencing 

(WGBS-seq155) or reduced representation bisulfite sequencing (RRBS-seq156,157) are 

prevalent151.  
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An advantage of genome-wide studies over target-specific studies, is the ability to provide new 

insights in previously undermined/undetected regions. This is specifically important for our 

purpose as we aim to investigate previously undermined genes or networks behind stress 

resilience and susceptibility, globally. Of the mentioned genome-wide sequencing tools, 

WGBS-seq and RRBS-seq can report modifications at single bases, thereby increasing the 

resolution of a study. Between the WGBS-seq and RRBS-seq, we will employ the RRBS-seq 

due to its relative ease of access to regions of the methylated genome with a comparatively 

lower cost than WGBS-seq151. Briefly, in the RRBS-seq, bacterial MspI enzyme cleaves the 

genome at CCGG sites, thereby, retaining only fractions of the genomic DNA that contain 

these sites. Because of the smaller proportion of the genome to be sequenced, the cost is 

significantly reduced. Although a relatively smaller proportion of genomic DNA is retained, 

this proportion has been shown to cover 60% of the promoters158.  

3.1.2 Relevance of DNA methylation in stress research 

Environmental stimuli, including neuronal activity, learning and memory or stress induction 

stimulate methylation/demethylation of certain regions in the genome136. This chain of effects 

is partially mediated by the binding of the GCs of the HPA axis to the nuclear glucocorticoid 

receptors (GRs)159. The GRs in turn stimulate active transcription-binding mediated DNA 

methylation/demethylation through glucocorticoid response elements160, thereby altering the 

epigenomic landscape. Some well-known examples of stress-induced alterations in 

methylation including that for the systems involved in inflammation, neurotransmitters, 

neurotrophic factors and metabolism are discussed briefly.  

Decreased methylation in the inflammatory cytokine Interleukin-6 (IL-6) gene was detected 

in elderly depressed individuals as compared to non-depressed healthy individuals161. This 

finding was corroborated by a decreased methylation of cytokine IL-6 in African American 

men after childhood trauma162. Indeed, a decreased in intronic methylation (intron 7) of another 

immunoregulation gene, encoding FKBP Prolyl Isomerase 5 (FKBP5), was associated with a 

higher reactivity to psychological therapy in subjects with phobia163. Apart from the alterations 

in the inflammatory factors, DNA methylation modifications in neurotransmitter genes are 

also profound. For instance, methylation of ‘oxytocin’ and ‘serotonin’ neurotransmitter 

receptors are associated with susceptibility traits (see review by 164). Meanwhile, an increase 

in the methylation of metabotropic glutamate receptors (mGluR) in the hippocampus, mGluR1 

and mGluR5, in prenatally stressed mice165 is associated with depressive-like behaviors. On 

the other hand, childhood abuse has been associated with increased methylation of the ‘happy 
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hormone’ serotonin transporter gene, solute carrier family 6, member 4 (SLC6A4 exon 1) (see 

review by 160). Indeed, alterations in the methylation of genes linked to neuroplasticity are 

also consistent. For example, following early life stress, exon 4 of brain derived neurotrophic 

factor (BDNF) is hypermethylated in the hippocampus166. This could be the basis for synaptic 

atrophy and reduction of volume in the hippocampus80 that accompanies maladaptive stress 

response. Remarkably, inhibition of DNMTs result in rapid changes in the expression of genes 

involved in neuronal plasticity167.  Meanwhile methylation of metabolic genes in response to 

stress is also profound. For example, blood samples from adults with mothers exposed to the 

Dutch Hunger Winter showed less methylated cytosines (mCs) in the gene encoding insulin 

growth factor 2 (IGF2, a gene associated with glucose metabolism168).  Apart from modulating 

these different systems, methylation can also modulate the HPA machineries themselves. For 

example, in a study by 169, the nuclear receptor subfamily 3 group C member 1, NR3C1, was 

hypermethylated at the genic region (exon 1F) in association with ‘bullying’ in adolescents. In 

fact, the hypermethylation at this genomic region is also known to be associated with 

internalising the psychopathological symptoms of atrocities faced during adolescence170. Thus, 

from these studies, we can clearly estimate the important role of methylation in association 

with stress and depression. 

3.2. RNA (mRNAs and non-coding RNAs) – transcriptome  

RNAs are functional single-stranded copies of the template strand of the DNA, broadly divided 

into coding RNAs and non-coding RNAs. Coding RNAs give rise to proteins, generally termed 

as messenger RNAs (mRNAs) and are transcribed by RNA polymerase II171. Based on the 

environmental influence (internal or external), different functional mRNA transcripts can be 

generated from the same primary transcript via alternative splicing of introns172. On the other 

hand, non-coding RNAs (ncRNAs) include transfer RNAs (t-RNAs) and ribosomal RNAs 

(rRNAs), which are transcribed by RNA polymerases I and III. They also undergo splicing of 

introns from the primary transcript. Apart from these, the other types of non-coding RNAs 

include long non-coding RNAs and small non-coding RNAs. Amongst the small non-coding 

RNAs, the most prominently studied are the miRs, first discovered in 1994173. miRs are 

macromolecules about 16 to 25 nucleotides in length, conventionally, transcribed from miR 

genes by RNA Polymerases II or III into a primary miR transcript (pri-miR)173. pri-miRs are 

further processed to obtain mature miRs, which are important for post transcriptional gene 

regulation by translational repression or direct mRNA degradation174. Interestingly, in a non-

conventional role, miRs can also upregulate the expression of the target gene175–178. The other 
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relatively new non-coding RNAs include piRNAs (Piwi interacting RNAs), small nucleolar 

RNAs (snoRNAs) and snRNAs (small nuclear RNAs).  

3.2.1. Accessing the transcriptome  

RNA sequencing (RNA-seq, bulk sequencing or single cell sequencing) is the most widely 

used technique for accessing a wide range of gene expression pattern inside a cell. Apart from 

these, other commonly used assays include microarrays or reverse transcription (RT-PCR) for 

assessing the levels of expression of small portions of the transcriptome (domain-specific or 

gene-specific). 

3.2.2. Relevance of transcriptome alterations in stress 

Multiple modifications in the transcriptome have been identified in association with stress 

disorders or depression. In fact, the transcriptome is the most exploited area of stress research 

due to its ease of access. The next few paragraphs discuss some of the interesting findings from 

both coding and non-coding RNAs (miRs) in relation to stress studies. 

As in the methylome, the association of stress response with 

immunoregulation/inflammation is also observed at the level of the coding transcriptome. 

Upregulation of cytokines is associated with susceptibility or the depressive state179. 

Meanwhile, a downregulation of the glutamatergic neurotransmitter system, Camk2b/Glua1 

pathway is observed in susceptible mice180. In addition to the impacts of stress on the immune 

and neurotransmitter systems, alterations in the neurotrophic factors are also reported. A 

decrease in BDNF expression is commonly associated with susceptibility and depression181,182, 

although there are other reports showing contradictory results183.  

Apart from alterations in the coding RNA expression, miRs also play an important role in 

regulating stress and depression in individuals184,185. miR-137, that targets the cytokines like 

IL-6186, is downregulated in depressed patients with suicidal behavior187. Meanwhile, miR-124-

3p, that plays an important role in synaptic plasticity, was found to be upregulated in most brain 

regions in the post-mortem samples of patients diagnosed with major depressive disorder188. 

As miR-124 targets the glutamate ionotropic receptors (Gria3, Gria4) and glucocorticoid 

nuclear receptors (Nr3c1)188, an upregulation of miR-124 would entail a depression of the 

glutamatergic system and GRs, which are commonly observed phenomena in stress-

susceptibility and depressive-like behaviors189. Furthermore, miR-135 and miR-1202 that 

regulate serotonergic neurotransmitter systems have been found to be downregulated in 

major depressive disorder (MDD) patients190,191. Meanwhile miR-9, that is involved in the 

regulation of the dopaminergic system, showed a reduced expression in experimental subjects 
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that faced early life stress192. In contrast, elevated levels of other miRs, including miR-221, 

miR-132, miR-182 and miR-155 have been shown to be correlated with the decrease of 

neurotrophic factors like Bdnf and Cntf (see review by 184). These highlight the critical roles 

of miRs in stress regulation. However, very little is known about the roles of the other small 

non-coding RNAs in stress-related disorders, though, they have been indicated to play 

important roles in cancer193 and neurodegenerative diseases194. 

From the above sections, it is evident that multiple molecular machineries are affected by 

stress. Noteworthy is that most studies investigate only a part of the epigenetic machineries at 

a time point183,195–198. However, efficient cross-talks between the different levels regulate the 

execution of a particular phenotypic state, suitable for meeting an environmental 

demand/resilience. Therefore, studying only one omics level at a time point gives us only a 

snapshot and may not fully capture the cellular environment to understand ‘causative’ factors 

of a disorder199. To elaborate on this importance, the next section discusses the complicated 

cross-talks in brief. 

3.3. Crosstalks (multiomics) between different epigenetics levels 

DNA methylation can either increase or decrease the expression of a gene based on the 

prevailing factors. For example, methylation of cytosines at TFBS themselves could either 

inhibit the binding of transcription factors (TFs) via steric hindrance, thereby reducing gene 

expression or alternatively, the methylation itself can recruit transcription factors, thereby 

increasing gene expression200–202. On the other hand, methylation, itself, can occur as a 

consequence of gene repression203,204. Apart from this, changes in methylation may occur 

before or as a result of the alterations in the transcriptome at a given time point205,206. and thus, 

may not correlate at a given time point. Local synaptic alterations, from an incoming stimulus, 

can lead to prompt but transient transcriptomic changes, followed by slower epigenetic 

modifications207, emulated by synapto-nuclear messengers208, that can alter long-term cellular 

memory. Subsequently, in the complexity of biological cascades, the epigenetic modifications 

can generate a different molecular baseline via the generation of a permissive epigenome, 

thereby, modulating future transcriptional states205 and cellular memory. This marking of the 

genome to embed experience (cellular or behavioral) primes the epigenome (epigenetic 

priming) to alter future transcriptional states. For instance, Provencal and colleagues209, 

identified that the appearance of an epigenetic mark in response to glucocorticoid exposure, 

using mouse neural progenitor cells, may not necessarily lead to an alteration of basal level 

gene expression. On the other hand, gene expression does not depend only on DNA 
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methylation but can also be regulated by other small-RNAs, for example, the miRs. Though 

the miR-RNA relationship has been generally understood to be antagonistic in nature, it has 

been shown that miRs can also promote the translation of the target gene itself210, or upregulate 

gene transcription by targeting promoter elements211. Additionally, miRs in the nuclei can 

interact with promoter DNA or enhancer regions, thereby leading to an upregulation of the 

RNAs instead of the conventional mechanism of downregulation via Dicer/RNA-induced 

silencing complex (RISC)177. 

Thus, the cross-talks between the different epigenetic mechanisms are complex and, 

specifically, after an environmental insult, alterations occurring at one level may not exhibit 

simultaneous manifestations at other levels, at a given time point. This is because a molecular 

module (wave) may propagate through the organismal system with varying speeds and 

temporal dynamics giving rise to the inevitable ‘phase lag or time lag212’ between different 

molecular levels as observed in 213 for transcription and chromatin accessibility. Apart from 

this, by the time the cellular machineries are investigated, the disease trajectory could already 

have deviated from the starting point199. As such, investigating the etiology of complex 

disorders such as stress and depression to determine the causative factors can be challenging 

by investigating only one level. Therefore, to capture a better picture, a more appropriate study 

design would be to assess as many epigenetic machineries as possible, within a single study, 

for cases, where longitudinal assessments are not feasible. 

Genetic predisposition to susceptibility and resilience 

Though the various levels of epigenetics and their cross-talks play an important role in stress 

response, it is imperative to note that the ‘genetic predisposition’, i.e., the influence of an 

individual’s genetics, still exercises an equally substantial impact in determining stress 

outcomes214–216. In fact, genetic predisposition can influence the epigenome response itself217, 

thereby, indirectly, influencing the reactivity to stress. For example, single nucleotide 

polymorphisms associated with either the presence of A/T or C/G in the intron 2 (containing a 

glucocorticoid response element) of Fkbp5 can modulate the methylation levels137,218. 

Therefore, genetic predisposition is an important criterion in influencing the Waddington 

landscape132 towards resilience or susceptibility.  
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4. Scope of the thesis – aims and objectives 

4.1. Summary background and identification of research gaps 

As discussed in the preceding sections, the incidence of stress-related disorders is increasing 

and will likely escalate in the next few decades as an indirect consequence of urbanisation. 

This escalation is potentiated by the recent COVID lockdowns, wherein the WHO estimates a 

substantial increase in mental health problems in the coming years5. Mental health problems 

alter not only an individual’s personality but also decrease the overall quality of life. Most of 

the mental health problems arise out of the inability to cope with the varied types of stressors 

that individuals encounter. Of the myriad of stressors, psychosocial stressors are the most 

prominent in humans15. Susceptibility to such stressors results in mental handicap that can be 

transient or persist for a long term, for instance, in the case of PTSD. Apart from provoking 

psychological disorders, prolonged exposure to stressors, increases the risk of developing other 

debilitating disorders including neurodegenerative diseases219, cardiovascular diseases220 and 

even cancer221. Interestingly, an individual’s experience with stress can even alter stress 

response dynamics of their progenies134,137. Therefore, unravelling the early causative 

mechanisms behind the divergent response towards resilience and susceptibility is imperative.  

As surmised in the previous sections, it is noteworthy that different disciplines of stress-

research have indeed contributed immensely to the field, with the identification of multiple 

structural as well as molecular alterations in different brain regions. However, majority of the 

molecular studies are derived from mouse models as human studies are limited to either non-

invasive methods (e.g., magnetic resonance imaging, MRI222; electroencephalography, 

EEG223) or post-mortem samples224. The utility of inbred mouse models in epigenetic studies, 

is further accentuated by the diminished contributions from genetic predispositions within the 

obtained differential patterns between stress-resilient and stress-susceptible populations. The 

prevailing mouse model to study susceptibility-resilience patterns in response to social 

stressors is the CSD paradigm. Renowned for its high face validity, construct validity as well 

as predictive validity, the CSD model serves as an excellent social stress model96,98. However, 

despite the increasing number of publications using CSD stress models, multiple factors 

impede the quest to identify the causative factors behind the two divergent behavioral 

patterns, thereby reducing the predictive potential of novel therapeutic targets.  

First, most of the molecular investigations for susceptibility-resilience mechanisms are derived 

from bulk tissues. Although studies using bulk tissues have provided interesting mechanistic 
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insights into the molecular alterations following stress exposure, they portray an average of the 

existing molecular profiles from heterogenous cell types. Recent studies225,226 have 

demonstrated that the complexity of a disease phenotype could be overlooked when analysing 

bulk tissues, as different cell types within tissues express different or opposing signaling 

patterns and epigenetic signatures. In other words, not all cell types contribute equally to 

disease progression or disease spread227–229. Hence, data derived from bulk tissues can mask 

essential but subtle signals from specific cells (engram cells) that are involved in distinct 

behavioral activities. As different stress phenotypes have been shown to be associated with 

different engram cells112, use of bulk tissues diminishes the potential to identify elusive 

mechanisms from the relevant cells. Therefore, specific engram studies have become 

increasingly relevant in contemporary literature for stress as well as non-stress related 

studies107,111,230–233. 

Second, a multitude of studies investigating the divergent stress phenotypes using the CSD 

paradigm analyze only one epigenetic machinery (single omics study) at a time. Indeed, in 

section 3.3, we noted the existence of a complicated dynamics between different epigenetic 

levels, highlighting that the analysis of only one molecular level, at a time point, will not be 

representative of the other levels. Additionally, the pathophysiology of stress disorders is 

complex and involves multiple modifications at the interconnected, yet different epigenomic 

modules. In such disorders with multiple etiological factors and no clear deterministic factors, 

a single layer of data, for example, transcriptome captures only a snapshot of the ongoing 

alterations. Therefore, such analysis will likely provide only associative results with less 

probability of identifying causative factors199. This is because, in biological disease cascades, 

the reactive paths triggered by the initial signaling cascades mask the few causative factors and 

the search for causative factors could be lost in associative result interpretations from just one 

sequencing data199,234,235. Thus, experimental approaches limited to analyzing a single 

molecular signature at a specific time point, such as only transcriptomics do not offer sufficient 

information to ascertain underlying causality of complex disorders or ‘causative’ factors of a 

phenotype. Therefore, endeavours to pinpoint critical junctures for susceptibility-resilience 

divergence and the subsequent identification of suitable drug targets are thwarted by study 

designs relying on single-omics investigations, covering only a particular timepoint.  

Naturally, the best scientific approach would be to follow the molecular alterations with 

experiments to assess the alterations longitudinally as conducted by 183 and 213. However, a 

longitudinal study is not always practical in-vivo or in-vitro. The other approach that 
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researchers follow to circumvent the analysis of only one omics level at a time point, is the 

comparison and integration of different studies, where complementary epigenetic mechanisms 

are investigated. Intuitively, such an approach is often complicated with the administration of 

different stress protocols and sample collection timelines in different studies, which are known 

to impact the molecular outcomes differentially93.  Considering the limitations posed by 

longitudinal studies or literature comparisons, there is an urgent need for more comprehensive 

and integrative approaches that can capture the molecular changes occurring at different levels 

of the cellular machinery199,234–239. Thus, a multiomics approach applied within the same study 

would provide a more comprehensive insight into the complex molecular underpinnings behind 

stress disorders. Since multiomics provides access to the different levels of molecular 

machinery inside the cellular network, it creates an opportunity to integrate multiple layers of 

molecular information240, that are not at the same state of transition. Such an approach would 

inevitably increase the resolution in following a disease pathway, thereby offering a better 

opportunity for a holistic understanding of the flow of information underlying complex 

neuropsychiatric diseases238. Subsequently, a better understanding of the causal pathways 

would allow for the development of potential therapeutic targets. 

Conclusively, the two research gaps in studying resilience-susceptibility mechanisms include 

use of bulk tissues and single omics approaches (See Figure 4a). In the next section, we 

propose the experimental design to bridge the gaps. 

4.2. Study design to bridge the gaps 

In our study, we propose to bridge the current research gaps by investigating specific 

spatiotemporally activated engram populations using a multiomics approach (See, Figure 

4a,b).  For this purpose, we will employ a GM mouse line that will facilitate the tracing of 

engram populations. Thereafter, the engram populations will be analyzed with a combination 

of sequencing techniques to access multiple layers of molecular machineries. 

The GM mouse line to trace spatiotemporally activated populations is obtained by coupling a 

Tamoxifen (TAM) – inducible IEGCreERT2 promoter mouse line241,242 with the reporter mouse 

line R26-CAG-LSL-Sun1-sfGFP-Myc243, that contains a loxp stop codon (Figure 4b). In the 

IEGCreERT2 mouse lines, CreERT2 mRNA is expressed within a few minutes of the stimulus 

interception, via the activation of the IEG promoters (spatial control). In the absence of TAM, 

CreERT2 (protein form) remains in the cytoplasm, while in the presence of TAM, the CreERT2 

can enter the nucleus to cleave the loxP stop codon, upstream of the reporter superfolder GFP 
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(sfGFP). Once the stop codon is cleaved, the activated cell will continue expressing nuclear 

membrane sfGFP, which can be traced. Once the nuclei of the activated cells are marked, they 

can be segregated using contemporary methods. Though the marked cells, themselves, can be 

segregated, we argue that different cells have different sensitivity to a dissociation process, 

whereas nuclei are more robust. For example, in a single cell study by Vennin and 

colleagues244, the majority of neurons was lost during the dissociation process, thereby skewing 

the representation of different cell types in the data.  

The engram nuclei that are marked with sfGFP expression will, then, be processed with 

different sequencing techniques to facilitate the application of a multiomics approach. This is 

because a multiomics approach (RRBS-RNA-small RNA) would allow for a more exhaustive 

investigation of the convergence/critical diverging points of signaling cascades underlying the 

divergent phenotypes. Apart from this, network analyzes245, which exploits the idea that genes 

do not function in an isolated manner but rather as components of intricate networks of protein-

protein interactions, protein-DNA interactions, DNA-ncRNA interactions, mRNA-ncRNA 

interactions etc., that are tightly regulated by a complex orchestra of transcription factors, co-

factors and several signaling cascades, will also be employed. We posit that such integrative 

approaches would facilitate a better understanding of the ongoing alterations, following stress 

exposure. 

Therefore, the uniqueness of the work for this thesis lies not only in examining the cellular 

alterations within the active populations that govern a stress-phenotype but also in the adept 

integration of DNA methylation, transcriptome and nuclei miR within the same 

experimental framework. To our knowledge, this study presents the first case of adopting a 

multomics approach using engram nuclei for an in-depth investigation of the methylome and 

small RNA (from the nuclei) along with the transcriptome, for CSD studies. We hypothesize 

that such an integrative approach will help us formulate a high-resolution picture and thus, a 

more comprehensive understanding of the ongoing cellular modifications. Consequently, this 

would facilitate a proper delineation of the sequence of events to enable the identification of 

the causative factors. Such a holistic perspective could, perhaps, create new avenues for novel 

therapeutic targets.  

4.3. Methodical steps to obtain engram-multiomics data 

Attempts to determine the causal pathways underlying the divergent stress phenotypes poses a 

formidable challenge. To effectively address such challenges, an intricate study approach had 
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to be formulated. For practical implementation of the approach, systematic and meticulously 

curated experimental designs, incorporating appropriate controls, are fundamental (see Figure 

4c). These measures are essential to guarantee a proper interpretation of thus obtained 

multiomics data. For a comprehensive overview, the systematic stages of the experiments to 

achieve our objectives are outlined below: 

1. Choice of Cre driver line: Given that cFos and Arc show different expression patterns, 

implementation of a suitable experimental design was necessary to choose either the 

cFosCreERT2 system or ArcCreERT2 system to be coupled with the reporter line, for 

the subsequent studies. 

2. Establishment of an optimal CSD paradigm for the resulting GM mouse line 

(CreERT2-GFP system): Since GM mouse lines possess distinct behavior traits, an 

optimal stressor had to be developed for our study design. 

3. Development of a nuclei isolation protocol suitable for small tissue volumes: As 

studies using dissociated cells can be biased, we opted for the use of nuclei. To gain 

access to the nuclei for small volumes of micro-dissected brain regions, an optimized 

nuclei isolation protocol to obtain nuclei of good quality and yield, had to be developed. 

4. Choice of a proper sorting technique to segregate the marked engram nuclei from 

the total nuclei: To gain access to the engram nuclei, characterized by a marked 

appearance of the super folder GFP positive (sfGFP+) expression on the nuclear 

membrane of the stimulus-activated cell, a proper nuclei-sorting technique had to be 

optimized as required by the nature of the study. 

5. Curated multiomics data integration and interpretation: Having systematically laid 

the groundwork in the preceding stages, resulting in the generation of the multiomics 

data, this stage deals with the main objective of the thesis to investigate the alterations 

in the epigenetic landscapes of stress-resilient and stress-susceptible engram nuclei by 

integrating data from different layers of molecular machineries. A better understanding 

of the flow of events would facilitate a better therapeutic approach. 

6. Tissue level differences in stress response and future implications: Given the 

opportunity of the unique access to engram nuclei, we also looked at the differential 

patterns of tissues (PFC vs vHipp) towards stress response, with regards to DNA 

methylation. A sound understanding of the differences would be crucial for drug 

applications. 

NB: The next pages present our findings in the form of chapters for the thesis.  
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Figure 4:  Blueprint of the project design. 

a. Flowchart representation of the identification of research gaps and postulations to fill the gaps. b. Mouse line: Use of double transgenic 

(TG) IEG-GFP mouse line obtained from cross breeding between IEGCreERT2 promoter line and R26CAG-Sun1-sfGFP-Myc reporter line. 

The IEG-GFP system allow for the tracing of nuclei that were spatiotemporally activated by a stimulus in the presence of tamoxifen (TAM). 

On the arrival of a stimulus, the promoter of the immediate early gene (IEG – Arc/cFos) becomes active and CreERT2 is transcribed. The 

CreERT2 is then translated into a protein and remains in the cytoplasm in the absence of TAM. In the presence of TAM, the Cre recombinase 

can enter the nucleus and cleave the STOP codon upstream of the Sun1-sfGFP-Myc reporter construct, allowing for the expression of nuclear 

membrane GFP, which accumulates over time and can be traced. Stress paradigm: Chronic social defeat paradigm, where the intruder mouse 

is subjected to repeated defeat sessions and the effect of stress on the test mice (black) will be assayed with a social interaction test (SI). During 

this test, mice that approach the CD1 mouse will be termed ‘resilient’ and mice that avoid the CD1 mouse will be termed ‘susceptible’. 

Multiomics approach: Engram nuclei (marked in green) of selected mice will be analyzed using RRBS-seq, RNA-seq and small RNA-seq. c. 

Systematic approach towards the development of multiomics data for an exhaustive investigation of the differential landscapes of resilient and 

susceptible animals. With the choice of an appropriate promoter line, the resulting double TG mouse line will be characterized to develop a 

suitable stressor. Optimized protocols to facilitate extraction of GFP expressing engram nuclei will be developed. Thereafter, with refined 

protocols for library preparation, sequencing and analyses of RRBS-seq and miR-seq (small RNA-seq) along with RNA-seq246, an exhaustive 

search for plausible causative factors underlying the divergence and persistence of the stress phenotypes will be performed, to determine 

potent therapeutic targets. Abbreviations: TG - transgenic, IEG - immediate early genes indicating either cFos or Arc, FANS - fluorescence-

activated nuclei sorting, INTACT - isolation of nuclei tagged in specific cell types 
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Chapter 1. Choice of TAM-inducible IEGCreERT2 mouse line and 

optimization of TAM injections for further experiments 

1.1 Introduction 

Mammalian brain consists of distinct cell types, where only a subset of them actively 

participates during a specific behavioral activity or storage of memory, thereof. This subset of 

cells is termed ‘engram cells’ for that event107,232,247,248. Notably, studies have shown that 

resilience-susceptibility phenotypes are associated with different engrams112. Therefore, to 

enhance the precision of future omics experiments employing engrams, we sought to use a 

TAM-inducible IEGCreERT2 promoter mouse line241,242, where IEG = cFos or Arc, coupled 

with a reporter mouse line R26-CAG-Sun1-sfGFP-Myc243. This reporter line contains a Cre 

target-loxP stop codon, upstream of the sfGFP insert (Figure 5a), facilitating spatiotemporal 

tracing of engram-activated nuclei. More elaborately, in the presence of TAM, CreERT2 enters 

the nucleus and cleaves the loxP stop codon upstream of the sfGFP insert, thereby allowing the 

stimulus-activated IEG-expressing cells to accumulate nuclear membrane sfGFP. Despite both 

the IEGS - cFos and Arc IEGs - being expressed within 15-20 minutes of a stimulus, they 

exhibit distinct expression patterns, spatially242,249,250 as well as quantitatively, with Arc being 

expressed in higher amounts than cFos251. Additionally, Arc codes for a cytoskeletal protein 

while cFos is a transcription factor252. 

Our goal is to select the appropriate mouse line that can yield an optimal number of nuclei 

activated by a specific stimulus from an individual mouse for subsequent multiomics 

experiments. Therefore, the experimental strategy is centred on determining the Cre driver line 

that would provide a high signal- to-noise ratio within the window period of stimulus offset 

and GFP accumulation before sacrifice (trapping period). 

1.2 Methods 

1.2.1 Animals and genotyping 

cFosCreERT2(TG/WT) × R26-CAG-Sun1-sfGFP-Myc (M/WT) and ArcCreERT2(TG/WT) × 

R26-CAG-Sun1-sfGFP-Myc (M/WT) mice were used for these experiments241–243. In the 

following, the heterozygous mouse lines with the above genotypes (TG = transgenic, M = 

mutant, WT = wild-type allele) will be referred to as cFos-GFP and Arc-GFP for ease of 

use. Genotyping for the TG mice were performed using PCR with genomic DNA isolated from 

ear punches and the following primers, under the following conditions.  
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NB: GFP and sfGFP will be used interchangeably in the remaining sections of the thesis, 

wherein they indicate the same entity. 

Genotyping for ArcCreERT2 

Common forward primer – 5’-CAG CAT AAA TAG CCG CTG GT-3’; Wild-type reverse 

primer – 5’-CCG TCC AAG TTG TTC TCC AG-3’; Transgenic reverse primer – 5’-CGA 

CCG GTA ATG CAG GC-3’. Fragments for WT/WT allele and TG/WT allele are detected at 

300 bp and 300 bp + 500 bp, respectively. 

Genotyping for cFosCreERT2 

Common forward primer – 5’- CAC CAG TGT CTA CCC CTG GA-3’; Wild-type reverse 

primer – 5’-CGG CTA CAC AAA GCC AAA CT-3’; Transgenic reverse primer – 5’-CGC 

GCC TGA AGA TAT AGA AGA-3’. Fragments for WT/WT allele and TG/WT allele are 

detected at 215 bp and 215 bp + 293 bp, respectively. 

Genotyping for R26CAG-Sun1-sfGFP-Myc 

Common forward primer – 5’GCA CTT GCT CTC CCA AAG TC 3’; Wild-type reverse 

primer – 5’CAT AGT CTA ACT CGC GAC ACT G3’; Mutant reverse primer – 5’GTT ATG 

TAA CGC GGA ACT CC 3’. Fragments for WT/WT allele, M/WT allele and M/M allele are 

detected at 557 bp, 300 bp + 557 bp and 300 bp, respectively. 

Only mice, which were heterozygous for both the promoter mouse line and reporter mouse line 

were selected for the experiments. Breedings were performed using mice heterozygous 

(TG/WT) for the promoter CreERT2 line (male or female) and homozygous mutant (M/M) for 

the reporter line (male or female). The mice were inbred to limit genetic variations, thereby, 

sensitising detection of the epigenetic modifications. All TG mice used were housed in the 

TARC facility in Mainz and transferred to the mouse behavioral unit, 3-4 days before 

experiments. Mice were fed ad libitum and allowed to follow the natural light on/off cycle. 

Only adult mice (above 6-8 weeks old) were used for the following experiments. All 

experiments were performed in accordance with the institutional animal welfare guidelines 

approved by the ethical committee of the state government of Rhineland-Palatinate, Germany 

(Ref. no. G-17-1-021). 

1.2.2 Behavior experiment 

For a quick assessment of the GFP accumulation following stimulus offset, the easily 

accessible tail suspension test was used. For the tail suspension test, the test mouse was lifted 

by its tail and left suspended in the air for 5 S, repeated thrice, after which they were left back 
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in their cages. This test is less stressful to the animals than the CSD, and hence was more 

suitable for the aim under this chapter, considering ethical reasons. 

1.2.3 Tamoxifen and 4-hydroxytamoxifen preparation 

TAM (Tamoxifen, Sigma–Aldrich, St. Louis, MI, USA, T5648-1G) was dissolved in a corn 

oil:100% ethanol mixture (9:1) ratio (Sigma Aldrich) at 42°C with constant shaking at 500 

rotations per minute (rpm) in light protected Eppendorf tubes (Amber). 4-hydroxytamoxifen 

was also prepared in a similar way.  

NB: TAM and 4-hydroxytamoxifen were prepared on the same day of injection to avoid 

product degradation during the storage of the TAM solution at -20˚C. Different syringes were 

used for administration of the drug to the stressed group and non-stressed controls. 

1.2.4 Brain tissue collection, immunohistochemistry, microscopy and nuclei sorting 

Brains were isolated at 4˚C or on ice and flash frozen in OCT. Tissues were stored at -20˚C 

until the time point of cryosection. Immunohistochemistry on 40 µm thick sagittal and coronal 

slices was performed using primary antibodies (anti-GFP, Takara Bio USA, Inc., Mountain 

View, CA, USA) and secondary antibodies (anti-mouse and anti-rabbit). Images were captured 

using Light Microscopy (40×) and Confocal Microscopy (20×) (More details of the microscopy 

techniques are in the methods section of Chapters 3 and 4). For details of nuclei isolation and 

sorting please refer to the methods section of Chapters 3 and 4. 

1.3 Results 

To be able to compare the two mouse lines (Figure 5a), Arc-GFP and cFos-GFP, our first step 

was to determine a suitable time point of mouse sacrifice, following stimulus offset, to enable 

optimal sfGFP accumulation and tracing. Therefore, we proceeded with the experiment to find 

an optimal sfGFP accumulation window period, following stimulus presentation. 

1.3.1. Determination of optimal window period for sfGFP accumulation  

Since sfGFP expression and accumulation are the only factors to be examined, we reasoned 

that use of either cFos or Arc promoter lines would suffice. As the Arc-GFP was available in-

house during the timepoint of the experiment, it was used for this experiment. In this paradigm, 

TAM (80 mg/kg) was injected 5 hours before the tail suspension test. The 5-hour time point 

for TAM injection was chosen based on 241 and our initial experiments, where TAM injection 

24 hours before the stimulus, showed a reduction in trapping, i.e., less than 2×the number of 

GFP nuclei compared to 5 hours (Supplementary Figure 1 a,b). Indeed, pharmacokinetics 
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data from 253 indicate a peak concentration of the active form of TAM, 4-hydroxytamoxifen, 5 

hours after injection. Thus, choosing this timepoint would allow for the maximal tracing of 

cells activated during this window period, where the peak concentration of TAM metabolites 

coincide with the stimulus. Following the injections and the tail suspension test (n = 6), 2 

animals each were assessed at three different sacrificial time points of 24 hours, 48 hours and 

72 hours after the TAM injection. 

The qualitative assessments of trapping for 24-, 48- or 72-hours following injection, indicated 

a very low GFP accumulation within the trapping period for 24 hours (not shown), followed 

by 48 hours and 72 hours (Figure 5b, n = 2 mice each). Given the GFP accumulation quantity, 

a window period of trapping for 72 hours after the TAM injection was considered to be the 

optimal choice. 

 

Figure 5: Optimization of experimental strategy for acquiring maximum stimulus-induced GFP 

accumulated engram using TG constructs.  

a. Arc-GFP and cFos-GFP mice were obtained from cross breeding between Arc/cFosCreERT2 (TG/WT)241,242  and R26-CAG-Sun1-sfGFP-

Myc (M/WT)243 mouse lines. The Arc-GFP and cFos-GFP systems allow for the tracing of nuclei that were spatiotemporally activated by a 

stimulus in the presence of TAM. On the arrival of a stimulus, the promoter of the immediate early gene (IEG – Arc/cFos) becomes active 



Chapters from Experiments and Results                                                                              Chapter 1                                                     

 

34 
 

and CreERT2 is transcribed. The CreERT2 system is then translated into the protein form and remains in the cytoplasm. In the presence of TAM, 

the Cre recombinase can enter the nucleus and cleave the STOP codon of the GFP reporter construct, allowing for the expression of nuclear 

membrane GFP, which accumulates over time and can be traced. b. Tail suspension-induced GFP expression (TAM dosage at 80 mg/kg, Arc-

GFP, n = 2 each) at different time points of sacrifice indicates a higher prevalence of GFP accumulation following 72 hours of trapping 

compared to 48 hours in the brain regions of cornu ammonis 1 (CA1), dentate gyrus (DG) and prefrontal cortex (PFC) c. Representative 

images of Arc-GFP mice (n = 2) indicating a higher prevalence of GFP (TAM dosage at 80 mg/kg) compared to cFos-GFP (n =2, TAM dosage 

at 150 mg/kg) within 72 hours of tail suspension-induced GFP accumulation. Scale bars are as indicated, superimposed on the original. The 

logos for the mice are obtained from google images. Abbreviations: TG - transgenic, TG/WT - one allele with transgenic insertion and the 

other as wildtype allele, TAM - tamoxifen, CA1 - cornu ammonis 1, DG - dentate gyrus, PFC - prefrontal cortex. 

 

1.3.2. Choice of mouse line – cFos-GFP vs Arc-GFP 

Following the establishment of an optimal GFP accumulation window period of approximately 

72 hours, we next aimed at comparing the quantity of traced cells in the two different mouse 

lines, using tail suspension test as the stimulus. Since preliminary in-house experiments showed 

a very low induction of cFos-GFP with 80 mg/kg TAM (data not shown), we increased the 

TAM dosage to 150 mg/kg for tracing spatiotemporally active populations in cFos-GFP (n = 2 

mice).  Next, injections of 50 mg/kg 4-hydroxytamoxifen (4-OHT) were delivered to another 

2 mice of cFos-GFP,  0 hours before the stimulus onset to determine if the more active 4-OHT 

injections would allow for a better trapping for the less prevalent cFos expression. For Arc-

GFP mice (n = 2), a TAM dosage of 80 mg/kg was retained. All mice were sacrificed 72 hours 

after the injections and equivalent sections were assessed for the stimulus-activated sfGFP 

expression. Interestingly, from the immunohistochemistry results, we concluded that the use of 

Arc-GFP mouse line allows for a higher trapping of the spatiotemporally activated nuclei 

(Figure 5c). On average, Arc-GFP mice showed detectable GFP expression in 1/3 of the total 

nuclei counted. Meanwhile, cFos-GFP mice showed detectable GFP expression only in 1/60 

of the total nuclei counted. Therefore, using Arc-GFP would facilitate a higher yield of 

activated nuclei. 

 

1.4 Discussion 

Though SI (social interaction) test would have been a more fitting choice in light of the 

subsequent experiments, we opted for the tail suspension test due to its simplicity and 

accessibility, without the need for complicated tools. Since our focus was specifically on 

determining the optimal trapping duration for GFP, following TAM injection and stimulus 

presentation, we reasoned that any stress stimulus would be sufficient for this purpose. Using 



Chapters from Experiments and Results                                                                              Chapter 1                                                     

 

35 
 

this setup, we determined that a 72-hour window period for GFP accumulation (trapping) 

would be optimal for our experiments.  

Indeed, the chosen time range of approximately 72 hours is distant from the time point of 

stimulus presentation, and hence could miss out some transient molecular changes related to 

the behavior activity. However, we reasoned that this approach still enables us to study 

persistent or subsequent alterations in the engram cells. In essence, it is a favourable 

compromise between the ability to trace activated cells for multiomics sequencing and the 

potential loss of some transient modifications. In fact, the 72-hour window period GFP 

accumulation was also the window period of choice in 243 and 254 for the same reporter line. 

Following the 72-hour trapping period, since the Arc-GFP mouse line showed a higher 

prevalence of sfGFP+ nuclei output compared to cFos-GFP mouse line, the Arc-GFP mouse 

line was selected for subsequent experiments within the framework of the thesis. 
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Chapter 2. Optimization of the CSD paradigm for the TAM-inducible Arc-GFP 

mouse line to facilitate the segregation of resilient-susceptible phenotypes 

2.1. Introduction 

The use of the Arc-GFP mouse line provides a certain advantage over the more frequently used 

C57BL/6J mouse strain, in allowing the tracing and selective investigation of spatiotemporally 

active engram populations. This is particularly relevant for our study, where we aim to dissect 

mechanisms of stress-resilient and stress-susceptible populations following CSD. This is 

because stress-resilient and stress-susceptible populations are known to activate different 

engram populations112. However, the Arc-GFP mouse line is a relatively new double transgenic 

mouse line, which has not been used for CSD experiments. Since different mouse lines possess 

distinct behavior patterns and exhibit a different stress tolerance threshold255,256, an optimal 

stressor to elicit stress effects had to be determined for this novel line. Additionally, the use of 

TAM, an artificial estrogen for activating Cre in the Arc-GFP mouse line might bear 

unexpected effects. Therefore, in this results Chapter, we focus on establishing an appropriate 

stressor for this mouse line, considering both the plausible differences arising from the mouse 

line as well as the TAM injections.  

2.2. Methods 

2.2.1. Animals 

7-8 weeks old Arc-GFP, WT-GFP (without the ArcCreERT2 transgene) and C57BL/6J adult 

male mice (Charles River) were used for the experiments in this section.  Animals were bred, 

maintained, and genotyped as in Chapter 1. Acclimatization to the experimental environment 

was done at least 3-4 days before the start of any behavioral experiment.  Experiments on the 

C57BL/6J and the behavioral battery tests were performed in accordance with the institutional 

animal welfare guidelines approved by the ethical committee of the state government of 

Rhineland-Palatinate for under the central project, Z02 of SFB 1193. 

NB: The Arc-GFP mice used here are progenies of parental lines that were crossed with 

C57BL/6Rj (Janvier) and C57BL/6J. The former line possesses an inherent alpha-synuclein 

deletion. 

2.2.2. Chronic social defeat (CSD) stress  

For CSD experiments, CD1 mice were preselected for their aggressiveness, with the defining 

criteria for selection being an attack latency of less than 10 S towards an intruder mouse.  
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Two types of CSD stress paradigms with differing intensities of the stressors were used, as 

described below. 

Subthreshold defeat stress 

The subthreshold defeat CSD stress paradigm was developed for C57BL/6J and was pre-

existing in the facility. (NB: the reason for the use of this term will be explained in the results 

section). This stress paradigm was aimed at introducing the least amount of stressor needed to 

elicit a significant stress response in accordance with the ethical guidelines. In this paradigm, 

the intruder mouse was placed in the cage of a novel CD1 mouse for 2 minutes, where the 

intruder mouse suffered sporadic attacks from the CD1 mouse. Following this brief episode, 

the resident CD1 mouse and the intruder mouse were separated by a mesh wire for 24 hours, 

allowing for the continuation of visual and olfactory stimulation, without physical attacks. This 

process was repeated for a span of 10 days, with the introduction of the intruder mouse to the 

cage of a new CD1 mouse every experimental day. The animals were allowed to rest for a 

period of 7 days. Social interaction test (SI, described in detail under the subsection 

‘Behavioral tests’) was then performed on the 8th day after the last CSD.  All cages were 

maintained in environmentally controlled cabinets (Uniprotect NG, Zoonlab GmbH). 

Aggressive chronic social defeat stress (new CSD paradigm) 

In this paradigm, the intruder mouse was subjected to 3 encounters, daily, with a new CD1 

mouse in each encounter. In each encounter, a pure physical attack by the CD1 mouse, 

cumulating to 15 S each was counted, after which the CD1 mouse and intruder mouse were 

separated by a mesh wall for a 30 min interval time, allowing for visual, audio and olfactory 

stimulation but no physical attack. At the end of the third encounter session for the day, the 

intruder mouse was left undisturbed in the cage of the third CD1 mouse, physically separated 

by the mesh wall, for 24 hours till the next day of the CSD experiment. The whole procedure 

was repeated for a total of 10 days, similar to that of the subthreshold paradigm. After the last 

day of the CSD defeat session, stressed mice were placed into a new cage, where they remained 

undisturbed for 7 days. All cages were maintained in environmentally controlled cabinets 

(Uniprotect NG, Zoonlab GmbH). SI was performed on the 8th day after the last CSD similar 

to the subthreshold stress paradigm. 

Handling of non-stressed controls 

During the CSD paradigm, while the mice for the stressed group were subjected to repeated 

rounds of defeats, mice for the non-stressed control group were also handled daily, throughout 
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the 10 days, albeit without exposure to CD1 stressors. Each control mouse was housed with 

another conspecific, separated by a mesh wall. During the 10 days of experimental period, 

control mice were placed in environmentally controlled cabinets in a different room than the 

animals that were undergoing CSD and were handled before the stressed group to avoid transfer 

of stress.  Following the 10-day period, control mice were also single-housed for 7 days, similar 

to the stressed group, before proceeding to the SI test. 

2.2.3. Behavioral tests 

2.2.3.1. Open field and eagle exploration test (OF/E) 

Before the start of the CSD paradigm for some batches, to understand the basal behavior of the 

different genotypes, we used open field (OF) test combined with an eagle exploration (E) test, 

was used in some batches, as described in 127. Briefly, spontaneous activity of the test mouse 

was assessed using an open field test in a grey plastic arena (40 × 40 × 40 length, width, and 

height). The animal was placed at a corner of the open field and was allowed to explore it for 

10 minutes. The behavior was recorded by a PC-linked overhead video camera. “Ethovision 

XT 8” (Noldus Inc., Netherland) software was used to track the distance travelled and the time 

spent in the central zones of the open field. After the initial 10 minutes session, a toy eagle was 

placed in the centre of the arena and the mouse was reintroduced inside the arena. Exploration 

within 1 cm of the eagle position was recorded to assess innate fear/object exploration response 

of the test animals.  

2.2.3.2. Social interaction (SI) test 

The SI test was performed (on the 8th day after the last defeat session) similar to that described 

by Krishnan and colleagues64 in two phases. Interaction zones of radii 1 cm, 3 cm or 8 cm, 

measured from an empty cylindrical mesh enclosure placed at the middle side of one edge of 

the arena (40 by 40 in cm), were predefined. Thereafter, test mice were placed in the corner 

opposite the cylindrical empty mesh enclosure and the movements were tracked for 2.5 

minutes, using “Ethovision XT 8” (Noldus Inc., Netherland) software, to measure the total 

duration the mouse spends in the interaction zone. This is termed as the ‘habituation phase’. 

In the second phase, termed as the ‘test phase’, the animals were re-placed in the arena, where 

a novel CD1 mouse now inhabits the previously empty cylinder. The movements were tracked 

for another 2.5 minutes to assess their presence in the interaction zone. The tip of the nose was 

used as a tracking point for interaction zones of 1 cm and 3 cm, while the body centre was used 

as the tracking point for the 8 cm interaction zone. 
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SI score was then calculated with the formula. 

SI = (time spent exploring the interaction zone during the test phase)/(time spent exploring the 

interaction zone during the habituation phase) ×100 

Mice that exhibited SI score > 100 was deemed resilient while those that showed SI score < 

100 was deemed susceptible. 

In addition to the SI calculated from the automatic tracking with the Ethovision software, 

manual scorings of the interactions from the recorded videos were also conducted as previously 

described in 127. The additional scoring was performed to mitigate technical defects that could 

arise during tracking, especially when the mouse moves fast or remains in shadowy contrast 

areas, which are non-optimal for tracking127. Moreover, automatic SI scoring could lead to false 

positives, if the mice exhibited inactivity during the habituation phase or stays marginal to the 

interaction zone demarcation line. Thus, to address these concerns and ensure data accuracy 

for subsequent analyzes, manual scoring of the recorded Ethovision videos were performed. 

Interaction time was noted as the amount of time the test mouse showed any form of interaction 

(exploring the cylindrical enclosure/watching it/approaching it) within the maximal interaction 

zone of 8 cm, and SI was calculated using the same formula as above.  

NB: Manual scoring was performed together with Marija Milic. All animals were injected with 

TAM (80 mg/kg or 150 mg/kg, 5 hours before the stimulus) or vehicle (corn oil:ethanol, 9:1) 

while animals for non-injected groups were only poked (without any fluid injection) before the 

SI test. The injections or no injections are appropriately mentioned in the respective results 

sections. All mice were habituated to the syringe needle with a single poke 1 day before the 

real injection/poking on the day of the SI.  

2.2.3.3. Novel object recognition test 

For this test, individual mice were acclimatized to a 40 × 40 × 40 cm grey chamber containing 

two identical objects for 20 minutes per day for 2 days. On the day of the test, the mouse was 

allowed to explore the two identical objects for 10 minutes each. Following this, the mouse 

was removed and one of the identical objects was replaced by a novel object. The mouse was 

then replaced in the arena to allow free exploration of either the novel one or the known object.  

NB: This test was performed only to compare the GFP induction of a different behavioral 

stimulus (NOR) to that of the SI test. Therefore, an assessment of the preference of the novel 

object or the familiar object was not calculated. 
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2.2.3.4. Elevated plus maze (EPM) test 

EPM is a well-established behavior test to measure general anxiety119. In each experiment, the 

animal was placed on the central platform, facing an open arm of the plus-maze (made of grey 

Perspex with a central 5 × 5 cm central platform, 2 open arms, 30 × 5 cm, 2 enclosed arms, 30 

× 5 × 15 cm; illumination 150 lux). Movements were tracked using “Ethovision XT 8” (Noldus 

Inc., Netherlands) software to measure the duration of time spent by a test mouse on either 

open or closed arms. The percentage of time spent in open arms compared to the total time 

of tracking was, then, calculated. 

% time spent in open arms = (total time spent in open arms/total time spent in all arms) × 100 

2.2.3.5. Light-dark test (LDP) test 

Following the EPM test, the LDP was performed the next day. Similar to the EPM, the LDP 

assesses mouse anxiety and relies on the innate aversion of rodents to brightly illuminated 

areas120. The light-dark test apparatus consists of a 40 × 40 × 40 cm white plastic arena with 

one-third of the arena covered from the light (darkened). The darkened area is connected with 

the lit zone by a 4 × 4 cm hole, where the mice can enter/exit. The test mouse was placed in 

the dark compartment at the start of the experiment and were allowed to explore the arena 

within a 10 minutes test session. “Ethovision XT 8” (Noldus Inc., Netherland) video-tracking 

system was used to measure the duration that the mouse spent in the dark or lit zones of the 

arena, compared to the total duration of the test. In addition to this, the latency of the first 

entrance to the lit side was also recorded. 

2.2.3.6. Spatial memory Y-maze test 

The spatial memory Y-maze test was used to determine the hippocampal spatial reference 

memory121. In this test, the animals were introduced in a symmetrical elevated Y-maze, with 

one arm closed, under reduced light conditions (50 lux). Each arm was 30 cm long and 7 cm 

wide with black walls (15 cm high). Mice were allowed to roam the maze for 10 minutes, after 

which they were put back in their home cage for 30 minutes. They were then returned to the 

Y-maze with all arms open, to test their preference for the new arm (previously closed) or the 

familiar arm of the Y-maze. Their movements were then tracked for a total of 5 minutes, using 

“Ethovision XT 8” (Noldus Inc., Netherland) video-tracking system. 

2.2.3.7. Sucrose preference (SP) test 

In the SP test, the test animals had ad libitum access to both water and a 2% sucrose solution 

for 48 hours in the home cage. The fluids were delivered, separately, by two pre-weighed 
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bottles. Bottles were counterbalanced across the left and the right sides of the cage and positions 

were alternated in each cage twice a day. On the third day, the bottles were weighed again for 

calculating the sucrose preference.  

% sucrose preference = (sucrose solution intake (mL)/total fluid intake (mL)) × 100.  

The test is known to assess depression-like behavior of anhedonia in rodents122. 

2.2.3.8. Forced swim (FS) test  

FS test is a well-known test to assess depression-like symptoms in animals, following 

behavioral despair in stressful and inescapable situations123. In this test, each experimental 

mouse was placed for 6 minutes in a glass cylinder of 18 cm width and 25 cm height, filled 

with water (21+/-1 °C) till 15 cm of height. Then, the duration during which the mice showed 

immobility, i.e., passive floating defined by the animal being motionless or exhibiting only 

slight movements with tail or a hind limb, or activity was measured against active mobility 

characterized by behaviors of struggling, climbing, or swimming using all four paws, for the 

last 4 minutes of the test.  

NB: Majority of the technical parts of the behavioral tests were performed by the MBU while 

I planned, organized and coordinated the experiments along with the analysis of the results.  

2.2.4. Tamoxifen and solvent preparations 

Tamoxifen was prepared in 1:9 ethanol:cornoil mixture as in Chapter 1 and injections were 

delivered at 80 mg/kg or 150 mg/kg of body weight of the animal. For vehicle solvent 

injections, bodyweight appropriate volumes of the solvent, 1:9 ethanol:cornoil, were delivered. 

All injections were administered intraperitoneally 5 hours before the SI or NOR test. 

Intraperitoneal single pokes were also delivered to the non-injected groups with acclimatization 

to the syringe needle in all cases, 1 day before the stimulus (injection/poke) application. 

2.2.5. Physiological assessments 

2.2.5.1. Blood collection and CORT level assessment 

Blood samples were collected, by a tail cut, on two different days for CORT extraction. The 

first collection was performed 24 hours after the last CSD session, while the second collection 

was performed 20 minutes and 90 minutes after the FS test. Serum was extracted from fresh 

blood samples by centrifugation at 10,000 rpm for 10 minutes at 4 °C and stored at −80 °C 

until analysis as described in 127. Corticosterone concentration from the serum was then 

measured using an enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life Sciences, Inc.) 
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following the manufacturer's protocol. The absorbance was read at 450 nm using a microplate 

reader (Multiskan EX, Thermo Scientific, USA).  

NB: The tail cut and blood collection were performed by Marija Milic while serum CORT 

collection was performed together with me. 

2.2.5.2. Tissue collection, nuclei isolation and sorting 

Following the last day of the experiments, body weights were measured, and mice were 

sacrificed by cervical dislocation. Hypothalamus and adrenal glands were collected in pre-

weighed Eppendorfs containing RNA later. The collected tissues were then weighed using a 

sensitive balance. Gut was donated to Kristina Endres’s group for their publication257. 

Hippocampus, vHipp, PFC and Naccu were dissected and processed for nuclei isolation (see 

more details in Chapter 3) while fluorescence-activated nuclei sorting (FANS, see more details 

in Chapter 4) was used to sort the activated GFP+ nuclei. 

2.2.6 Statistical analyzes 

All statistical calculations were performed using GraphPad Prism (8.4.2). Student's unpaired t-

test was used for statistical comparisons of two groups with normal distributions, while 

ANOVA along with different post-hoc tests were used for comparison of three groups as 

specified in the text, unless otherwise mentioned. In all calculations, p<0.05 was considered 

statistically significant. 

2.3. Results 

2.3.1. Determination of the necessary TAM dosage for tracing optimal amount of SI-engram 

specific nuclei 

In Chapter 1, we established that the Arc-GFP mouse line (TAM, 80 mg/kg) provided a higher 

quantity of trapped engram nuclei than cFos-GFP, following a tail suspension stimulus. Our 

next step was to ascertain that the intended TAM dosage of 80 mg/kg would be necessary and 

sufficient to elicit an optimal engram nuclei quantity for the subsequent multiomics 

experiments, following the SI test after the CSD paradigm. This was crucial to ensure that the 

stressor selection as well as other behavioral battery tests will be performed using the right 

TAM dosage. 

To evaluate the yield of SI engram nuclei with the TAM dosage of 80 mg/kg after CSD 

experiments, we implemented the in-house available subthreshold defeat CSD paradigm. 

Briefly, in this paradigm, the resident CD1 mouse engaged in sporadic attacks on the intruder 
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Arc-GFP mouse for 2 min daily over a period of 10 days. After the 2 minutes exposure, the 

Arc-GFP mouse was separated from the CD1 mouse with a cage separator for the remainder 

of the day to allow for sensory stimulations without the physical attacks. Non-stressed controls 

were also handled during the entirety of the experiment (see Methods). 7 days after the 

conclusion of the last CSD attack, 80 mg/kg of TAM (as in Chapter 1) was injected 5 hours 

before the SI test to both the stressed group as well as non-stressed controls. Mice were then 

sacrificed 72 hours after the TAM injection, and hippocampus was collected to assess GFP 

induction. Quantitative evaluation was performed using fluorescence-activated nuclei sorting 

(FANS) while qualitative assessment was conducted with immunohistochemistry. Though 

immunohistochemistry revealed a clear GFP induction in the engrams Figure 6a, an estimate 

of the engram nuclei using FANS indicated that the total GFP positive (GFP+) nuclei that could 

be obtained with this dosage was substantially lower (approximately 15k nuclei) than that 

deemed necessary for the multiomics experiments. Therefore, we decided to increase the 

dosage to 150 mg/kg as used by Guenthner and colleagues242, to enable the tracing of more 

engram nuclei for the intended multiomics experiments.  

Since 150 mg/kg of TAM (administered 5 hours before the stimulus) is a relatively high dosage, 

it was necessary to assess whether the implementation of this dosage would still allow for the 

tracing of stimulus-specific engrams. To address this concern, we compared the %GFP 

accumulation that served as proxies for activated engrams for the SI stimulus against the NOR 

stimulus. Interestingly, we observed that there was a significant difference in the GFP% 

accumulation (tissue – vHipp), resulting from the two activity-dependent stimuli (Figure 6b), 

NOR test (n = 6) and SI test (n = 16). This indicates the retention of the sensitivity of stimulus-

induced recombination despite the high TAM dosage. On the other hand, as Arc shows a basal 

level of expression in neurons, we performed an additional experiment to assess basal 

recombination by evaluating GFP induction in home cage controls against that of the SI test. 

We noted that the GFP induction (TAM, 150 mg/kg) by the SI test in different brain regions of 

PFC, vHipp and Naccu, were significantly higher than the GFP induction in the cage controls 

(Figure 6b). Thus, this precludes excessive impurities from Cre leakage and unwanted signal 

tracing, even with the high dosage of TAM. Additionally, we noted that single-housed home 

cage controls and group-housed home-cage controls showed non-significant differences in 

GFP expression (Supplementary Figure 2a). This demonstrates that the single housing period 

of 7 days after CSD, will exert relatively less impact on the engram tracing, i.e., single housing 

will probably not introduce significant divergent effects related to GFP accumulation in our 
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study. Altogether, we established that TAM administration at a dosage of 150 mg/kg to be the 

optimal choice for our next step of the experiments, i.e., establishing an appropriate stressor 

for the Arc-GFP mouse line. 

 

Figure 6. Stimulus-specific engram tracing with GFP accumulation.  

a. Representative images showing SI test-induced GFP accumulation (72 hours) in Arc-GFP mice after CSD paradigm (n = 2 controls, 4 

stressed: 1 resilient and 3 susceptible, TAM dosage at 80 mg/kg). b. Determination of the usability of 150 mg/kg (TAM) dosage in Arc-GFP 

mice to facilitate the tracing of more nuclei. The quantity of SI-induced GFP expression (approx. 8%) differs significantly (t-test, p<0.01, **) 

from the Novel Object Recognition test (NOR)-induced GFP expression (approx. 12%) (n = 16 for SI, n = 6 for NOR), indicating stimulus 

specificity, even with 150 mg/kg TAM dosage. Ventral hippocampus (Vhipp) tissue was used for the illustration.  In the vHipp, PFC and 

nucleus accumbens (Naccu), the SI-induced GFP expression also shows a significantly higher level of GFP expression than that for home cage 

(HC) controls in the vHipp, PFC and Nucleus accumbens (t-test, p<0.001, ***) (n = 16, 16, 8 for SI, n = 6 ,6 , 3 for HC). HC controls were 

used as a proxy for basal Arc expression induced GFP accumulation.  TAM was injected 5 hours before these experiments. Scale bars are as 

indicated. Error bars represent +/- S.E.M. Significance values are indicated as ** - p<0-01, *** - p<0.001. Abbreviations: SI - social 

interaction test, NOR - novel object recognition test, HC - home cage controls, CA1 - cornu ammonis 1, DG - dentate gyrus, PFC -  prefrontal 

cortex, vHipp - ventral hippocampus, Naccu - nucleus accumbens, n - sample size. 

 

2.3.2. SI test of TAM-injected Arc-GFP mice did not show a stress effect, following 

subthreshold defeat 

Since TAM is an artificial estrogen with known effects in ameliorating psychiatric disorders, 

such as bipolar disorders258, we hypothesized that the application of TAM (150 mg/kg) for 

activating Cre in the Arc-GFP mouse line could also potentially impact the stress readouts in a 

dose-dependent manner. Therefore, we, next, sought to determine an appropriate stressor for 

the TAM-inducible mouse line.  

With ethical considerations of minimal damage to the test subjects, we started with the 

subthreshold defeat paradigm of daily attacks for 2 minutes (see scheme in Figure 7a) 

developed in-house for the C57BL/6J mouse line. However, using this paradigm, we could not 

discern a group stress effect on the TAM-injected Arc-GFP mouse line (Figure 7b) in the SI 
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test compared to the non-stressed controls. Subsequently, to enhance accuracy of the 

assessment as a control measure for the smaller size of the Arc-GFP mouse against the larger 

8 cm interaction zone optimized for the larger C57BL/6J mouse line, we also implemented 

manual scoring methods (Figure 7b) for the SI test. In addition to the implementation of 

manual scoring methods, the interaction zones were reduced from 8 cm to 3 cm and 1 cm to 

accommodate the smaller size of the Arc-GFP mouse. However, in all cases, we still could not 

identify an effect of stress (Supplementary Figure 2b). Therefore, we hypothesized that the 

lack of a discernible stress impact could be either due to the inherent characteristics of the 

mouse line or the potential improvement in interaction induced by the TAM application before 

the SI. For simplicity, since the stressor failed to evoke an observable stress response in our 

study, we classified it as a ‘subthreshold defeat paradigm’. 

 

Figure 7: The differential impacts of the chronic social defeat paradigm on the Arc-GFP mice with and 

without TAM injection.  
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a. Scheme of the subthreshold CSD (chronic social defeat) paradigm. At the start of the paradigm, the Arc-GFP mouse is introduced into the 

home cage of the resident CD1 mouse for 2 minutes daily. During these 2 minutes, the Arc-GFP mouse suffers sporadic physical attacks from 

the CD1 mouse. After 2 minutes, a mesh wall is introduced between the two mice to curtail physical attacks for 24 hours. The mesh wall 

allows for the continuation of visual and olfactory stimuli devoid of physical attacks. The paradigm is repeated for a total of 10 days with a 

new CD1 mouse for each encounter. Upon the completion of the CSD paradigm, the mice were left undisturbed in single-housed cages for a 

rest period for 7 days, whereupon the SI test was performed on the 8th day after the last CSD. b. Scheme of the CSD paradigm with TAM 

injection (150 mg/kg 5 hours before the SI test). SI scores show a non-stress effect in both automated and manual scorings (t-tests, p>0.05, 

n.s.). c. Scheme of the CSD paradigm without TAM injection (150 mg/kg 5 hours before the SI test). SI scores show a significant stress 

effect in both automated and manual scorings (t-test, p<0.05, *; t-test, p<0.001, ***, respectively). Error bars indicate +/- S.E.M. * represents 

the significance value. Each dot in the bar graphs represents a single mouse with controls as black and stressed as red. Abbreviations: SI – 

social interaction test, TAM - tamoxifen. 

2.3.3. In the absence of TAM injections, the subthreshold stressor induces a deficit in the SI 

test after CSD 

To examine the inherent stress tolerance characteristic of the Arc-GFP mouse line in the 

absence of TAM, experiments were performed in another cohort under identical conditions as 

above, except for the TAM injection. Interestingly, we observed that the stress effect on SI was 

visible and significant without the injection (t-test, p<0.05, Figure 7c, left). The SI index from 

the manual scoring, also demonstrated a significant difference between the control and stressed 

group (t-test, p<0.001, Figure 7c, right), without TAM injection. This indicates that the SI test 

was influenced by the injections delivered 5 hours before the SI.  It is important to highlight 

here that the observed effect of improved social interaction could be because of TAM (an 

artificial estrogen) or the solvent (ethanol:cornoil). However, as TAM is a synthetic form of 

estrogen, known to impact social behavior259–261, I hypothesized that the SI improvement could 

be more likely associated with the use of TAM rather than the solvents. Thus, our next step 

was to develop a more robust stressor that could mitigate the SI improvement and discern the 

cause for the improvement. The steps were essential to determine the usability of the TAM-

inducible system for the intended stress research to ensure segregation of resilient-susceptible 

phenotypes. 

(NB: Post-hoc analyses of the TAM-injected stressed populations showed that some other 

behavior parameters were differentially affected in the bioinformatically computed tracks of 

the mice from the SI test (Supplementary Figure 2c, performed by Nicolas Ruffini). This 

indicated that the stressor exerted its effects but was not visible in the commonly accepted SI 

read out, following the injections).  

2.3.4. Usability of the TAM-inducible Arc-GFP mouse line for stress studies 

To determine an optimal stressor for the TAM-inducible system, we increased the intensity of 

the stressors from the 2 minutes encounters to 3 sets of 15 S daily attacks, keeping all other 
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conditions identical. In this new paradigm, pure physical attacks by a novel CD1 mouse were 

implemented for 15 S (Figure 8) repeated for 3 times, each with a new CD1 mouse (see more 

in Methods). Following the last day of the CSD, several assays, apart from the SI, were also 

introduced as depicted in the scheme (Figure 8). The introduction of other behavioral assays 

was to capture additional stress-affected parameters, should the TAM-improvement in SI 

persist despite the increased stressor intensity.  

Next, since the patterns of the TAM-injected Arc-GFP mouse line for these assays following 

CSD had not been determined, parallel tests (with TAM injections) on the well-studied 

C57BL/6J mice were included. Additionally, to assess whether TAM injections selectively 

impact the Arc-GFP mice, WT-GFP mice were introduced as controls for potential 

environmental effects, given that the C57BL/6J mice were bred outside the facility. Lastly, to 

preclude the possibility that the solvent injections or syringe applications themselves 

contributed to the SI improvement, two cohorts of C57BL/6J mice were included - one 

subjected to solvent injections and the other with no injections.  

Apart from the behavior stress readouts, we also included physiological assessments of the 

stress effects by measuring the weights of tissues involved in the HPA axis, namely the 

hypothalamus and adrenal glands along with the assessment of CORT levels (Figure 8). 

Although all the experiments on the different groups were performed simultaneously, for 

clarity, we first describe the control vs stress comparisons for all tests conducted after CSD 

exclusively for the Arc-GFP mouse line, in the next section. This is followed by a 

comprehensive report of the comparisons between the different genotypes within the same 

treatment (TAM-injected) and then the same genotype (C57BL/6J) with different treatments to 

determine the origins of the abnormality noted in the initial behavior assay. 
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Figure 8:. Scheme of the behavioral battery tests and physiological assays along the longitudinal timeline. 

Mice were habituated to the experimental environment 3 days before the open field eagle (OF/E) test and segregated into control and stress 

groups for the new CSD paradigm, based on the results from the OF/E test. In the new CSD paradigm, the intruder mouse was subjected to a 

15 S pure physical attack by the CD1 mouse, repeated 3 times with a new CD1 mouse for each attack, daily. Each attack episode lasted with 

a 30 minutes’ physical segregation between the CD1 mouse and the intruder mouse except for the last attack (See Methods). After the last 

attack episode, the intruder mouse was physically separated by the mesh wall from the last CD1 mouse and was left undisturbed for 24 hours 

till the next day of the stress experiment. The whole procedure was repeated for a total of 10 days as in the old paradigm and SI was performed 

on the 8th day. The following tests EPM, LDP, Y-maze, SP and FS, were performed on consecutive days as shown in the timeline. For 

physiological assessments, CORT was collected on the last day of CSD (baseline CORT), 20 minutes after FS test and 90 minutes after FS 

test. Approximately 24 hours after the FS test, mice were sacrificed and tissues – adrenal glands and hypothalamus were collected and weighed. 

For more details of the tests, see text.  

Groups employed for this new scheme include control and stressed populations of mice injected with TAM, 5 hours before the SI test for Arc-

GFP, WT-GFP and C57BL/6J along with vehicle-injected and non-injected groups (replacing the TAM injections) of C57BL/6J mice. (NB: 

The image for SP test was obtained from google images.) Abbreviations: CSD – chronic social defeat, SI – social interaction, EPM – elevated 

plus maze, LDP – light dark preference, FS – forced swim, SP – sucrose preference, CORT – corticosterone. 
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2.3.4.1. TAM-injected Arc-GFP mice show stress effects after the implementation of a higher 

stressor CSD paradigm 

Remarkably, with the implementation of the more aggressive CSD paradigm, we observed a 

significant decrease in the SI index of the stressed Arc-GFP mice (Figure 9a, Welch’s t-test, 

p<0.05). Interestingly, the other behavioral assays also indicated stress-induced alterations in 

behavioral tendencies, though non-significant (Figure 9b-9g, t-tests, ns). In the EPM, the 

stressed group spent a lower % time in the open arms (Figure 9b) compared to the control 

group. This was accompanied by a reduced duration of activity in the light zone (for the LDP 

test) (Figure 9c) for the stressed group. Interestingly, contradicting the expected behavior, we 

observed that the stressed populations showed tendencies toward a lower latency to enter the 

light zone (LDP test), a decreased immobility duration (FS test) and an increased % sucrose 

consumption (SP test) (Figure 9d-9f). Additionally, the stressed group of the Arc-GFP mouse 

line indicated a non-significant lower CORT level in the blood samples collected after the last 

day of CSD (Figure 9g, t-test, ns), compared to control group. However, in the Y-maze test 

(Figure 9h), the stressed group exhibited a similar behavior to the controls. 
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Figure 9: Arc-GFP mice exhibited stress effects in the new scheme with the use of a more aggressive 

stressor. 

a. In the SI test, we identified a significant deficit (Welch’s t-test, p<0.05, *) in the social interaction of the stressed group as compared to the 

control populations, following the use of the 3×15 S attacks. In the other tests b-g, including EPM, LDP, FS, SP and CORT measurements, 

non-significant effects of stress were observed (t-tests, p>0.05, n.s.) in the stressed group. Meanwhile, the Y-maze test (h) showed no visible 

difference.  Error bars represent +/- S.E.M. * represents the significance value. Each dot in the graphs represents a single mouse (control - 

black and stressed - red). Abbreviations: SI – social interaction, EPM – elevated plus maze, LDP – light dark preference, FS – forced swim, 

SP – sucrose preference, CORT – corticosterone. 
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Having established that the Arc-GFP mouse line shows stress impacts with an aggressive 

stressor, the next step was to determine whether the results obtained from this mouse line will 

be comparable with stress-related findings from other mouse models. Therefore, we assessed 

if the Arc-GFP mouse line diverged or converged in the important behavioral and physiological 

aspects relevant for this study, compared to the most used mouse model, i.e., C57BL/6J. 

2.3.4.2. Determining the divergence or convergence of the Arc-GFP mouse line and 

implications on its usability for cross-comparisons with other stress research 

Divergence of the Arc-GFP mice from the C57BL/6J mice and WT-GFP mice 

(comparisons between the non-stressed controls) 

In the above section, we noted unexpected trends in the stress-control comparisons of the Arc-

GFP mice in some behavior assays (Figure 9d-9f). Therefore, to characterize the divergence 

of the Arc-GFP mice and determine its usability for stress research, we compared the behavior 

assays of the TAM-injected Arc-GFP animals to the other TAM-injected genotypes (C57BL/6J 

and WT-GFP), first, using only the non-stressed controls. Given the different facility origin 

of the C57BL/6J, WT-GFP was added as a genotype control for the Arc-insertion, should the 

injections interact exclusively with the transgenic insertion. Significant difference amongst the 

three genotypes was determined using analysis of variance (ANOVA) tests followed by post-

hoc t-tests for pairwise comparisons of the genotypes. 

In the open field/eagle (OF/E) test, performed before the CSD paradigm, ANOVA revealed a 

significant difference among the three groups in the duration of time spent in the central zone 

without the eagle (F (2, 119) = 8.058, p = 0.0005) and in presence of the eagle (F (2, 118) = 

7.675, p = 0.0007). Post-hoc multiple comparisons test following ANOVA identified that in 

the open field test without the eagle, the Arc-GFP mice spent a significantly higher amount of 

time in the open area compared to both C57BL/6J and WT-GFP mice (Figure 10a, left, 

p<0.001, ###; p<0.01, ##, respectively). Meanwhile, in the presence of the toy eagle, the Arc-

GFP mice spent a significantly lower amount of time interacting with the eagle, compared to 

the C57BL/6J mice (Figure 10a, right, p<0.001, ###), indicating either a higher innate fear or 

lower preference for inanimate objects.  Similarly, we noted a significant difference amongst 

the three groups for the distance travelled without the eagle (F (2, 119) = 19.04, p<0.0001). 

The post-hoc multiple comparisons test following ANOVA test showed that the Arc-GFP mice 

travelled a significantly higher distance than the C57BL/6J mice (Figure 10b, p<0.01, ##), 

indicating hyperactivity. However, the distance travelled was significantly lower than WT-GFP 

mice (Figure 10b, p<0.05, #). On the other hand, there was no significant difference in distance 
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travelled amongst the three groups in the presence of the eagle (F (2, 119) = 2.869, p = 0.06). 

Altogether, the results from the OF/E test point towards a heightened sense of anxiety in the 

Arc-GFP mice. The implications towards a higher anxiety level were supported by the findings 

from the SP test (F (2, 33) = 4.886, p = 0.0138) and FS test (F (2, 33) = 3.741, p = 0.0343). In 

the SP test, Arc-GFP mice consumed significantly less sucrose than WT-GFP (Figure 10c, 

multiple comparisons test following ANOVA, p<0.01, #; t-test, p<0.01, *) and C57BL/6J 

(Figure 10c, t-test, p<0.01, *). Meanwhile, in the FS test, the % immobility duration of Arc-

GFP mouse line was significantly higher than both the C57BL/6J (Figure 10d, multiple 

comparisons test following ANOVA, p<0.05, #; t-test, p<0.05, *) and WT-GFP (Figure 10d, 

t-test, p<0.05, *) mouse lines. Additionally, the physiological assessment of CORT levels, 

after the last day of CSD, revealed a significantly higher concentration of CORT in the 

collected plasma from the Arc-GFP compared to both the C57BL/6J (Figure 10e, multiple 

comparisons test following ANOVA, p<0.05, #; t-test, p<0.05, *) and WT-GFP (t-test, p<0.05, 

*). Cumulatively, these results point towards a more anxious nature of the Arc-GFP mice, 

distinct from that of the C57BL/6J and WT-GFP mice. Though a higher baseline CORT level 

could be interpreted as a higher resilience capacity in the Arc-GFP mouse line, the preceding 

results suggest a concurrent interpretation towards a more anxious nature. 

Meanwhile, in the EPM and LDP tests, we observed divergence of both the Arc-GFP and 

WT-GFP mice from the C57BL/6J mice, with a significantly lower duration of time spent in 

the elevated open arms (Figure 10f, t-test, p<0.05, *; t-test, p<0.05, *) and a shorter duration 

of time spent in the light zone of the LDP arena (Figure 10g, t-test, p<0.01, *; t-test, p<0.05, 

*). The behavior tendencies observed in both these tests could reflect breeding facility-induced 

differences from the C57BL/6Rj breeds (as also observed in other in-house studies) or an 

impact of the presence of the mutant GFP reporter construct. Interestingly, in the Y-maze test, 

analyzing spatial memory, the different genotypes revealed no observable differences (data not 

shown).  

Following these results, one can reinterpret the unexpected patterns (Figure 9d-9g) in control-

stress comparisons of the Arc-GFP mice (in the previous section) to be partially derived from 

the divergence in the baseline behavior characteristics, themselves. 
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Figure 10: Genotype differences in behavior patterns of non-stressed controls as observed in multiple 

assays. 

a,b OF/E tests showed a significant difference in both the duration of time spent at the centre zone of the open field as well as the corresponding 

distance parameter measured in both cases of ‘without’ and ‘with’ the eagle for the different mouse lines (ANOVA tests: p<0.001, ###;  

p<0.01, ##;  p<0.05, #). c-e SP and FS tests along with CORT measurements (on the last day of the CSD paradigm) depicting significant 
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differences in the patterns exhibited by the Arc-GFP mice from both the C57 and WT-GFP mice (ANOVA test: p<0.05, #; t-test, p<0.05, *). 

f.g EPM and LDP tests revealed significant differences of the Arc-GFP and WT-GFP mice from the C57 (t-tests, p<0.01, **; p<0.05, *). Error 

bars represent +/- S.E.M. #, * represent the significance values from ANOVA tests and t-tests respectively, n.s. denotes non-significance. Each 

dot in the graphs represent a single mouse from the non-stressed populations. Abbreviations: OF/E – open field/eagle test, SP – sucrose 

preference, EPM – elevated plus maze, CORT – corticosterone, FS – forced swim, LDP – light dark preference, C57 – C57BL/6J, WT-GFP - 

single TG mouse line devoid of the ArcCreERT2 gene insertion. 

 

Similarities in stress response of the Arc-GFP mice with the C57BL/6J and WT-GFP 

mice (comparisons including the stressed populations) 

Though we noted a certain divergence in certain behavior traits as expected of GM animals, 

we also detected shared similarities in the stress response in the SI, CORT measured after the 

FS test and organ weights of the HPA axis (Figure 11a-d).  

In the SI tests, all genotypes showed a significant effect of stress (Figure 11a, t-test, p<0.05, 

*) in the stressed group compared to non-stressed controls. In addition, we noted a similar 

increase in CORT at 20 minutes after FS test in all groups, Figure 11b, with a more elevated 

(non-significant) response in the respective stressed groups of each genotype. After 90 minutes 

of the FS test, the CORT levels decreased similarly in all genotypes, with a slightly lower (non-

significant) level in the corresponding stressed groups (Figure 11b). On the other hand, a non-

significant increase in the weight of the adrenal glands (Figure 11c) was observed in the 

stressed group compared to non-stressed controls of all genotypes, while a non-significant 

increase in the weight of the hypothalamus (Figure 11d) was observed only in the C57BL/6J 

and Arc-GFP mice. Last but not the least, we detected the persistence of stress effects in the 

Arc-GFP mice as the stressed group still displayed a similar avoidance of the CD1 mouse even 

after four weeks of the last CSD (See Figure 11e). Collectively, these results indicate that, 

despite some divergence, the Arc-GFP shares a similar HPA axis response to the C57BL/6J 

and WT-GFP mice. Apart from this, the persistence of stress effects suggests that the molecular 

results from this mouse line would be generalizable and comparable to other studies. 

Having determined the comparability of the mouse line to the most commonly used mouse 

model, we, next, proceeded with the identification of impacts of TAM to ensure that the single 

injection would not sustain major impacts on the intended stress research. 
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Figure 11: Similarities in the stress response despite genotypic differences in the TAM-injected groups.  

a. All genotypes showed significant decreases in SI index (t-test, p<0.05, *) in the stressed groups, compared to the control groups.  

b. CORT measurements depicting a similar rise of CORT levels within 20 minutes of the FS test followed by a decrease in the CORT levels, 

90 minutes after the FS test, indicating a functional HPA axis (activation and deactivation). c,d. Both adrenal and hypothalamus tissues showed 

a non-significant increase in weight in the stressed populations in all genotypes (except for WT-GFP, hypothalamus). e. Arc-GFP mice retained 

SI deficits in the stressed group (graphical representation, left panel) even after 4 weeks of the last CSD (i.e., 3 weeks after the first SI), 

indicating a long-term retention of the fear memory. The right panel shows the tracks of the animal movements during the 1st SI test and 2nd 

SI test of a representative mouse, showing similar avoidance of the CD1 mouse during the test phase of the SI test. 
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Error bars represent +/- S.E.M. * represents the significance value. Each dot in the graphs represents a single mouse (black = controls, red = 

stressed). Black lines in the right panel of e, represent the movement tracks of the mouse under observation. Abbreviations: SI – social 

interaction, CORT - corticosterone, FS – forced swim, HPA – hypothalamus-pituitary-adrenal. 

 

2.3.5. Impacts of TAM – comparisons in the C57BL/6J mouse line   

To assess the impacts of TAM injection, we conducted comparisons of the behavior assays 

following different modes of injection - TAM-injected (T), non-injected (N) and vehicle-

injected (O) in C57BL/6J. Though the initial improvement of the SI test (Figure 7b) had been 

mitigated by the application of the more aggressive stressor (Figure 9a), we identified 

alterations in other follow-up assays. In the next following results, I present the findings from 

the comparisons of the non-stressed controls from each mode of injection.  

In the FS test, ANOVA indicated a significant difference in the % immobility duration (F (2,33) 

= 3.550, p = 0.0401) as well as CORT levels (F (2,20) = 7.563, p = 0.0036) amongst the three 

C57BL/6J groups with different injection modes. Post-hoc multiple comparisons test revealed 

a significantly higher % immobility duration (Figure 12a, p<0.05, #) of the TAM-injected 

mice compared to the non-injected mice, while no significant difference was observed between 

the vehicle-injected and non-injected groups (Figure 12a, n.s.). Correspondingly, the rise in 

CORT level, 20 minutes after FS test for TAM-injected mice was significantly higher (Figure 

12b, p<0.01, #) than for the non-injected mice, while no significant difference was observed 

between the vehicle-injected and non-injected group (Figure 12b, n.s.).  

Next, from the ANOVA comparisons within the stressed mice, we identified significant 

differences amongst the three types of injections in the LDP test (F (2,29) = 5.554, p = 0.0091). 

Post-hoc multiple comparisons test showed that the TAM-injected mice exhibited a 

significantly lower latency to enter the light zone (Figure 12c, p<0.01, #) compared to non-

injected mice. Additionally, the TAM-injected stressed mice also showed a significantly higher 

% of time in the open arms of the EPM test (Figure 12d, t-test, p<0.01, *) compared to the 

non-injected mice. The non-injected and vehicle-injected groups showed similar results in both 

cases. Altogether, these results indicate that a one-time injection of TAM can introduce 

significant effects on some aspects of behavior in both stressed and non-stressed mice.  

On the other hand, assessing the effect of the injections on the direct control-stress 

comparisons of each injection type, we observed divergent trends in the TAM-injected 

groups. In the EPM test, the TAM-injected stressed mice spent more time in the open arms 

compared to the TAM-injected controls, while in the other two groups (non- and vehicle-

injected), the stressed mice spent a lower % of time in the open arms (Figure 12e, t-tests, n.s.) 
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than the controls. Similarly, in the LDP test, the latency to enter the light zone was significantly 

lower for the stressed TAM-injected mice group (Figure 12f, t-test, p<0.001, ***) compared 

to TAM-injected non-stressed controls, unlike in the other groups (t-tests, n.s.). In the SP test, 

the TAM-injected stressed mice exhibited a decreased sucrose consumption compared to the 

TAM-injected non-stressed controls, a pattern different from the non-injected and oil-injected 

groups (Figure 12g, t-tests, n.s.). Thus, we can conclude that TAM and not the vehicle 

injections impact behavior assays.  

The above findings raise the question of whether TAM injection would deviate the stress 

response. To answer this, we compared the components of the HPA axis. Interestingly, despite 

the unprecedented effects of TAM on some aspects of behavior, for example, a significant 

increase in the % immobility duration in the FS test (Figure 10d) in the controls of TAM-

injected mice, we observed that physiological components of the HPA showed an appropriate 

response to stress. The rise and fall of CORT levels during FS test remained unaffected by the 

one-time injection of TAM (Figure 12i), indicating a still functional HPA axis. Additionally, 

weights of adrenal glands showed a tendency of weight gain in stressed mice compared to the 

controls (Supplementary Figure 2d). Correspondingly, weight of hypothalamus also 

displayed a non-significant increase in both TAM-injected and non-injected stressed mice 

(Supplementary Figure 2d).  
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Figure 12: Implications of TAM injections. 
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a, b. Significant increase in %immobility duration in FS test accompanied by higher CORT concentration in TAM-injected controls compared 

to non-injected controls (ANOVA tests, p<0.05, #; p<0.01, ##), indicating plausible increase in anxiety. c, d.  Significant decrease (ANOVA 

test, p<0.05, #) in latency to enter light zone in LDP and a significantly higher (t-test, p<0.05, *) % time spent in open arms in the EPM of the 

TAM-injected stressed populations compared to other groups, indicating plausible decrease in anxiety. e-h. Distinct patterns of control-stress 

relationship in the TAM-injected group (T) as compared to the non-injected and vehicle-injected groups. i. Similar rise and fall of CORT in 

all groups while only the non-injected group showed a significant increase in CORT (ANOVA test, p<0.05, #) in the stressed population as 

compared to the control population, 20’ after the FS test. Empty bars indicate CORT levels at 20’ after the FS test, while solid bars indicate 

CORT levels 90’ after the FS test. Error bars represent +/- S.E.M, green for before CSD, black for after CSD. *, # denote the significance 

value from t-test and ANOVA test, respectively. Each dot in the graphs represent a single mouse. Abbreviations: T – TAM-injected, N – 

non-injected, O – vehicle-injected, SP – sucrose preference, EPM – elevated plus maze, CORT – corticosterone, FS – forced swim, LDP – 

light dark preference. 

 

2.4. Discussion 

Though the TAM-inducible Arc-GFP mice provides an ideal avenue for tracing and studying 

spatiotemporally active populations relevant in stress-susceptibility and -resilience research, it 

comes with its own baggage. First, appropriate TAM dosages for eliciting optimal stimulus-

specific engrams had to be established. Following the curation of the appropriate dosage, we 

noted that TAM-injected Arc-GFP mice showed an improvement in SI after CSD (Figure 

7b,c). Indeed, the impacts of TAM on SI was recently reported in an independent study by 262 

(which was not known at the time we conducted the respective experiments). In our systematic 

approach, we identified that the improvements were partially due to the application of the 

artificial estrogen, that influences social behavior259–261. Indeed, an increase in the stressor, led 

to significant deficits of the stressed mice in the SI test, despite TAM injections (Figure 9a). 

However, it is interesting to note that a single exposure to TAM can still introduce long-term 

effects in behavioral assays performed days after the injection, for example, a higher tendency 

of TAM-injected mice to explore the open arms in the EPM test (Figure 12d) or decreased 

latency to enter the light zone (Figure 12c). All these alterations point towards an anxiolytic 

effect of TAM. However, not all the changes could be explained by the persistence of TAM in 

the body of the organism as the half-life of TAM is only about 12 hours (see citations in 263) to 

20 hours253 and maximum 48 hours in some mouse lines (see citations in 263). Therefore, we 

presume that the TAM injection during its effective phase could have intervened critical phases 

of epigenomic cascades or transcriptomic cascades originating from the exposure to the CSD 

stressor, thereby altering the resulting outcomes of the stress response. On the other hand, TAM 

seems to introduce an anxiety effect on the non-stressed controls. For example, in the FS test 

(Figure 12a), the TAM-injected non-stressed controls (C57BL/6J, T) exhibited a significantly 

higher immobility duration compared to the non-injected controls (C57BL/6J, N). This was 
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also reflected in the increased CORT level of the TAM-injected control mice as compared to 

the non-injected group (Figure 12b).  

Thus, TAM injection itself can introduce side-effects to that of the activation of the Cre 

recombinase as also shown by other very recent studies262,264–269. However, it is a necessary 

component for TAM-inducible CreERT2 mouse lines. On the other hand, though Arc-GFP 

mouse line showed some divergence of behavior from the C57BL/6J mouse line, the stressed 

group (exposed to the aggressive stressor) showed SI deficits, which were visible even after a 

month. Apart from this, the mouse line exhibited a similar physiological stress response as the 

C57BL/6J. These findings suggest the usability of the TAM-inducible Arc-GFP mouse line for 

stress research. Despite the slight trade off due to the application of TAM, we believe that the 

use of this mouse line will provide a clearer insight into the ongoing molecular differences 

between the resilient and susceptible engram nuclei, following stress exposure. Thus, this part 

of the thesis contributes a CSD mouse model using TAM-inducible Arc-GFP mice for 

advancing stress research using engram-specific nuclei. Given our critical analysis, we posit 

that the multiomics results obtained from this mouse line will be generalizable and valuable for 

stress research. 
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Chapter 3. Protocol generation – Nuclei isolation from low volumes 

of micro-dissected tissues 

Note: A semblance of this Chapter is also available as a non-peer reviewed article in 

bioRxiv (doi.org/10.1101/2020.11.18.374223) and will be submitted for review following 

the publication of the omics’ manuscripts from this thesis. 

3.1. Introduction 

For optimal isolation of nuclei from micro-dissected brain regions of rare origin, suitable 

protocols to ensure optimal yield and quality are essential. Although a few nuclei isolation 

techniques with different extraction buffers were available, most of them were optimized for 

bulk tissues or large volumes of starting samples243,270,271. As our work restricted the number 

of mouse samples that can be obtained, a suitable protocol facilitating the extraction of nuclei 

from small volumes of micro-dissected tissues had to be established. Additionally, reducing 

the use of mice to a minimum possible is a promising ethical solution for studies using animals. 

Therefore, for the successful employment of the Arc-GFP mice in multiomics investigation, a 

suitable nuclei isolation protocol for optimal yield had to be developed. Though one can argue 

that instead of using the nuclei, the activated cells can be directly used, cells are sensitive to 

the tissue dissociation process, while nuclei are more robust to mechanical assaults272. Apart 

from this, some cell types are more sensitive to mechanical assaults than others, thereby 

reducing their representation during sequencing. An example can be stated for the work by 

Vennin and colleagues244, where neuronal cell populations were underrepresented in their 

single cell studies. As such nuclei isolation is preferred over cellular dissociations. However, 

it is still a complex process from a biochemical point of view273. During nuclei isolations, 

chemical or mechanical disruption271 is applied to rupture the cytoplasmic membrane of the 

cell while retaining the integrity of the nuclear membrane. Extensive chemical or mechanical 

stress during any step of the isolation process can stimulate nuclear leakage, releasing 

chromosomal DNA. This can induce clumping of nuclei and thereby result in a decreased yield. 

Besides this, the other pitfalls concerning proper choice of buffers, tissue dissociation methods, 

and reducing downstream processing duration that are critical for sensitive samples, have not 

been thoroughly investigated. Therefore, this Chapter deals with the establishment of a 

compact nuclei isolation protocol tailored for several important brain regions (microvolumes 

with minimum volume limit of 1 mm3). Due considerations for multiple factors including 

buffers and speed of processing, have also been taken into account. 
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3.2. Methods 

3.2.1 Animals, behavioral experiments and TAM injection  

Both male and female Arc-GFP mice (n = 14) were used for these experiments.  All mice were 

between 8 to 16 weeks old. Tamoxifen (TAM- 150 mg/Kg, Sigma Aldrich; solvent- 9:1 of corn 

oil:100%ethanol, Sigma Aldrich) was injected 5 hours before the SI test. SI tests were 

performed as described in Chapter 2 (without the prior application of a stressor). Mice were 

euthanized by cervical dislocation, 72 hrs after the TAM injection. 

3.2.2. Micro-region dissections 

Following cervical dislocation, the brain was removed carefully to allow the pituitary to remain 

intact at the ventral portion of the skull. Pituitary was then collected into an Eppendorf 

containing homogenization buffer (HB). Coronal sections of 1 mm thickness were obtained 

using a brain matrix. Removing the initial frontal slice (less than 1mm), the PFC was dissected 

from the first, second and third tissue sections manually (Figure 13). The Allen Brain Atlas 

(https://atlas.brain-map.org/) was used for reference. From the second and third sections, the 

Naccu was dissected. Hypothalamus was then dissected from the remaining unsliced brain by 

scooping up the hypothalamic region.  Finally, the hippocampus was then dissected from the 

left and right hemispheres of the brain.  

Note: For all brain regions, both hemispheres were used. 

 

 

Figure 13: Regions for tissue dissections. 

Locations of the dissected regions for PFC (prefrontal cortex) and Naccu (nucleus accumbens) shown in yellow, 

and orange shaded regions, respectively, superimposed on the mouse brain map representation from Allen Brain 

Atlas. The dissections were performed using 1 mm coronal slices.  

 



Chapters from Experiments and Results                                                                                   Chapter 3 

 

63 
 

3.2.3. Nuclei isolation 

3.2.3.1. Solutions 

Stock solutions 

6× Tricine stock (pH-7.8, with KOH) - Tricine (120 mM, Sigma, #SLBR4300V), KCl (150 

mM, Roth), MgCl2 (30 mM, Sigma, #011M0118V) and ddH2O and stored at 4˚C. Stock 

solutions of spermine (150 mM, Sigma, #BCBS6090V) spermidine (500mM, Sigma, 

#BCBW6017), cOmplete Mini EDTA-free protease inhibitor (PI) (1000× in ddH20, Roche, 

#29384100) were prepared in ddH2O and stored at -20˚C for use within 2 months. 10% 

IGEPAL CA-630 (Sigma, 043K0654) stock solution was also prepared in ddH2O and stored at 

room temperature. All other solutions were prepared on the day of the experiments and can be 

stored for at least one day at 4˚C. 

Homogenization buffer (HB)  

Sucrose (250mM, Sigma, #BCBT8436) was diluted in 1× Tricine stock solution (5 volumes of 

ddH20 and 1 volume of 6× Tricine stock) and termed as HB. For dounce homogenization, 

HB was supplemented with a final concentration of 0.150 mM spermine, 0.500 mM 

spermidine, 1×cOmplete Mini EDTA-free PI, and 1 mM dithiothreitol (dTT, Applichem, 

#1P006802). The supplements were included to preserve nuclear membrane integrity and DNA 

along with reduction of protein degradation during the isolation process. This supplemented 

HB will be referred to as HB-supplemented in the following sections.  

The rest of the HB (non-supplemented) was used for preparing the different gradients from the 

original 60% iodixanol stock solution (Sigma, #BCCB9914). 50% iodixanol solution was 

prepared using five volumes of 60% iodixanol and one volume of 6× Tricine stock. 40% and 

30% iodixanol solutions were subsequently prepared from the 50% iodixanol solution as 

recommended in "OptiPrep, Application Sheet C01274" from "Alere Technologies" and stored 

on ice before use.  

3.2.3.2. Protocol establishment and optimization 

The nuclei isolation protocol for neocortices243 was modified following the requirements of 

micro-dissected tissues to increase nuclei isolation efficiency. All steps were processed at 4˚C 

or on ice. The micro-dissected tissue samples were each transferred to 1.5 mL Eppendorf 

tubes containing 300 µL of supplemented HB. The micro-dissected tissues were dounced five 

times using the pestle (Z359971-1EA, Sigma Aldrich) in a soft twisting motion, initially. 9 

µL of 10 % IGEPAL CA-630 was then added into each tube, achieving a final IGEPAL CA-
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630 concentration of 0.3%. The addition of this non-ionic detergent is necessary to rupture the 

cytoplasmic membrane (275,276as cited in 277 ) and the outer nuclear membrane. Following this, 

the douncing was repeated ten times with tight twisting rotations to obtain a good tissue 

homogenate. The identity of a good tissue homogenate was defined by the lack of visible tissue 

clumps with an orangish or whitish tinge, depending on the initial amount of tissue (and RBCs) 

in the Eppendorf tube. An equal volume (300 µL) of 50 % iodixanol was then added to this 

tissue homogenate, thereby bringing down iodixanol concentration to 25 %. For routine 

experiments for ultracentrifugation with the cushion layer, the prepared density gradients (40% 

iodixanol and 30% iodixanol) were layered as follows: 600 µL of 40% iodixanol followed by 

600 µL of 30 % iodixanol transferred gently on top of the 40% layer along the wall of the 4 mL 

ultracentrifuge tube, with a pipette. The tissue homogenate in 25% iodixanol was then pipetted 

in a similar way to avoid disrupting the gradient formation.  The tubes were then placed in the 

white polyvinyl chloride caste to fit the swinging bucket rotor (Sorvall HB-6) of the 

ultracentrifuge (Sorvall RC6+ Centrifuge) (refer to Figure 14).  Ultracentrifugation was 

performed at 7820 rpm (10,000 ×g) at 4° C for 18 minutes for all experiments except for 

studying different centrifugation durations. Thereafter, nuclei were collected (300 µL) from 

the 30%-40% iodixanol layer interface in a slow swirling motion with a 1000 mL pipette and 

transferred into a 1.5 mL Eppendorf tube through a 20 µm strainer (Partec 04-0042-2315). This 

collected solution is termed as "nuclei solution". For flow cytometry, the nuclei solution was 

diluted with HB/0.4% IGEPAL) at a ratio of 3:1. This solution is referred to as the original 

buffer (OB). The modifications to determine the effects of various types of centrifugations are 

as follows.  

Modifications to determine the effects of the various types of centrifugation  

1. For validation of nuclei extraction efficiency, where the whole brain was used, the brain 

regions were micro-dissected into smaller pieces. 2-3 pieces of the micro-dissected tissues 

were independently homogenized in 1.5 mL Eppendorf tubes containing the homogenate. The 

homogenization was performed with the pestle (Z359971-1EA, Sigma Aldrich), which can be 

readily applied to the tiny micro-dissected brain regions instead of conventional tools for large 

tissues. The homogenates were then pooled to obtain a total of 5 mL. The pooling was 

performed as we were interested in determining the nuclei yield from the whole brain, and 

separate ultracentrifugation for each homogenate could contribute to nuclei loss. The pooled 

homogenate was then diluted with an equal volume of 50% iodixanol to give 10 mL of 25% 

iodixanol-homogenate mixture. The 50 mL centrifugation tube was then layered with equal 
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volumes of 40% and 30% iodixanol solutions. The 25% iodixanol-homogenate layer was then 

pipetted on top of the 30% iodixanol layer. 

2. For Naccu (roughly one cubic mm), douncing was performed using a 0.1 mL tissue grinder 

(Art. No. 0296.1, Roth) with less than 100 µL homogenization buffer.  After the initial 

douncing, volume was brought up to 150 µL by adding the homogenization buffer. The 

homogenate was then mixed with an equal volume of 50% iodixanol. Density gradient 

ultracentrifugation was then performed like for other brain regions with small reductions in 

volumes for the gradients - 40% (500 µL) and 30% (500 µL). Following this, 150 µL of nuclei 

solution was then collected from the 30-40% interface nuclei layer.  

3. For the comparison experiments of "with and without" cushion layer, 800 µL was used for 

each of the 40% and 30% gradients instead of 600 µL. The volume change was, specifically, 

introduced to minimize damage to the nuclei during pelleting without the cushion layer. After 

ultracentrifugation, for the experiments without the 40% layer, the upper homogenate layer and 

30% layer were removed entirely using a 1000 mL pipette, leaving only about 50 µL at the 

bottom of the tube. The remaining nuclei solution was resuspended with either 30% iodixanol: 

HB with 0.4% IGEPAL (3:1) or HB (with 0.4% IGEPAL) or phosphate-buffered saline (PBS) 

with 0.4% IGEPAL for various purposes.  

4. For nuclei count comparisons from different ultracentrifugation times, ultracentrifugation 

was performed for different durations of 12 minutes, 8 minutes, and 5 minutes. The order of 

centrifugation with the set time was alternated between repeated replicate experiments to avoid 

unwanted errors introduced by the storage of isolated nuclei on ice for the length of the 

experiment per day.  (NB: Parts of the experiments for this section were performed by J.E. 

Wettschereck, who is also recognized as a co-author in the manuscript278 dedicated to this 

chapter.) 

5. For re-centrifugation, equal volumes of PBS or HB were added to the nuclei solution and 

centrifuged at 5,000 ×g. The supernatant was removed, and the pellet was resuspended with 

PBS or HB.   

 

3.2.4. Flow cytometry and fluorescence-activated nuclei sorting (FANS)  

Flow cytometry analysis and FANS were performed using a BD FACSAria III SORP equipped 

with four lasers (405 nm, 488 nm, 561 nm, and 640 nm) and a 70 µm nozzle. GFP expression 

was detected using the blue laser and a 530/30 BP filter, whereas DAPI was detected using the 

violet laser and a 450/50 BP filter. 10,000 total events were recorded, before sorting and a 
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gating strategy was applied. First, nuclei were gated according to their forward- and side- 

scatter properties (FSC-A/SSC-A), followed by doublet exclusion using SSC-A and SSC-W. 

Nuclei were then gated according to their DAPI expression while GFP expression was used as 

the sorting gate. Sorted nuclei were collected in 1.5 mL Eppendorfs in PBS (with 

0.4% IGEPAL), HB (with 0.4% IGEPAL), 30% iodixanol: HB with 0.4% IGEPAL (3:1) or 

4% paraformaldehyde (PFA) to determine the effects of different buffers on nuclei 

integrity. The analysis was done using the BD FACSDiva 8.0.2 Software or FlowJo (v.10.6 or 

higher). Reanalysis of the sorted nuclei was performed by determining the percentage of 

sfGFP+ nuclei from at least 50 single DAPI positive nuclei.  Dot plot axes fonts were enhanced 

in Inkscape v1.0.2.2 (https://inkscape.org/). 

For analyzing nuclei degradation in different buffers, nuclei were sorted into PBS (0.4% 

IGEPAL), HB (0.4% IGEPAL) and original buffer. 

NB: Flow cytometry analysis and FANS were performed by the IMB core facility. Part of the 

write-up for the flow cytometry and FANS section is contributed by the core facility. 

3.2.5. Microscopy  

3.2.5.1. Phase-contrast Microscopy 

 10 µL of the nuclei solution was pipetted on a hemocytometer (Neubauer) for visualization 

under the (Leica DM IL inverted) microscope. For experiments involving trypan blue staining, 

the nuclei solution was diluted with trypan blue at a 1:1 ratio. Images were captured 

using 20×/0.3, air objectives, or 40×/0.5, air objective. Nuclei counting was performed in the 

usual format for hemocytometers – an average of the nuclei counts in the four chambers of 1 

mm by 1 mm, multiplied by 10,000/mL. For the nuclei count for comparing bright vs. total 

nuclei from experiments involving centrifugation with and without a 40% cushion layer, counts 

from each of the 1 mm by 1 mm chamber, were considered a technical replicate.  

3.2.5.2. Wide field Fluorescence Microscopy 

NB: No additional antibodies were used as the endogenous GFP was fluorescent enough to be 

captured in the microscopic techniques. 

The wells in the µ-slide angiogenesis plate (IBIDI, # 81506) were incubated with a layer 

of polyethylenimine (PEI, 20 µL) for 20 minutes and then washed with 1× PBS and HB (with 

0.4% IGEPAL) subsequently. 10 µL of the nuclei solution was then loaded into the inner well 

of the chamber gently and incubated for 5 to 10 minutes. Nuclei were then visualized using the 

Leica AF7000 Widefield microscope with 40x/1.1 water objective using bright field, DAPI 

https://inkscape.org/
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filter (A4), and GFP filter (L5). Tile scans were stitched using in-built software in the Leica 

LASX system.  

For long-term imaging, nuclei embedded in the PEI were fixed using 1% PFA after removing 

supernatant solution from the IBIDI wells. For the fixation process, 1% PFA was applied for 

an incubation period of 5 minutes. Thereafter, the wells were washed with 15 µL of HB (with 

0.4% IGEPAL) twice for 5 minutes each. A final volume of 10 µL of HB (with 0.4% IGEPAL) 

was pipetted into each well before the chamber was tightly sealed and stored at 4 ˚C for a 

month.  

3.2.5.3. Confocal Microscopy 

Leica TCS SP5 laser confocal microscope was used for all confocal microscopy images. 10 µL 

of nuclei solution was pipetted on "SuperFrost Plus" microscopic slides 

from ThermoFisher Scientific. The solution was then covered with a round coverslip with a 

thickness of 0.17 mm and diameter 1.5 cm for viewing the nuclei through the inverted objective 

lens. Images were captured using 20×/0.7, air objective, and 63×/1.4 (oil objective). 

For storing the samples for 1-2 days, the coverslips were sealed with commercially available 

nail polish.  

3.2.6. Image analysis 

All microscopic images were analyzed using Fiji279.  A) For manual analysis of single nuclei, 

the steps are shown as hereunder:  

1. Open "Image"  

2. Click "Process" -> "Subtract background"   

3. Click "       " -> right-click and select "elliptical selections"   

4. Draw "ellipse" around the nuclei of interest manually  

5. Go to "Analyze"->" Set Measurements"-> select the required parameters from the menu 

and press "ok"  

6. Go to "Analyze" -> "Measure" 

 

  

3.2.6. Statistics  

The statistical calculations were performed using GraphPad Prism (8.4.2). Student's unpaired 

t-test with the assumption that the standard deviation between populations is equal was used 
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for statistical comparisons of two groups, unless otherwise mentioned. In all calculations, 

p<0.01 was considered statistically significant, to decrease chances of false positives. 

3.3. Results  

3.3.1. Choice of gradient solution  

Amongst several existing nuclei isolation protocols for large tissue regions, we chose the 

method described by 243 as the starting basis for modifications to suit micro-dissected brain 

regions. The choice was based on the use of the iso-osmotic iodixanol as a gradient solution. 

As mentioned previously, several steps during the isolation process can lead to reduced quality 

and yield. One of them is the choice of the gradient solution. Sucrose gradients have been the 

method of choice280–282 for several organelles/cells for a long time. However, the use of sucrose 

gradients was gradually replaced by the less viscous, iso-osmotic iodixanol for the extraction 

of various cells/organelle/viral particles95,270,283–290. This shift in trend is due to the better 

resemblance of iodixanol solutions to the physiological fluids, thereby leading to a better 

preservation of cell organelles during the isolation step. Iodixanol-based density gradients have 

also been proven to be a better candidate than Ficoll-based density gradients284,291. For 

example, Quasem and colleagues291 identified a loss of "quiescence" in yeast cells when 

centrifuged with Ficoll-based density gradients compared to the former. Therefore, iodixanol 

is the gradient solution of choice. 

3.3.1.1 Validation of the isolation process efficiency 

For all our experiments, we used the mouse model Arc-GFP (see Methods). Before the 

application of Mo and colleagues’243 ultracentrifugation protocol for micro-dissected brain 

regions, we proceeded with the test for efficiency of our new tools. The tissue homogenization 

step is critical for nuclei yield, so, we employed a douncing system (grinding pestle), which 

can be readily applied to the tiny micro-dissected brain regions, instead of the douncers for 

large volumes of tissue, used by Mo and colleagues243 (See Figure 14). As they did not report 

a total yield in their study using pooled neocortices, we reasoned that our first trial should be 

conducted using whole brains. This would allow for proper comparisons to nuclei yield from 

the available literature for C57BL/6J. To fit to our equipments, the whole brain was micro-

dissected into several pieces of a maximum of 5 mm3. For every sample, 2-3 pieces of the brain 

were homogenized using our Eppendorf- douncing setup. All the samples were then pooled for 

the ultracentrifugation step similar to Mo and colleagues (50 mL ultracentrifuge tube, see 

Methods). From our two independent nuclei isolation experiments, each from a biological 
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replicate, we obtained very similar amounts of nuclei yield (˜ 33×106 nuclei – average of 

32×106 and 34.6×106) from the whole brain (approx. 0.4 g each). This is on average 36% (1st 

quartile 30%, 3rd quartile 40%) of the total adult mouse brain cells as reported in literature292–

297. In terms of nuclei/g weight of the brain, we obtained 82.5×106 nuclei/g. This number is in 

good agreement with the nuclei yield reported by Yu and colleagues298  i.e., 80×106 nuclei/g of 

brain, where they used sucrose gradients. Interestingly, the percentage yield from our setup is 

higher than that reported by Sporn and colleagues299  (11%) and Lovtrup-rein and colleagues280 

(20-25%), which used sucrose gradient solutions. Morphologically, the nuclei isolated with 

this set up possess a round/oval shape300 and appear darker than the background in phase-

contrast microscopy similar to that as described by 280,282 without a frizzled membrane or 

visible protrusion of nuclear content301. Thus, for our study, oval-shaped nuclei, which do not 

possess visible protrusion or appear excessively bright in phase-contrast microscopy will be 

termed as intact, good quality nuclei throughout the thesis.  

3.3.1.2. Adaptation of the homogenization setup to micro-dissected brain regions: Nuclei 

isolation and visualization 

Having established the efficiency of the douncing system, we, next, coupled it with the reduced 

volume ultracentrifugation protocol for the micro-dissected brain regions. Micro-dissected 

tissues (hippocampus, hypothalamus, pituitary, PFC, and Naccu) were dounce-homogenized 

in micro-volumes of supplemented homogenization buffer (see Methods and Figure 14 a-c).  

The homogenates were then loaded into 4 mL ultracentrifugation tubes containing 

microvolumes of iodixanol gradient solutions. Microvolumes were used to avoid nuclei 

dissipation, which could be increased with the use of larger volumes for such small amounts 

of nuclei. After 18 minutes of ultracentrifugation (as described by Mo and colleagues243), nuclei 

were collected from the 30-40% gradient layer (see Figure 14 d-f).  
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Figure 14: Nuclei isolation procedure and data quantification. 

a. Mouse brain b. A pestle to homogenize micro-dissected tissues in a 1.5 mL reaction tube containing homogenization buffer c. 4 mL 

polypropylene ultracentrifugation tube to be used for layering the tissue homogenate over iodixanol gradients for ultracentrifugation.  d. HB6 

ultracentrifuge rotor e. Polyvinylchloride (PVC) caste used to fit the centrifuge tube into the rotor tubes holders f. Layer separation of the 

gradient iodixanol solution after ultracentrifugation of tissue homogenate.   g. Nuclei, from the 30-40% layer, were counted using a 

hemocytometer for different brain regions (N = 3 biological replicates each). Nuclei yield was highest in hippo (hippocampus)> pituitary> 

PFC (prefrontal cortex)> hypo (hypothalamus)> Naccu (nucleus accumbens). h.  Representative images of nuclei from the respective brain 

regions (square area of 0.25 mm × 0.25 mm). without trypan blue and with trypan blue staining in a ratio of 1:1. Scale bar corresponds to 30 

µm. Error bars represent +/- SEM. Images were captured using a Leica DM IL inverted microscope, 40× air objective.  Abbreviations: Hippo 

– hippocampus, Hypo – hypothalamus, Naccu – nucleus accumbens, PFC – prefrontal cortex. 

The average nuclei yield (N = 3 biological replicates) estimated with a hemocytometer from 

the different brain regions with yield from the hippo (hippocampus)> pituitary> PFC 

(prefrontal cortex)> hypo (hypothalamus)> Naccu (nucleus accumbens) are shown in Figure 

14g. The small deviations from the average between replicates could be due to individual 

variability in micro-dissections of biological samples, douncing or nuclei collection from the 

30-40% iodixanol solution layer. The representative images (phase-contrast microscopy) of the 

nuclei without and with trypan blue staining are shown in Figure 14h (intact nuclei appear 

darker than background). Of note, trypan blue staining revealed some visible differences in the 

intensity patterns of nuclei coming from distinct areas. This could indicate differences in the 

nuclear membranes in different brain regions.  
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Having successfully adapted the iodixanol-gradient nuclei isolation protocol to microvolumes, 

we next proceeded with variations of the microvolume ultracentrifugation protocol with an aim 

to increase yield and speed. 

3.3.2. Modulating the ultracentrifugation protocol to increase yield and speed 

3.3.2.1 Removal of the cushion layer during ultracentrifugation to increase yield 

Since most of the nuclei are lost during nuclei collection from the 30-40% interface layer, we, 

first, experimented with the removal of the 40% iodixanol layer. In this experimental design, 

experiments with the cushion layer Figure 15a-d and without Figure 15e-h were performed 

using the same neocortex homogenate. For the experimental design with the cushion layer (w), 

nuclei were collected as usual from the interface 30-40% layer. For the alternate design without 

the cushion layer (w/o), nuclei pelleted at the bottom of the tube during the ultracentrifugation 

process were resuspended in HB (0.4% IGEPAL). For a proper assessment, easily accessible 

and quantifiable parameters including nuclei yield, size, and optical density, were compared 

between the two types of nuclei (w/o Figure 15h and w Figure 15d) using FIJI.  

Indeed, analyses of 100-200 individual nuclei per large square (1 mm2) of the hemocytometer 

(n = 8 replicates) showed significant increase in nuclei yield for the paradigm without the 

cushion layer (w/o) (Figure 15i, p<0.001). However, this was accompanied by a significant 

increase in nuclei that appeared bright in phase-contrast microscopy compared to that extracted 

with the cushion layer. As these nuclei appeared bright in the phase-contrast microscopy, they 

were termed as "bright nuclei". The bright nuclei (indicated by blue arrows) and the normal 

dark nuclei (indicated by yellow arrows) are shown in (Figure 15d, h). For further 

characterization of the optical differences in the nuclei obtained from the two methods of 

centrifugation (resuspension with iodixanol buffers), we used a TCS SP5 laser confocal 

microscope (63×, oil objective). The screening revealed a more sporadic and spotted DAPI 

staining pattern in some of the nuclei extracted without the cushion layer (w/o) as opposed to 

the concentrated DAPI staining pattern in the nuclei extracted with a cushion layer (w) (Figure 

15j). Further, sorting these nuclei (FANS) with the same homogenate origin, but different 

centrifugation methods revealed a significantly higher sfGFP+ nuclei % in the nuclei obtained 

from the w/o 40%-layer experiment (Figure 15k). Thus, we noted that there were trivial 

differences between the different types of centrifugation methods that affect downstream 

processing, even with the same homogenate origin. Although we obtained a larger quantity of 

nuclei and higher sfGFP% from the protocol w/o the cushion layer, we opted to adhere to the 
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use of the cushion layer, where we obtained dark/oval shaped nuclei, indicative of good quality 

nuclei, as we could not verify the origins of the bright nuclei.  

 

 

Figure 15: Comparison of ultracentrifugation with (w) and without (w/o) the 40% cushion layer. 

Scheme and images for the w 40% and w/o 40% are shown in a-d and e-h, respectively.  a, f shows the phase-contrast microscopy images of 

the neocortical tissue homogenate (nuclei and debris) in the 25% iodixanol layer before centrifugation in ultracentrifuge tubes (b, e). c, h 

Phase-contrast microscopy images of nuclei collected from the 30-40% layer (c) or the resuspended pellet (h) after centrifugation from tubes 

d and g as indicated in the figure. Yellow arrowheads indicate dark nuclei, blue arrows indicate the bright nuclei of smaller size and green 

indicates nuclei aggregation. Scale bar: 50 µm. i Quantification of total nuclei yield along with bright nuclei obtained from the 

ultracentrifugation with and without the 40% layer is shown. Total nuclei count increased significantly (n = 8, p<0.0001) in the centrifugation 

without the cushion layer. This was accompanied by a significantly higher number of smaller bright nuclei (n = 8, p<0.0001). j Qualitative 

differences in the DAPI staining pattern in the nuclei obtained from w 40% and w/o 40% layer (confocal microscope, 63× oil objective) Scale 

bars: 10 µm. k Percentage of sfGFP+ (GFP+) nuclei detected during sorting of neocortical nuclei obtained from w 40% or w/o 40% layer 
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show significant differences in the percentage of detected GFP+ nuclei (p<0.0001, paired t-test). All error bars represent +/- SEM. 

Abbreviations: w – with, w/o – without 

 

3.3.2.2 Decreasing the ultracentrifugation duration to increase speed 

As nuclei processing speed is essential for downstream analyzes of sensitive samples, we next 

sought to decrease the nuclei processing time.   

Since we use micro-volumes of gradient solutions in our protocol, we hypothesized that less 

time would be taken by a nucleus to reach the 30-40% gradient layer from the homogenate 

layer. This hypothesis follows from t ∝ l, where t = time of centrifugation and l = sedimentation 

distance/ radial length during maximum centrifugation minus radial length during minimum 

centrifugation with the same centrifugal force (Stokes' law302). Thus, we reduced the 

ultracentrifugation time from 18 minutes through 8 minutes to 5 minutes using tissue 

homogenates of neocortices. This was performed to determine the optimum duration for 

centrifugation for such small volumes without compromising nuclei yield. As can be observed 

from the nuclei counts in Figure 16a, reducing the ultracentrifugation duration from 18 

minutes to 8 minutes led to a significant nuclei loss. The unexpected higher yield of the 5 

minutes centrifugation time could be attributed to the profuse nuclei on the 25% layer that were 

not completely centrifuged, indicating an incomplete nuclei extraction from the tissue 

homogenate upon ultracentrifugation for 5 minutes. Therefore, we chose another time point 

between 18 to 8 minutes to test our hypothesis on efficient time reduction during 

ultracentrifugation. As shown in Figure 16b, we observed that 12 minutes of 

ultracentrifugation yielded similar nuclei to 18 minutes. Therefore, this duration was 

determined to be ideal for faster processing of multiple samples without significant nuclei loss 

and membrane integrity.  
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Figure 16: Strategies for optimizing nuclei processing duration. 

a,b. Nuclei yield during different durations of centrifugation with the cushion layer. a. Graphical representation of differences in nuclei yield 

from the same homogenate when centrifuged for different durations -18 min, 8 minutes, and 5 minutes at 7820 rpm, n = 3 replicates each b. 

Similar nuclei count between centrifugation for 12 and 18 minutes. n = 3 replicates each. All statistical tests were performed using a student's 

t-test in GraphPad Prism. All error bars represent +/-SEM. (***, p<0.0005; n.s.- not significant) c. Comparison of microscopic images between 

standard and re-centrifuged nuclei revealing nuclei aggregation in re-centrifuged nuclei. Scale bar: 30 µm.  d.  Dot plot of single nuclei from 

the corresponding centrifugation methods with the detection of aggregates in re-centrifuged nuclei. e. Frizzled GFP membrane appearance 

and nuclei aggregation in the re-centrifuged nuclei but not in the standard nuclei. Scale bar: 10 µm. n = 3 replicates f. Reanalyses of the sorted 

nuclei revealing a lower purity of the nuclei from the re-centrifuged nuclei groups (representative image). Abbreviation: t – time. 
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3.3.3 Techniques to improve sorting efficacy 

3.3.3.1. Re-centrifugation and resuspension 

Since the extracted nuclei will, ultimately, be sorted for separating sfGFP+ from sfGFP 

negative (sfGFP-) nuclei, it was necessary to reduce the viscosity of the 30-40% interface layer 

nuclei solution. From our preliminary experiments, we noted that the duration for sfGFP+ 

nuclei sorting by FANS, directly using the collected nuclei in the viscous solution, was lengthy 

(approximately 10 minutes for collecting 10k nuclei). Therefore, viscosity reduction was an 

essential step to speed up nuclei processing. This could be achieved by dilution with another 

buffer (with low surface tension), though this method would still retain some viscosity.  As an 

alternative, the collected nuclei solution could be re-centrifuged with low speed followed by 

resuspension of the pellet with low viscosity buffers including PBS (0.4% IGEPAL) or wash 

buffer (0.4% IGEPAL). For clarity, collected nuclei without re-centrifugation will be termed 

as "standard nuclei" in this section. During re-centrifugation, standard nuclei were pelleted at 

a low speed (5000 ×g at 4˚C) to reduce mechanical stress on the nuclei. The pellet was then 

resuspended using a buffer of choice: PBS (0.4% IGEPAL) or the wash buffer (0.4% IGEPAL). 

As hypothesized, the speed of processing by FANS increased by 10-fold compared to that of 

the original buffer (iodixanol, 1-2 minutes for 10k nuclei using the low viscosity buffers). 

However, despite proper gating, there were more nuclei clusters or aggregates, as detected in 

both the dot plot of the flow cytometer and fluorescence microscopy (Figure 16c, d). 

Additionally, sfGFP- nuclei were detected in the sorted populations of the recentrifuged 

samples as observed in the microscopy images Figure 16e, as well as purity analysis (Figure 

16f). Thus, we concluded that although re-centrifugation would allow easier resuspension with 

any buffer, the associated time and nuclei loss during re-centrifugation as well as higher 

chances of false-positive nuclei sorting makes the modification undesirable.  

3.3.3.2. Dilution with different buffers  

Since re-centrifugation introduced unwanted results, our next attempt to reduce viscosity of the 

nuclei solution was to dilute the collected standard nuclei solution with a solution of low 

surface tension. It is expected that different buffers will have a distinct impact on nuclei 

integrity due to their different chemical composition. In fact, we observed an increase in 

sfGFP+ nuclei detection in flow cytometry (Figure 17a, n = 7, p<0.0005), when the standard 

nuclei solution is diluted with either PBS or HB (0.4% IGEPAL). However, sfGFP+ nuclei 

sorted into PBS (0.4% IGEPAL) showed a higher degradation than that in HB (0.4% IGEPAL) 
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or original buffer (Figure 17b). Thus, for dilutions of standard nuclei solution for efficient 

sorting, HB (0.4% IGEPAL) was determined to be a better choice. 

 

Figure 17: Effects of different buffers on nuclei detection and nuclei degradation. 

a. Significant increase in the detection of sfGFP+ neocortical nuclei (FANS) when buffers of density lower than that of iodixanol, i.e., PBS 

or HB, were used (n = 7, p<0.0005) b.  Flow cytometry of DAPI-positive nuclei depicting the disintegration of nuclei stored in iodixanol < 

HB < PBS over 24 hrs. All error bars represent +/- SEM. * indicates significance value. Abbreviations: HB – homogenisation buffer, PBS – 

phosphate-buffered saline 

 

3.4. Discussion 

Nuclei isolation is a critical step and utmost care must be taken to ensure that the sensitive 

molecular components to be assayed by downstream experiments suffer very little to no 

degradation during the duration of isolation. Thus, an optimal protocol for nuclei isolation 

should allow for not only the yield of a high number of nuclei but also of good quality, with 

the shortest possible time period involved in extraction. Apart from this, the extracted nuclei 

should be easily adaptable to different processing methods for end point experiments. Thus, in 

this chapter, we developed a novel iodixanol gradient based nuclei isolation protocol suitable 

for efficient extraction of nuclei from small tissue volumes of freshly micro-dissected brain 

regions. An idea of the expected nuclei quantity and nuclei appearance to be obtained using 

this protocol were also provided. Apart from the innovative technique, we revealed caveats that 

should be handled carefully during nuclei isolation.  

In our attempt to increase nuclei yield, we opted for ultracentrifugation the homogenate without 

a cushion layer, as ultracentrifugation with the cushion layer often resulted in nuclei loss due 

to passive diffusion to the neighboring layers. Indeed, centrifugation without the cushion layer 

increased the nuclei yield. However, a subset of these nuclei lost the characteristic dark 
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appearance, indicative of good quality nuclei in phase-contrast microscopy and instead 

appeared ‘bright’. Though we did not further investigate the origins of such nuclei, we 

hypothesize that the alteration in their refractive index303 may be indicative of the shearing 

stress suffered by the nuclei during the pelleting. This stress could arise from collisions 

amongst the pelleted materials as well as walls of the centrifugation tube304–308. We presume 

that the bright appearance of these type of nuclei in phase-contrast microscopy has a similar 

basis as the bright appearance for apoptotic cells’, indicative of damaged membrane 

integrity309. Although, we cannot exclude that the bright nuclei populations could also be from 

different cell types, which were absent from the interface layer of the cushion layer 

ultracentrifugation method, the likelihood is deemed low. This is because the interface with the 

30% layer contains 90% of the total DNA274. Therefore, it is more plausible that the bright 

populations consist of nuclei with compromised nuclear integrity that settled at the bottom of 

the centrifugation tube. However, further investigations are necessary to trace the precise origin 

of the bright nuclei. The uncertainty of the origin of the bright nuclei from the 

ultracentrifugation without the cushion layer, steered our decision to use the cushion layer 

during ultracentrifugation, for all other experiments. Meanwhile, as we used lower volumes of 

solutions for micro-dissected tissues, duration of centrifugation could be shortened from 18 

minutes to 12 minutes without compromising the yield and quality of nuclei. 

Next, for efficient sorting of the good quality nuclei, a reduction in viscosity of the standard 

nuclei solution collected from the 30-40% interface layer of the viscous iodixanol-sucrose 

solution was required. Therefore, we experimented with pelleting the nuclei (from the collected 

standard nuclei solution) with a lower centrifugation speed. However, this method introduced 

aggregates as was shown for exosomes305,310. Aggregates not only reduce the yield of intact 

good-quality nuclei but also interfere with the purity while sorting. Therefore, the occurrence 

of clusters is detrimental when low cell numbers from rare tissues are considered or when pure 

populations are required, as is imperative for engram studies. As such, re-centrifugation is to 

be avoided. On the other hand, since viscosity reduction is important, dilution of nuclei 

collected from the 30-40% layer with a solution of low surface tension would be the best choice 

to speed up nuclei sorting. This was indeed the case as shown in 254, though at the time our 

experiments were performed, this study had not yet been published. We posit that the increase 

in sorting speed following viscosity reduction could be due to less viscosity contrast311 between 

the adjacent microfluid lamina that is necessary to adequately detect particles during flow 

cytometry (as mentioned in EP1242804A2, Thermo Fisher), which uses a PBS sheath. For this 
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same reason, studies using sucrose gradient centrifugation methods also resuspend the nuclei 

in PBS312. 

Conclusively, we navigated through the treacherous terrains of the proper choice of density 

gradient buffer, ultracentrifugation steps and the drawbacks of resuspension, which are usually 

overlooked in studies using nuclei for downstream epigenetic experiments.  A comprehensive 

analysis of the results leads us to the conclusion that for all nuclei isolation experiments related 

to the thesis, the newly generated iodixanol-gradient-based nuclei extraction protocol, 

complemented with a cushion layer, remains as the optimal procedure. For viscosity reduction, 

the nuclei obtained from the 30-40% interface layer are to be diluted with HB (0.4% IGEPAL) 

to expedite nuclei sorting. Notably, since the inception of this protocol, an increasing number 

of nuclei isolation protocols have surfaced313–316. Thus, one can deduce the high value and the 

rising demand for optimal nuclei isolation protocols in the era of omics sequencing, thereby 

marking our contribution as invaluable in meeting these evolving research requirements. 
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Chapter 4. Choice of technique for sfGFP+ nuclei separation - 

INTACT vs FANS 

Note: This Chapter is similar to parts of the peer-reviewed manuscript published in 

International Journal of Molecular Sciences (doi: 10.3390/ijms22105335). 

4.1. Introduction 

Following the successful establishment of an efficient nuclei isolation protocol, the next step 

was to identify a better strategy for segregating the sfGFP+ engram nuclei from the nuclei pool 

that also contains the sfGFP- nuclei. The sorting step of sfGFP+ nuclei from the nuclei pool is 

an important step, where nuclei quality could still be compromised. Apart from this, the sorting 

step will be the deciding factor for the purity of the nuclei populations investigated by the 

multiomics sequencing. Therefore, in this Chapter we aim at selecting a proper sorting 

technique from the two plausible techniques of sfGFP+ sorting - FANS312,317, and Isolation of 

Nuclei Tagged in specific Cell Types (INTACT318–320). FANS is a more established technique, 

based on fluorescence sorting while INTACT is a relatively newer technique, based on 

magnetic sorting coupled with antibody binding. Although flow cytometry (involved in FANS) 

is a widely used technique to separate specific cells/nuclei populations, certain disadvantages 

have been associated with it. For instance, FANS requires high-cost equipment and specially 

trained people. These requirements can be an unaffordable obstacle, particularly for smaller 

labs. Additionally, the high hydrodynamic stress in flow cytometry forms one of the major 

challenges321,322, as this could trigger cellular stress responses leading to a subsequent 

modification of distinct molecular profiles243,323–325. Apart from this, FANS also comes with a 

high time–cost factor to isolate rare cell populations at a multiscale level320,326,327. On the other 

hand, INTACT has been shown to be suitable for conditions, where the quantity of cell types 

to be extracted is low318,320, apart from it being a milder technique than FANS243. Though the 

two techniques have been used interchangeably, for our purpose, given the limited quantity of 

nuclei, it was necessary to identify which of the two techniques would yield a better quality, 

quantity, and purity of the sorted sfGFP+ nuclei with a lower time-cost. 

 

https://doi.org/10.3390%2Fijms22105335
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4.2. Methods 

4.2.1. Animals, behavior and TAM injection 

13 to 16 weeks old male and female Arc-GFP mice were used for this study. Tamoxifen 

injections were performed as in the previous chapters, 5 hours before the SI test, for GFP 

induction. 

4.2.2. Brain dissection, nuclei isolation and sfGFP+ nuclei separation 

Mice were sacrificed by cervical dislocation. Brain regions - neocortex, PFC, hippocampus, 

hypothalamus, pituitary, and Naccu - were dissected according to region specifications in the 

Allen Brain Atlas (https://atlas.brain-map.org/) for mouse (as in Chapter 3). Nuclei were 

isolated using the iodixanol-based-gradient ultracentrifugation protocol for isolation of micro-

dissected brain regions as in Chapter 3. The duration for high-speed ultracentrifugation (10000 

×g or 7820 rpm) for the neocortex was kept at 12 minutes, while for the other brain regions, it 

was kept at 18 minutes. After the ultracentrifugation process, nuclei were collected from the 

30–40% iodixanol layer interface. 

4.2.2.1. INTACT 

For sfGFP+ nuclei separation, Dynabeads (Life Technologies, Carlsbad, CA, USA, 10003D) 

were incubated with an anti-GFP antibody (Life Technologies, Carlsbad, CA, USA, G10362) 

at 4 °C at a ratio of 5:2 (beads: anti-GFP) for downstream molecular biology experiments and 

at a ratio of 5:1 (beads: anti-GFP) for microscopy in order to decrease the number of beads 

bound to nuclei. The reduction of beads bound to a nucleus was to increase the visibility of 

bead-bound nuclei, which is important for microscopy analysis. The bead-antibody incubation 

was carried out in a cold room using an end-to-end rotator for 20 min to facilitate bead-antibody 

interaction in the solution. 

In the meantime, the collected nuclei from the 30–40% iodixanol gradient layer was diluted 

with wash buffer (0.4% IGEPAL in HB) in the ratio 2:1. This was necessary to reduce the 

solution’s viscosity and remove the outer nuclear membrane before affinity purification (as 

mentioned in 328) to facilitate anti-GFP binding to sfGFP in the peri-nuclear membrane. The 

wash buffer-diluted nuclei solution was incubated with anti-GFP bead solution in the ratio of 

40:1. Samples were then placed in an end-to end rotator in a cold room for 20 minutes. After 

the incubation period, samples were placed on a magnetic rack for 1 minute, and the 

supernatant was removed, retaining the bead-bound sfGFP+ nuclei clusters. These clusters 

were washed once with 500 µL wash buffer and twice with 250 µL wash buffer and 

https://www.ncbi.nlm.nih.gov/nuccore/G10362
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subsequently collected in 100 µL wash buffer. Thus collected nuclei was termed as INTACT-

nuclei. For hemocytometer counting, proper dilutions were made so that not more than 200 

bead-bound nuclei were present per large square. 

4.2.2.2. FANS 

For FANS, the nuclei collected from the 30–40% iodixanol layer were diluted with wash buffer 

(similar to INTACT), as in 254,278 in the ratio 2:1, to reduce viscosity during sorting. Flow 

cytometry analyses and FANS were performed as in Chapter 3. Sorted nuclei were collected 

in 1.5 mL Eppendorf tubes containing 100 µL of HB and termed as FANS-nuclei. 

4.2.2.3. Purity analysis of INTACT- and FANS-Nuclei 

For purity analysis of INTACT-nuclei, 4× of the wash buffer was added before flow cytometry 

to reduce the density of bead-bound nuclei. For FANS-nuclei, the sorted sfGFP+ nuclei were 

collected in wash buffer to keep the experimental conditions identical to that of INTACT. The 

nuclei purity analysis was performed using BD FACS Aria III (Becton Dickinson, Franklin 

Lakes, NJ, USA). Data were analyzed with FlowJo (v.10.6 or higher, Tree Star, Ashland, USA) 

from at least 50 single DAPI-positive nuclei. 

4.2.3. Parallel Processing of INTACT- and FANS-nuclei 

For comparing the processing speed, different brain regions (Naccu, hypothalamus, pituitary, 

PFC, neocortex) with different sfGFP+ nuclei percentages and nuclei yield per volume were 

used, to increase coverage and generalisability of results. The time taken of each processing 

was calculated to assess speed using the two different techniques. 

For FANS, duration of sorting, to obtain 5k sfGFP+ nuclei, was determined for each sample 

type. INTACT was performed as usual for all sample types. Bead-bound nuclei were then 

counted using a hemocytometer and the volume that contained 5k bead-bound nuclei was 

calculated. The duration for sorting 50k nuclei using both techniques was then calculated using 

unitary method. For INTACT, the efficiency of sorting (yield) was estimated indirectly by 

subtracting the percentage of sfGFP+ nuclei that remained in the INTACT supernatant from 

the percentage of sfGFP+ nuclei in the original solution. NB: The supernatant and original 

solution sfGFP+ percentages were obtained from flow cytometry. 
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4.2.4. Microscopy 

4.2.4.1. Phase-contrast microscopy 

 10 µL of the nuclei:Trypan mixed in a 1:1 ratio was loaded into the hemocytometer. Light 

intensity was maintained the same for all groups. Images were obtained using a Leica DM-IL 

inverted microscope with 40×/0.5, air objective. See more in Chapter 3. 

4.2.4.2. Fluorescence microscopy 

 10 µL of the DAPI stained nuclei solution was loaded into the inner well of the µ-angiogenesis 

chamber. Images were obtained using a Leica AF7000 widefield microscope equipped with a 

Hamamatsu-Flash4-USB3-101292 camera, an LED lamp (Sola Light Engine, SE 5-LCR-VB, 

Lumencor, Beaverton, OR, USA) and LAS X software (Institute for Molecular Biology, Mainz, 

Germany). A HC PL FLUOTAR L 20/0.40 or a 40/1.1 objective lens were used to acquire each 

image (with the same settings). Images visualizing GFP fluorescence were acquired using an 

L5 filter (BP 480/40, FT505, BP 527/30), and DAPI was imaged using an A4 filter (BP 360/40, 

FT400, BP 470/40).  

4.2.5. Image analyses and statistics 

Images were analyzed using FIJI (v 1.51 h) as in 278. Manual analysis was performed by 

drawing an ellipse in the image encompassing the nucleus under observation while automatic 

analysis was performed using a macroscript (see 278). Statistical analyses were performed using 

Student’s unpaired t-test (assumption: equal SD between populations) in GraphPad Prism 

(8.4.2). 

4.3. Results 

4.3.1. Quantification of morphological attributes: FANS- and INTACT-nuclei in comparison 

to INPUT-nuclei  

To provide a comprehensive comparison between the two techniques, we used the Arc-GFP 

mice. Approximately 72 hours following TAM injection and SI test, mice were sacrificed. 

Nuclei were isolated from the neocortices of 13-16 weeks old Arc-GFP mice. For both FANS 

and INTACT, it was necessary for the nuclei solution to be less viscous for proper GFP 

detection in flow cytometry and antibody binding for the INTACT method. Therefore, the 

collected nuclei solution was diluted with wash buffer (HB with 0.4% IGEPAL), now termed 

as ‘INPUT-nuclei’. The INPUT-nuclei were then aliquoted into equal volumes to segregate 
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the sfGFP+ nuclei using either INTACT or FANS (Figure 18a-c). Depending on the technique 

used, the sorted sfGFP+ nuclei were termed as ‘INTACT-nuclei’ or ‘FANS-nuclei’.  

 

Figure 18: FANS vs INTACT: Procedural differences and purity estimation. 

a. Nuclei extraction via ultracentrifugation b. GFP+ nuclei sorting using FANS is termed FANS-nuclei c. Magnetic separation of sfGFP+ 

bead-bound nuclei using INTACT. Thus sorted nuclei is termed INTACT-nuclei. Abbreviations: FANS – fluorescence -activated nuclei 

sorting, INTACT – isolation of nuclei tagged in specific cell types. 

 

Upon verifying the purity of the separated sfGFP+ populations (see Supplementary Figure S2 

of the IJMS publication329, we proceeded with the investigation of structural differences. First, 

we used phase-contrast microscopy to compare the "area" and “perimeter” of FANS- and 

INTACT-nuclei to INPUT-nuclei (n = 100-200 nuclei for each replicate, Figure 19a-b) from 
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three different biological replicates.  Within a few hours (<3 hours after sort), we detected a 

significant increase in both the area and perimeter of FANS-nuclei as compared to INPUT-

nuclei (p<0.05, p<0.0001), while INTACT-nuclei did not show a detectable change (Figure 

19b).  Next, we quantified the "optical density" based on the staining intensity of the Trypan 

blue dye, as optical properties of a nucleus convey important information about the nucleus, 

including nuclear membrane integrity. Since the INTACT-nuclei beads affected the optical 

light transmission, we could only perform this analysis on FANS-nuclei compared to INPUT-

nuclei. We observed no significant difference between FANS-nuclei and INPUT-nuclei <3 hrs 

after sorting (p = 0.5397, n.s., see more in Supplementary Figure S3C of  329). 

Using phase-contrast microscopy, we could only compare sfGFP+ FANS- and INTACT-nuclei 

to a pool of sfGFP- and sfGFP+ INPUT-nuclei. This was suboptimal because most sfGFP+ 

nuclei from the neocortices are likely to be nuclei from excitatory neurons where Arc 

expression is abundant, whereas sfGFP- nuclei contain a mixture of all different cell types of 

the neocortex. However, sfGFP- nuclei are derived from heterogenous cell types of the 

neocortex. Therefore, it was crucial to ensure that any observed differences in the results were 

solely attributable to the variations in techniques by comparing only sfGFP+ populations. As 

such, we used fluorescence microscopy for the next step to compare the sfGFP+ FANS- and 

INTACT-nuclei to sfGFP+ INPUT-nuclei. For these experiments, nuclei were embedded in 

the wells of a chambered PEI-coated coverglass (IBIDI) within 3 hours or 4-6 hours after 

sorting (More details in the Methods). Representative images of the INPUT-, FANS-, and 

INTACT-nuclei (<3 hours) are shown in Fig. 19c. Upon quantification, we observed a 

significant increase (p<0.0001, p<0.0001, n = 100-200 nuclei) in the size (area and perimeter) 

of sfGFP+ FANS-nuclei as compared to that of sfGFP+ INPUT-nuclei (Fig. 19d). The size of 

INTACT-nuclei did not change significantly when compared to sfGFP+ INPUT-nuclei. The 

observations remained similar to that in phase-contrast microscopy. Thereafter, the increase in 

the size of FANS-nuclei was validated over a larger sample size using a macroscript278 for 

faster processing (p<0.0001, n = 300-400 nuclei, see Supplementary Figure S3D in 329, <3 hrs 

after sorting (A)). Interestingly, the increase in size was accompanied by a significant shift in 

the optical density of FANS-nuclei, which showed a brighter pattern in the brightfield image 

(see Supplementary Figure S3E of 329. (NB: *These nuclei were without Trypan blue staining 

and hence exhibit the opposite pattern of Supplementary Figure S3C of 329). This indicates a 

change in nuclei morphology as compared to the sfGFP+ INPUT-nuclei. Intriguingly, 4-6 

hours after sorting, the size of FANS-nuclei decreased, as shown in Supplementary Figure S3D 
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of 329, p<0.001). This finding suggests a possible change in FANS-nuclei's osmotic pressure 

and membrane integrity within a few hours of sorting, followed by subsequent shrinkage.   

Conclusively, the results indicate that FANS but not INTACT induces morphological changes 

in the sorted nuclei. The change in shape and optical density of FANS-nuclei, compared to 

INTACT-nuclei/INPUT-nuclei, could portray underlying alterations in chromatin dynamics 

and gene expression330–334. The epigenomic investigations of FANS-nuclei and INTACT-

nuclei are discussed in detail in 329. 
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Figure 19: Morphological comparisons between FANS-and INTACT-nuclei. 

Nuclei were isolated from the neocortices of 13-16 weeks old mice and sfGFP+ nuclei were sorted using FANS or INTACT. a. For phase-

contrast microscopy, sorted nuclei were inspected within 2-3 hours of the sort. Representative images of INPUT-, FANS- and INTACT-nuclei. 

Scalebar: 25µm. b. Nuclei area and perimeter after sorting with FANS or INTACT (phase-contrast microscopy). Both parameters in FANS- 

but not INTACT nuclei increased significantly, as compared to the INPUT- nuclei (p<0.05, n = 100-200 nuclei, manual analysis) Scalebar: 5 

µm, Air objective, 40×. c. For fluorescence microscopy, sorted nuclei were embedded in IBIDI chambers within 3 hours or within 4-6 hours 

of the sort. Representative images of INPUT-, FANS- and INTACT- nuclei (within 3 hours of the sort) in the wells of IBIDI chambers and 

the representative enlarged images showing brightfield, GFP and DAPI fluorescence, along with the magnetic beads (2.8 µm diameter) 

showing a green autofluorescence for the INTACT image are presented. Scale bar: 2 mm (inset), scale bar - 25 µm, Water objective, 20× and 

40× d. Fluorescence microscopy image analysis of area and perimeter for only sfGFP+ nuclei embedded in the IBIDI chambers within 3 hours 

after sorting.  Significant increase in the size of FANS- nuclei (area and perimeter) <3 hours of sorting as compared to the sfGFP+ INPUT-

nuclei (p<0.0001, n = 100-200 nuclei, manual analysis) with no significant changes in INTACT-nuclei. Error bars represent +/- S.E.M. 

Abbreviation: t – time. 
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4.3.2. FANS vs INTACT: Speed and yield efficiency 

Having determined the morphological differences, we then proceeded with analyzing the speed 

and yield between the two sorting techniques. INTACT has been considered more efficient at 

processing larger amounts of samples compared to FANS because it requires less processing 

time327. Therefore, we compared this aspect using both INTACT and FANS under different 

conditions. For this experimental design, we selected several micro-dissected brain regions, 

which provided variant nuclei yield and sfGFP+ nuclei percentages (Table 1, Yield:sfGFP%; 

73×104/mL:18.95; 60×104/mL:12.8; 140×104/mL:47.45, 136×104/mL:23, 200×104/mL:29.3 

for nucleus accumbens, hypothalamus, pituitary hippocampus and neocortex respectively). The 

regions were selected to represent diverse sample populations.   

Table 1: INTACT vs FANS comparison of yield and purity 

  Duration of sort   

Brain region\ 

Property tested  

  

Nuclei yield 

(x 

10^4/mL)  

Total 

volume 

(μL)  

Input 

nuclei 

sfGFP+%  

Actual  

5k nuclei/ sample 

(minutes)  

Theoretical  

50k nuclei/  

10 samples 

(minutes)  

sfGFP+ nuclei yield from 

INTACT  

        FANS  INTACT  FANS  INTACT  sfGFP% 

Super- 

natant  

Yield 

%  

Purity  

Small-medium brain regions  

Nucleus 

accumbens  

73  300  18.95  2  35  200   60  16.5  15  98.5  

Hypothalamus  60  400  12.8  3  35  300   60  7.6  44  98.2  

Pituitary  140  400  47.45  1  35  100   60  28.9  40  99.1  

Hippocampus  136  400  23  1.5  35  150   60 12.3  50  99.8  

Large brain regions  

Neocortex 1  >200  900  29.3  -  -  -  -  3.6  87  98.5  

Neocortex 2  >200  900  26.7  -  -  -  -  3.7  86  93.6  

 

The experiments for all the brain regions were performed simultaneously. During these 

experiments, first, we noted the time required to obtain 5k sfGFP+ nuclei from a single sample 

using FANS or INTACT. Next, the theoretical time needed to obtain large numbers (for 

example, 50K) was calculated using the unitary method. Here, we observed that a single 

sample's processing speed was faster using FANS (Table 1, 1-3 minutes for FANS as compared 
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to INTACT – 35 minutes). However, when multiple samples were considered, and the 

theoretical time was calculated, the FANS technique was more time-consuming (100-200 

minutes for FANS compared to INTACT: about 60 minutes). Interestingly, for INTACT, we 

observed that the sorting efficiency was dependent on nuclei yield and sfGFP+ percentages. 

For instance, using nucleus accumbens, where isolated nuclei count is low (yield), only 15% 

of sfGFP+ nuclei could be extracted from the total nuclei pool. In contrast, for pituitary with 

high nuclei yield as well as high sfGFP+ percentage, the extraction efficiency was about 40% 

(see Table 1, “yield”). As the nuclei concentration and sfGFP+ percentage increased, for 

example in the neocortex, the yield rose to approximately 86-90% (Table 1).  

4.4. Discussion 

The sorting step of engram nuclei, characterized by sfGFP+ expression in our study, is a crucial 

step before proceeding with any downstream omics investigation. Compromised nuclei quality 

at this step will affect downstream results even if the initial nuclei isolation step had been 

performed meticulously. Apart from this, the purity of the sorted sfGFP+ nuclei will determine 

the quality of the results obtained from the downstream sequencing processes. Therefore, we 

compared the more used but harsh technique of FANS, and the newer but milder technique, 

INTACT. Indeed, our results validated that the mechanical insult on the nuclei could be higher 

in FANS as indicated by the morphological alterations that accompanied FANS-nuclei. We 

hypothesize that the increase in FANS-nuclei size could be due to the high hydrodynamic 

pressure, shearing stress243, or PBS-induced destabilization of membrane integrity during the 

sort278,335. Destabilized membrane integrity has been associated with flow cytometry as 

recognized in Binek and colleagues324 resulting in adverse effects on the cells’ viability and 

structure. We posit that the alterations in membrane integrity led to osmotic pressure changes, 

which dictated an initial increase in nuclei size followed by a subsequent reduction 4 h after 

the sorting for FANS-nuclei. All these structural and optical changes portray plausible 

molecular modifications occurring in the FANS-nuclei compared to INTACT-nuclei, as 

presented in 329. This suggest that nuclei sorting using the two different techniques could lead 

to different molecular signatures of the same biological materials. Regarding processing speed, 

the INTACT method might be preferable in cases of large sample numbers, where fast 

processing of nuclei is required. In fact, one of the advantages of INTACT (compared to FANS) 

is the ease with which the sorted bead-bound nuclei can be concentrated into smaller buffer 

volumes322. However, when rather accurate nuclei numbers are required for downstream 

processing, FANS may be better suited, as counts from hemocytometer for INTACT are rough 
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estimates. Overall, we concluded that only one technique should be used for a particular study 

design. Opening the grounds for the possible inclusion of ATAC-seq at a future time point and 

for comparability of results with existing literature based on flow cytometry, we decided to use 

FANS for sorting sfGFP+ nuclei, within the framework of this thesis. 
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Chapter 5. Multiomics analysis of resilience-susceptibility engram 

nuclei in the vHipp 

NB: Results presented in this chapter are parts of two different manuscripts, one 

submitted for peer review in Molecular Psychiatry and the other part will be submitted 

soon to a high impact journal. 

5.1. Introduction 

Chronic social stress forms one of the most prevalent stressors in humans. To closely model 

this type of stressor, the CSD paradigm on rodents was introduced. Since its initial 

popularization64,96,98, multiple research studies have adopted the CSD paradigm to investigate 

the resulting effects following chronic social stress exposure at the circuit and structural 

levels82,336–338 as well as molecular levels183,244,339–341. However, most of the molecular 

investigations are focussed on transcriptomic studies from bulk tissues183,195,342,343. First, bulk 

tissues possess different cell types with distinct molecular signatures, thereby averaging 

molecular information from specific cell types. Particularly, for our study, where different 

engrams are activated for stress-resilient and stress-susceptible phenotypes112, the use of bulk 

tissues will decrease the resolution of identifying causative factors underlying the divergent 

phenotypes. Additionally, the transient nature of transcriptome alterations does not fully 

explain the mechanisms behind the persistence of stress effects344,345. In this regard, DNA 

methylation has emerged as a stable epigenetic marker, modulating long term effects of stress 

and is extensively studied in early life stress346 and PTSD research138–140. Apart from this, miRs 

that are known to be active agents for transgenerational inheritance of stress347, have not yet 

been investigated in relation to resilient- or susceptible- phenotypes, especially from the nuclei. 

Thus, the vast amount of literature often overlooks critical aspects by examining only one 

segment of the molecular machinery repeatedly. Therefore, to gain a comprehensive 

understanding of the complex etiology of the alterations following stress exposure, it is 

imperative to evaluate multiple molecular machineries, simultaneously, through a multiomics 

approach199,238,348. Such a thorough investigation would generate a clearer picture of the 

underlying alterations, thereby the probability of determining causal factors 234,235,349, or critical 

diverging points between resilience and susceptibility. 

Thus, to gain more insights into the cellular dynamics behind stress-resilience and stress-

susceptibility, we employed a multiomics approach to investigate the methylome with the 

coding and non-coding transcriptome simultaneously. The methylome will be accessed by 
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reduced representation bisulfite sequencing (RRBS-seq) while the small non-coding 

transcriptome will be accessed by small RNA-seq. The transcriptome is accessed by RNA-seq 

(data published in 246). We hypothesize that the multiomics approach coupled with the use of 

specific engram nuclei from stress-susceptible and stress-resilient populations would reveal a 

higher resolution picture of the intricate flow of information between interconnected signaling 

pathways.  

5.2. Methods 

5.2.1. Animals and behavior experiments  

7-8 weeks old Arc-GFP and WT-GFP adult male mice were used for all our experiments as 

approved by the Ethics Committee (See Chapter1). Animals for these experiments were 

progenies of parental lines backcrossed only with C57BL/6J. Multiomics experiments were 

performed only on samples from WT-GFP. 

5.2.2.1. Basal character identification for test animals before CSD   

For a controlled non-biased separation of test animals into the stressed and non-stressed groups, 

we used the open field/eagle exploration (OF/E) test as described in Chapter 2. In addition to 

the OF/E test, we also included the SI test with conspecifics in this section. The SI with 

conspecifics was to assess the basal social interaction capacity of individual mice. SI test was 

performed in a similar way as in the previous chapters, except for the use of a conspecific 

instead of a CD1 mouse in the test phase. The SI index was also calculated using the same 

formula.  

5.2.2.2. Classification of animals to control and stress groups 

For a non-biased experimental approach, the results from the OF/E and SI/CO test were used 

for the segregation of the test mice into control and stress groups. SI/CO scores of the test mice 

were listed in an increasing order and mice with consecutive scores were placed in stressed and 

control groups. Apart from this, littermate controls were also introduced by assigning the 

animals from the same parents to the opposite groups. Thereafter, OF/E scores were taken into 

consideration, ensuring that the newly segregated list shows a similar mean score between the 

stressed and control group. 

5.2.2.3. Aggressive chronic social defeat experiments, TAM injection and SI test. 

Chronic social defeat experiments (CSD aggressive, with the increased stressor intensity of 

3×15 S), TAM preparations, injections and SI tests (with CD1 mice) were performed as in 

Chapter 2. The representatives from resilient, susceptible and control populations to be 



Chapters from Experiments and Results                                                                                   Chapter 5 

 

92 
 

processed for nuclei isolation and molecular analyzes, were also assessed via proper screening 

of the videos, for stringency. 

5.2.2.4. Animal weights 

As stress can result in weight gain350, weights of the test animals were also noted on three 

different experimental days - first day of CSD, last day of CSD and on the day of the SI test 

before the TAM injections (see Figure 20). These weight measurements were aimed at 

monitoring the animals' health and any potential changes in the body weight of the animals 

during the experiment. 

5.2.3. Tissue extraction, nuclei isolation and Fluorescence Activated Nuclei Sorting (FANS) 

Mice were sacrificed by cervical dislocation, roughly 72 hours after TAM injection.  vHipp 

was dissected and pooled from two mice before proceeding for nuclei isolation. Nuclei 

isolation was performed as in Chapter 3 and the extracted nuclei were subjected to FANS, 

using the same set up as previously described (see Chapter 4). Nuclei were then sorted into 

1.5 mL Eppendorfs containing 100 µL of Trizol for miRNA extraction (13,000 nuclei), 100 µL 

of buffer ATL (Qiagen) for DNA extraction (30,000 nuclei), and 100 µL of RLT buffer for 

RNA extraction (10,000 nuclei). After collection, all Eppendorfs were rapidly frozen in a 

mixture of dry ice and 100% ethanol and stored at -80˚C to maintain the integrity of the samples 

until the extraction procedures could be performed. 

NB: For experiments and primary data related to RNA-seq, please see 246. 

5.2.4. Molecular biology experiments and sequencing 

5.2.4.1. Reduced Representation Bisulfite sequencing (RRBS-seq) 

DNA extraction 

DNA was extracted using QiAamp DNA Micro Kit (#56304, Qiagen, protocol for small 

volumes of blood). Additional changes to the protocol included warming the AE buffer at 37˚C 

before pipetting to the MinElute column in Step 13 of the protocol. DNA quantity was 

measured using the Qubit 2.0 Fluorometer and intact genomic DNA quality was assessed with 

the Agilent 2100 Bioanalyzer system. 

Library preparation  

Library for RRBS-seq158 was prepared using the Diagenode protocol with slight modifications. 

As our DNA quantity was low, we used 50 ng (instead of 100 ng) as input for bisulfite 

treatment. Bisulfite treatment allows for the conversion of non-methylated cytidine into 
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thymidine, which can then be assessed bioinformatically to identify differential methylation 

patterns. Preliminary RRBS-seq experiments were conducted to ensure that the use of 50 ng 

DNA as input for the library preparation would provide similar results to the use of 100 ng 

DNA (Supplementary Figure 3). These results were also validated using gene-specific 

pyrosequencing for some selected candidates (not shown). Additional modifications were 

introduced in the following steps of the premium RRBS kit protocol 

http://www.diagenode.com/  

Step 3.2, 3.3 and 3.5 – Volumes reduced by half. 

Step 3.7 – 40 µL of Ampure beads (instead of 60 µL). 

Step 4.9 – Sample pooling was performed for 5 libraries instead of 6 libraries in the original 

protocol. 

Step 5.6 - 97.5 µL instead of 116 µL of BS conversion reagent. 

Step 5.9 – Inversions were done for a total of 30 times. 

Steps 5.14 and 5.15 – 5 minutes of standing time for elution buffer containing column and 2min 

for the next step. 

NB: The modifications were necessary as we used 50 ng of DNA instead of the 100 ng input 

specified in the original protocol. The volume of the BS conversion agent was reduced due to 

the specific conditions of the experiment, where the FANS-nuclei had been stored for over 6 

months in Buffer ATL. While using the recommended volume of the BS reagent with DNA 

derived from such nuclei, we could not retrieve any DNA in the PCR step. Thus, this 

modification was necessary to ensure successful DNA retrieval from the stored nuclei, as the 

original protocol was optimal for the fresh nuclei but required adaptations for the frozen nuclei.  

Sequencing 

Following the library preparation, the DNA concentration was measured by both Qubit dsDNA 

High sensitivity kit on a Qubit 2.0 Fluorometer and the Agilent High Sensitivity 2100 

Bioanalyzer. Single end sequencing was performed using a NextSeq 500/550 High Output 

Cartridge (150 cycles). 2 DNA pools (each containing 5 different sample libraries) were used 

for each sequencing run. Using Illumina recommendations, a final concentration of 1.2 pM of 

the DNA library was loaded per sequencing run (78 µL of 20 pM DNA library, 520 µL of 1.5 

pM - 20% PhiX-freshly prepared and 702 µL of HTT). As the library for RRBS-seq is a low-

http://www.diagenode.com/
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diversity library containing a high fraction of CG rich oligonucleotide fragments, due to the 

selective cleavage of the MspI enzyme, a higher amount of PhiX was added to increase 

oligonucleotide fragments rich in A/T to prevent clustering, during sequencing. 

(NB: Matthias Linke, Eva Weiss and Diagenode company provided the technical and 

intellectual support for establishing the RRBS-seq.) 

5.2.4.2. Small RNA sequencing (Small RNA-Seq) 

Total RNA extraction 

Total RNA was extracted using the miRNeasy Micro Kit (#216084). The following step 

modifications were made: 

Step 1: 600 µL of Trizol was used instead of QIAzol as 100 µL of Trizol was previously used 

to collect nuclei. 

Step 14: 10 µL instead of 14 µL of elution buffer 

Library preparation 

Next generation sequencing (NGS) library prep was performed with NEXTFLEX Small RNA-

Seq Kit V3 following Step A to Step G of Bio Scientific`s standard protocol (V19.01) using 

the NEXTFLEX 3’ SR Adaptor and 5’ SR Adaptor 

(5’rApp/NNNNTGGAATTCTCGGGTGCCAAGG/3ddC/and5' 

GUUCAGAGUUCUACAGUCCGACGAUCNNNN, respectively) in a 1/4 dilution. Step A 

(NEXTFLEX 3` 4N Adenylated Adapter Ligation) was performed overnight at 20°C. Libraries 

were prepared with a starting amount of 6,25 ng and amplified in 20 PCR cycles. 

Amplified libraries were purified by running an 8% TBE gel and size-selected for 15 – 40 nt 

insert size. 

Sequencing 

Libraries were profiled in a High Sensitivity DNA Chip on a 2100 Bioanalyzer (Agilent 

technologies) and quantified using the Qubit dsDNA HS Assay Kit, in a Qubit 2.0 Fluorometer 

(Life technologies). All 24 samples were pooled in equimolar ratio and sequenced on 2 High 

Output NextSeq 500/550 Flowcell, SR for 1×75 cycles plus 7 cycles for the index read. 

NB: Library preparation and sequencing for miR was performed by the IMB genomics core 

facility, with support from Perkin Elmer company. The core facility contributed to the text for 

the methods. 
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5.2.5. Behavior data and omics data analyses 

5.2.5.1. Behavior data statistical analyses 

All statistical calculations were performed using GraphPad Prism (8.4.2). For behavioral data 

with normal distribution. student's unpaired t-test with the assumption that the SD between 

populations is equal was used for statistical comparisons of two groups. For data with non-

normal distribution, other tests were used as specified in the results section. In all calculations, 

p<0.05 was considered statistically significant. 

5.2.5.2. RRBS-seq data analyses 

After the sequencing bcl2fastq v2.20 conversion software (Illumina, San Diego, CA, USA) 

was used to demultiplex sequence data and covert base call (BCL) files into Fastq files. Quality 

check and adapter trimming were performed using Trim Galore! v0.5.0 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and –rrbs as option for 

RRBS sequence reads. The mapping of the trimmed data to the mouse (mm10) reference 

genome and the methylation calling were conducted using Bismark v0.20.1351. The obtained 

methylation calls for the CpG context were further analyzed using the R package methylKit 

v1.10352. For differentially methylated cytosines (DMC) and differentially methylated regions 

(DMR) bases with less than 10× coverage and more than 99.9% percentile of coverage in each 

sample, were filtered out. A window of 1kb length and 1kb step-size was applied for the DMR 

analysis with a q-value cutoff < 0.01 for both DMC and DMR analysis. The genomic annotation 

of the DMC/DMR were performed using the R package annotatr v1.14353. Genes were assigned 

to the longest transcript. Assignment of the genes to protein coding or non-coding were derived 

from https://www.informatics.jax.org/. Enrichment analysis and UMAPs derived from 

Enrichr354–356 are stated as such in the text.   

NB: Raw data RRBS-seq bioinformatic analysis (sequence alignment, detection of differential 

methylation and initial GO analysis) was performed by Dewi Hartwich with inputs from me. 

We received substantial support from Diagenode during this analysis. Manhattan plots, 

LogOdds ratio and gene distribution Venn and pie charts were plotted by Hristo Todorov. Text 

for the methods was contributed by Dewi Hartwich Results interpretation was performed by 

me. 

5.2.5.3. Small RNA-seq data analysis 

Raw miRNA sequencing data were processed using exceRpt pipeline v5.0357. Briefly, the raw 

reads were pre-processed by removing the adapter and low-quality reads. Afterwards, 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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alignment of the filtered reads to the endogenous mouse genome (mm10) and transcriptome 

including miRNA, tRNA, piRNA, longRNA and circRNA was performed. The differential 

expression analysis for small RNAs was conducted using the combination of the DESeq2 

v1.32358 and edgeR v3.34359 R packages. Pairwise comparison analysis was carried out using 

CPM (counts per million) > 1 and adjusted p-value < 0.05 as cutoff. The network enrichment 

analysis of differentially expressed small RNAs was carried out using the clusterProfiler v4.0 

R package360. 

NB: Bioinformatic analysis (sequence alignment, detection of differential expression, GO term 

analysis) of raw data small RNA-seq was performed by Dewi Hartwich, with inputs from me. 

Text for the methods was contributed by Dewi Hartwich. We received a substantial help from 

PerkinElmer during the interim of the analysis. Interpretation of the results was performed by 

me. 

5.2.5.4. Regulatory region overlap and motif enrichment analyses 

Enhancer annotation for mouse brain and neuron regions were downloaded from 

EnhancerAtlas 2.0361, other regulatory regions were from cENCODE (as published in362 ) and 

CATlas363. Motif enrichment analysis was performed using HOMER364. 

5.2.5.5. STRING analysis and CYTOSCAPE 

STRING platform365–367 (https://string-db.org/)  was used for network analyses using the 

following settings: Network type – full string network, active interaction sources from 

experiments, co-expression, gene fusion and co-occurrence with a confidence of 0.400 or 0.700 

as specified in the results section. Hubs were generated using CytoHubba368 App in 

Cytoscape369 based on ‘Degree’, with the ‘top 10 and expanded network’ feature.  

5.3. Results 

5.3.1. CSD induces significant deficits in SI tests with CD1 mice 

To obtain stress-relevant phenotypes for tracing engrams in the Arc-GFP mice (Figure 20a), 

the first step was to expose the test subjects to an appropriate stressor to elicit a group stress 

effect as compared to the non-stressed controls (scheme in Figure 20b). Before subjecting the 

test mice to the stress paradigm, basal character of each individual mouse was determined using 

the open field/eagle test (OF/E) and the SI test with conspecifics (SI/CO) (as in127. The 

assessment was necessary for an unbiased segregation of the mice into control and stressed 

group (Supplementary Figure 4a, left for OF/E and Figure 20c, left for SI/CO). Following 

the segregation, mice assigned to the stressed group were subjected to the CSD paradigm. In 

https://string-db.org/
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this paradigm, the Arc-GFP intruder mice experienced 15 S of physical attack from the resident 

CD1 mouse, repeated thrice daily with each attack session by a novel CD1 mouse. After the 

daily defeat sessions, the intruder mouse was separated from the CD1 mouse for 24 hours with 

a cage separator to allow sensory stimulation (odour and visual) in the absence of physical 

attacks. The procedure was repeated over a span of 10 days. Following the induction of stress, 

each mouse that underwent the stress paradigm was single-housed for 7 days and left 

undisturbed. Controls were also handled regularly (see Methods) in the interim of the 10 days 

experiment and were single-housed for the subsequent rest period of 7 days. On the 8th day 

after the CSD, both the stressed group and non-stressed control group were subjected to the SI 

test with TAM (150 mg/kg), injected 5 hours before the SI for engram tracing. Remarkably, 

the results revealed a significant deficit in the SI index of the stressed group (Figure 20c, right) 

compared to the controls (Kolmogorov-Smirnov test, p<0.05, n = 43 controls, 73 stressed). 

Additionally, weights measured at regular intervals (Supplementary Figure 4a, right) 

depicted a gradual increase in weight in the stressed group, reaching a significant weight gain 

(t-test, p<0.05) on the 19th day of the experiments. These results are conclusive of the successful 

application of an optimal stressor. Further, from within the stressed group, mice that showed a 

strong interaction with the CD1 mice in the SI test, similar to the control populations, were 

segregated as resilient populations (SI index>100), while those with a very low social 

interaction were labelled as susceptible (SI index<100). From these segregated stress 

phenotypes of resilience and susceptibility, some representatives (n = 22 for each of controls, 

resilient and susceptible phenotypes) were selected for the multiomics approach, encompassing 

RRBS-seq (n = 3 controls, 4 susceptible and 3 resilient from a pool of 2 mice each), RNA-seq 

(n = 6 controls, 6 susceptible and 6 resilient from a pool of 2 mice each) and small RNA-seq 

(n = 3 controls, 3 susceptible and 3 resilient, each from a pool of 4 mice). Mice selected for 

different levels of molecular analysis were sacrificed by cervical dislocation 72 hours after the 

TAM injection. Nuclei from the ventral hippocampus (vHipp) were isolated and activated 

nuclei (sfGFP+) were sorted with fluorescence-activated nuclei sorting (FANS) for multiomics 

experiments (methylome, mRNAs and small RNAs). The following sections will describe the 

results from the methylome, followed by an integration of the other omics datasets. 

NB: Behavior results from the WT-GFP as genotype control for the Arc-insertion are depicted 

in Supplementary Figure 4b. 
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Figure 20: Experimental design for the engram-multiomics approach.  

a. Working principle for tracing the engram nuclei in Arc-GFP mouse line with temporal control by TAM injection. b. Experimental scheme 

depicting the behavior paradigm and TAM injection 5 hours before the SI test to trace the engram nuclei. Weights are measured at regular 

intervals, thrice as indicated by the blue arrows. Roughly 72 hours after the TAM injection, mice were sacrificed, and engram nuclei were 

extracted by sorting of the sfGFP+ nuclei using FANS c. Results from the SI test with conspecific (SI test/CO) showing unbiased segregation 

of the test animals to the groups for control and stress populations. Meanwhile, following the application of the CSD paradigm, a significant 

decrease (p<0.05) in the SI index was observed in the SI test with CD1 mice (SI test (CD1). Representatives of the resilient (SI>100) and 

susceptible (SI<100) populations were then selected for multiomics sequencing (RRBS-seq, small RNA-seq and RNA-seq) to determine 

differential patterns between the divergent stress phenotypes. Error bars represent ± S.E.M. values. * represents significance value. RNA-seq 

data is in 246. Abbreviations: RRBS-seq – reduced representation bisulfite sequencing, SI test/CO – SI test with conspecifics, SI test/CD1 – 

SI test with CD1 mice 
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5.3.2. Accessing the DNA methylation landscapes in the divergent stress phenotypes as well 

as controls 

For investigation of the methylome landscape using RRBS-seq (input 50 ng of genomic DNA 

for library preparations, Diagenode kit), sfGFP+ nuclei were collected from a pool of 2 mice 

each from the selected control, resilient and susceptible populations to yield 3, 3 and 4 

biological replicates respectively. We obtained, approximately, 30 million reads per sample, 

detecting 3.4×107 cytosines in resilient, 3.8×107 cytosines in susceptible, 3.0×107 cytosines in 

control populations with >10×coverage (average per sample – 3.5×107). All groups of resilient, 

susceptible and control populations showed similar global methylation (Supplementary 

Figure 5a) levels indicating genomic stability even after CSD treatment. Following this 

verification, we focussed on the CpGs (>10× coverage) as we detected a low percentage of 

CHHs and CHGs in our methylation data (less than 5%), though cytosines in the CHGs and 

CHHs have also been reported to play important roles in disease progression/synaptic 

function205,362,370.  

5.2.2.1. Landscape and functional characterization of the differentially methylated cytosines 

(dmCs) and genes containing dmCs (dmGs) 

For an exhaustive investigation of the methylation landscape, we initiated our analyses with 

investigating the DNA methylation differences at single cytosine sites. This approach is 

essential because single cytosine methylation modification at genomic locations of importance 

can alter gene expression drastically202. Using a 25% difference in methylation levels as a 

threshold in all dual comparisons, we identified 1421 unique dmCs in resilient compared to 

control (Res_c), 911 unique dmCs in susceptible compared to control (Sus_c), and 1316 

dmCs in the direct comparison between the stressed phenotypes, i.e., susceptible compared 

to resilient (Sus_r). Heatmap plot visualization of the absolute methylation values of the 

common cytosine sites in Supplementary Figure 5b depicted the prevalence of active 

modifications in both the susceptible (Sus) and resilient (Res) populations in genic as well as 

intergenic regions. Tracing the genomic locations of these modifications using log odds ratio, 

we noted significant enrichments of CpG shelves, introns and 3’untranslated regions (UTRs) 

in all comparisons (Supplementary Figure 5c) as also reported previously205,362,371,372. The 

significant enrichment of methylation in intronic regions indicate active neuronal 

modifications205, following stress exposure. Focussing only on the genic regions, we traced the 

alterations to 884 genes in Res_c, 598 genes in Sus_c and 920 genes in Sus_r (see 

Supplementary Figure 5d), with most of the genes (>70% dmGs) harbouring only one dmC 
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(Supplementary Figure 5e). Interestingly, certain alterations detected in Sus_r were specific 

to either of the two stress phenotypes with 124 genes specific to Res_c, while 72 genes specific 

to Sus_c (Supplementary Figure 5f). However, we could not detect any specific risk-loci 

using a Manhattan plot, as we observed an equivalent spread over the different chromosomes 

(Supplementary Figure 5g). Gene ontology (GO) analyses on the combination of all genes 

obtained from all dual comparisons, we noted an enrichment of biological processes (BP) 

including ‘pattern specification’, ‘neuron cell fate commitment’ and ‘axonogenesis’, while 

enrichment in molecular functions (MF) include ‘transcription-related genes’ and ‘ion 

channels’. On the other hand, GO cellular compartments (CC) revealed an enrichment of 

‘synaptic membrane’, ‘actin-based cell projection’ etc., (Supplementary Figure 6a). 

Remarkably, reflecting the GO terms, volcano plots of the dmGs depicted a higher 

representation of transcription factor (TFs, orange dots) compared to synaptic genes (SGs61, 

blue dots, Supplementary Figure 6b).  

5.2.2.2. Landscape and functional characterization of the differentially methylated regions 

(DMRs) and genes containing the DMRs (DMGs) 

As the next step, we sought to determine regional methylation modifications (DMRs) as these 

have been considered better indicators of gene expression alterations and more robust to 

statistical power139,373. For this purpose, we determined the differential methylation averaged 

over blocks of genomic DNA (1000bps). The DMRs were equivalently distributed in the genic 

and intergenic regions and showed active alterations in both the susceptible- and resilient- 

phenotypes (Supplementary Figure 7a). The DMRs were enriched in the genomic locations 

(Figure 21a) of CpG shelves, 3’ UTRs and intronic regions (mostly first introns, 

Supplementary Figure 7b). While Manhattan plots indicated a more or less similar 

distribution of DMRs along the genome in all stress group comparisons (Supplementary 

Figure 7c), it is interesting to note that chromosome 2 possessed the highest number of DMRs 

in both Res_c (152) and Sus_c (116). Focussing on the genic regions, the DMRs were assigned 

to 790 DMGs in Res_c (Figure 21b), 578 DMGs in Sus_c (Figure 21b) and 728 DMGs in 

Sus_r (Figure 21b). Amongst the DMGs in Sus_r, 130 were specific to Res_c, 69 to Sus_c, 41 

in both Res_c and Sus_c (Supplementary Figure 7d), while 488 genes were not detected in 

either comparison with the controls. Nevertheless, majority (74%) of the DMGs belonged to 

the protein coding genes (Supplementary Figure 7d) with most genes harbouring only one 

DMR (Supplementary Figure 7d), as in the dmGs.  
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To estimate the probable functional roles of these genes, we performed GO enrichment 

analyses of the DMGs. Across all pairwise comparisons, we observed a significant enrichment 

of GO BP ‘synapse organization’ in all pairwise comparisons, (Figure 21c) indicating 

extensive neuronal remodelling after stress exposure. This observation was supported by a 

higher prevalence of synaptic-associated genes (Syngo genes 61, blue) in the volcano plots as 

opposed to the dmCs (Supplementary Figure 7e). Indeed, we noted a low overlap between 

the dmGs and DMGs (Supplementary Figure 7f). Other top GO terms include ‘small-GTPase 

mediated signal transduction’ in Res_c with ‘regulation of Wnt signaling pathway’ and 

‘regulation of endocytosis’ in Sus_c. On the other hand, ‘regulation of neurogenesis’ and 

‘regulation of neuron differentiation’ were significantly enriched in Sus_r (Figure 21c). A 

deeper analysis of the remaining BPs revealed that the GO terms of ‘neuronal differentiation’, 

‘gliogenesis’ and ‘axonogenesis’ were specific to Res_c while ‘endocytosis’, ‘cell-matrix 

adhesion’ and ‘Wnt signaling’ were specific to Sus_c (Supplementary Figure 7g).  Next, 

UMAP dimensional reduction (Figure 21d, Enrichr354–356,374 was employed to visualise major 

alterations in MFs following stress (combining the DMGs from all dual comparisons). With 

this approach, we identified significant enrichment (p<0.05) of major gene set clusters for 

guanine nucleotide exchange factors (GEF)/GTPase activator activity (cluster 6), Wnt 

signaling (cluster 9), tyrosine kinase activity (clusters 2,5,6,9), ion channel/receptor binding 

activity (cluster 3) and actin/tropomyosin binding (cluster 12). Thereafter, clustering the 

common methylated regions based on absolute methylation values (Figure 21e), we identified 

that MF tyrosine kinase activity was the most representative for gene sets that lost methylation 

in both the stressed phenotypes (p<0.05, Enrichr354–356 while MF guanine nucleotide exchange 

factors (GEFs) and cell-cell adhesion activities were most representative for gene sets that 

gained methylation in the resilient. Interestingly, GO MFs of actin binding and microtubule 

binding are most representative of gene sets that gained methylation in the susceptible. On the 

other hand, for the GO CCs, both stressed phenotypes lost methylation for genes associated 

with GO terms of synaptic membrane and extracellular matrix (ECM). Meanwhile, the genes 

that gained methylation in resilient were enriched for CC including cell-cell contact, glutamate 

receptor complex etc., (Figure 21e) whereas that for susceptible were enriched in CC 

cytoskeletal fibre, actin filament and membrane rafts (Figure 21e).  

Collectively, the findings in this section reveal that despite some common stress-invoked 

pathways in the stressed phenotypes, there were clear divergent molecular attributes active in 

the resilient and susceptible phenotypes.  



Chapters from Experiments and Results                                                                                   Chapter 5 

 

102 
 

 

Figure 21: Divergent regional methylation landscape of the differentially activated engram nuclei from 

the resilient and susceptible phenotypes post CSD stress. 

a. Odds ratio depicting genomic distribution of the DMRs, enriched at the CpG shelves, introns and 3’UTRs (Loge (odds ratio) >0) and depleted 

at the other regions (Loge (odds ratio) <0). b. Venn diagrams indicating the genes containing only hypo/hypermethylated regions or both for 

resilient compared to control (Res_c), susceptible compared to control (Sus_c) and susceptible compared to resilient (Sus_r) groups c. Top 5 

enriched biological processes (q<0.05) that correspond to the differentially methylated genes in the respective pairwise comparisons d. 

Overview of the collective alterations in MF following stress exposure, plotted on the first two UMAPs using Leiden algorithm from the 

Enrichr platform354–356. Each point represents a term with more similar gene sets positioned closer together. The larger and darker the point, 

the more significantly enriched the term (p<0.05, Enrichr). The description is as presented on the Enrichr platform. Top molecular functional 

attributes enriched within the clusters are listed e. Heatmaps depicting the absolute methylation percentages in the individual groups at regions 

identified as differentially methylated in any one of the comparisons and detected in all three groups. Regions were sequestered based on the 

highest methylation level detected in either control, resilient or susceptible individual groups. GO terms (molecular function -black and cellular 

component -purple, p-values < 0.05, Enrichr) most representative of the hypermethylated genes within a group are shown in the right panel.   

Abbreviations: Res_c –resilient compared to control, Sus_c – susceptible compared to control, Sus_r – susceptible compared to resilient, 

hypo – hypomethylated, hyper – hypermethylated, DMGs – differentially methylated genes, Con – control populations, Res – resilient 

populations, Sus – susceptible populations, GO – gene ontology, BP – biological process, MF – molecular function, CC – cellular 

compartment, meth – methylation. 
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5.3.3. Regulatory functions of the DMRs point towards involvement of GTPase signaling in 

stress-related alterations 

Having determined the probable functional roles (GO terms) of the genes that harbour DMRs, 

we next investigated if these DMRs could possess potential regulatory roles. For this purpose, 

we matched the genomic co-ordinates of the DMRs with publicly available data of cis 

regulatory elements such as enhancers, insulators and inhibitors using brain specific data from 

CATlas363 as well as non-brain-specific data from cENCODE362. Interestingly, we noted a 

substantial overlap of the DMRs (68.59%, CATlas and 50.69%, cENCODE) with the 

regulatory regions (hence termed ‘rrDMRs’, Figure 22a). This substantial overlap of the 

DMRs with the regulatory regions indicates a potentially crucial regulatory role of the 

methylation modifications (rrDMRs) following stress exposure. Indeed, enrichment analyses 

revealed that the genes that harboured the rrDMRs were top enriched (p-adjusted<0.05, 

Enrichr) for the GO BPs of ‘regulation of intracellular/small GTPase mediated signal 

transduction’, ‘enzyme linked receptor protein signaling pathway’ and ‘petidyl-tyrosine 

modification/phosphorylation’ (Figure 22a). These findings suggest that the alterations in the 

methylome landscape could potentially influence key signaling pathways. To increase 

stringency, we overlapped our data with age-matched brain enhancers available from 

EnhancerAtlas2.0361 (Mus musculus, brain). Supporting the previous findings, the majority of 

the genes, containing DMRs overlapping with enhancer regions (now termed ‘eDMGs’) were 

associated with GTPase signaling (Arhgap9, Cdk14, Rasgef1a, Gabbr2, Arhgap35, Gnas, 

Tbc19db), tyrosine kinase signaling (Tex14, Aatk), synaptic vesicle functions (Ap1m1, Sorl1, 

Coro1c) and synaptic plasticity (Map7, Camk2b, Fmnl1, Npas4, Arpc3, Prph, Cdh22) (Figure 

22b).  

5.3.3.1. Motif enrichment analysis identifies E26 Transformation Specific (ETS) family of 

TFs to be strongly enriched in the DMRs 

Following the substantial overlap of the DMRs with the regulatory regions (refer to previous 

Figure 22a, b), we hypothesized that there could be several transcription factor binding sites 

(TFBSs) within the DMRs. Methylation of TFBSs plays important roles in TF binding and 

chromatin accessibility202, thereby affecting gene expression204. Therefore, we performed TF 

binding DNA sequence motif enrichment analyses using hypergeometric optimization of Motif 

EnRichment (HOMER)364 similar to Zhang and colleagues206. Interestingly, we identified that 

members of the ETS family of TFs375, including ETS-like 4 (Elk4), p = 10-126 (Figure 22c) and 
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ETS-like 1 (Elk1), p = 10-65 were significantly enriched in the DMR regions. Of note, both 

Elk4 and Elk1 possess very similar motif seeds (TTCCGG)375,376. Further HOMER analyses of 

dual biological comparisons of Res_c, Sus_c and Sus_r identified a similar top enrichment of 

the ETS family of TFs, with slight differences in the TFs of lower ranked p-values.  (see Figure 

22d). This is an interesting observation as the ETS family of TFs are nuclear targets of the Ras 

(GTPase)-extracellular signal-regulated kinase (ERK) signaling377,378, crucial for activity-

dependent transcription378, synaptic plasticity, learning and memory, among other important 

neuronal functions379–381. Though one could argue that the observed enrichment of the ETS TF 

could be because of the enrichment of the CG rich genomic regions in the RRBS-seq. However, 

this is unlikely because RRBS-seq data for non-stress research in hippocampus showed 

enrichment of other TFs, for example NeuroD1 in 362. 

Overall, it is important to note here that modifications related to the GTPase signaling appeared 

in different layers of our analyses. Taken together, these findings implicate an important role 

for the ETS family of TFs and GTPase signaling in regulating the effects of stress via the 

methylome.  

5.3.3.2. Relationship between differential methylation and gene expression at the sample 

collection point 

Having determined a huge potential regulatory role of the DMRs, we next aimed at identifying 

the impacts in gene expression following stress exposure. For this, we overlapped the DMGs 

with the differentially expressed genes (DEGs, from 246, obtained using the same samples). 

Interestingly, we identified only about 10% (190) of the total DEGs overlapping with DMGs 

(Figure 22e). This is consistent with the existing literature213, where epigenetic modifications 

do not alter transcript levels, shortly after an environmental insult but instead act as a priming 

module for future alterations. Surprisingly, despite the low overlap, the genes common between 

the two omics data sets showed GO MF enrichment of GTPase signaling activities (Figure 

22e, GO terms) and GEFs (highlighted in rectangle in Figure 22e). However, these genes 

revealed a complicated, non-conventional relationship between DNA methylation and gene 

expression (Supplementary Figure 8a). Surprisingly, even the eDMGs (black arrows Figure 

22b) showed a complex relationship with the RNA transcripts (Figure 22e, left panel) 

following stress exposure. Notably, these findings are similar to the existing reports of low 

convergence between the methylome and transcriptome28 after an environmental insult. 
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Figure 22: Assessing plausible regulatory functions of the DMRs.  
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a. Overlap with regulatory regions. Pie charts depicting the % of DMRs that harbour regulatory regions from CATlas and cENCODE along 

with the significantly enriched GO BPs (p-adjusted < 0.05, Enrichr) of the respective DMGs. b. Heatmap of % methylation differences of the 

DMRs overlapping with enhancer regions (eDMGs) c. Top enriched TF motifs of the DMRs (combined for all phenotypic comparison) 

determined using HOMER analysis, depicting prevalence of ETS binding sites d. Pie chart of enriched TF motifs of the DMRs segregated for 

each dual comparison, showing ETS TF family to be the top enriched. e. Methylome regulation of gene expression. Venn diagram identifying 

common genes between methylome and transcriptome changes after stress exposure along with the significantly enriched top molecular 

functions (p<0.05, Enrichr) of the common genes. Expression levels (read counts) of eDMGs (black arrows in b) indicating non-traditional 

relationship between methylation and expression even with the overlap with enhancer regions. Abbreviations: BP – biological process, MF 

– molecular function, TFBS – transcription factor binding site, TFs – transcription factors, DMRs – differentially methylated regions, DMGs 

– differentially methylated genes, DEGs – differentially expressed genes, RRs – regulatory regions, rrDMRs – DMRs that overlap with 

regulatory regions, eDMGs – DMGs that harbour DMRs overlapping with enhancer regions, hyper – hypermethylated, hypo – 

hypomethylated, Res_c – resilient compared to control, Sus_c – susceptible compared to control, Sus_r – susceptible compared to resilient. 

 

5.3.4. Phenotype-specific differences in GTPase signaling and related processes transcending 

multiple omics levels 

Since GTPase signaling appeared at different layers of analyses, we picked up this pathway for 

an in-depth analysis. For this purpose, we employed the multiomics profile to examine 

plausible phenotype-specific divergence in components of this signaling pathway, directly or 

indirectly related to the GTPases. To this end, we adopted a networks approach by integrating 

the genes that exhibited altered methylation or expression patterns into plausible protein-

protein interactions in the STRING platform (See Methods). Such integrated analyses 

recognize the concept that genes do not function in isolation. Genetic/epigenetic modifications 

exert their effects in the physiology of an organism through their interactions with other genes, 

Therefore, employing a network approach facilitates potential identification of alternative 

therapeutic targets for downstream or upstream modulation of undruggable causative factors 

in the directly linked networks382,383.  

Interestingly, a preliminary screen identified an enrichment of the domains of the GEFs 

(GTPase regulators) in our methylome (combined DMGs) and transcriptome (combined 

differentially expressed genes, DEGs) datasets (Pfam384 and SMART385, see Supplementary 

Figure 8b).  Therefore, this family was investigated in-depth. Intriguingly, we identified a 

divergent pattern in the RhoGEFs between the two stressed phenotypes with a higher fraction 

of hypermethylated GEF (intronic) prevalent in the resilient animals (Figure 23a, Res_c_s, 

resilient compared to either control or susceptible) as opposed to a higher fraction of 

hypomethylation in the susceptible (Sus_c_r, susceptible compared to either control or 

resilient). Interestingly, this trend was accompanied by a higher fraction of upregulated GEFs 

in the resilient (Figure 23a, Res_c_r) as opposed to downregulated genes in the susceptible 

(Sus_c_r). This phenotype-specific divergence in the RhoGEF family, surpassing different 
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omics layers, suggests a central and novel role of this GTPase regulator in directing the stress 

phenotypes.  

Analyzing hub genes within the networks, we ascertained that GTPases functioned as hub 

genes (CytoHubba368) albeit with a unique and distinct pattern in the Res_c compared to Sus_c 

in both omics’ levels. Specifically, in the methylome Res_c, GTPases (eg., Rhoa, Gnas, Fras1) 

and GTPase regulators (Kalrn, Syngap1) formed the majority of top 10 hubs (Figure 23b), 

while the hubs in Sus_c showed a low representation of the GTPase genes (Gnas). In contrast, 

for the transcriptome, the GTPases formed the top 3 hubs in Sus_c (eg., Rhoa, Rac1) while the 

spliceosome family of heterogenous nuclear ribonucleoprotein particles (hnrnps) and 

serine/arginine rich splicing factors (srsfs) dominated the top hub ranks in Res_c (Figure 23b). 

The hubs for Sus_r for the two omics levels are illustrated in Supplementary Figure 8c. 

Though the detection of GTPases as hubs reversed when transitioning from the methylome to 

the transcriptome, the phenotype-specific differences in GTPase regulation at each omics level 

was evident. While the role of GTPase signaling is clear at this stage, given the observation of 

genes involved in other diverse BPs as hubs, our next step was to identify if we could observe 

phenotype-specific differences, directly or indirectly related to GTPase function, in the other 

BPs with the network approach. 
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Figure 23:  Multiomics network approach identifies phenotype-specific divergence in important biological 

processes.  

a. Phenotype-specific divergence in methylation and expression patterns of RhoGEFs. Bar graphs depict an interesting trend of 

hypermethylation and upregulation of multiple genes from the RhoGEF family in the resilient (compared to control and susceptible) b. 

Phenotype-related divergence of GTPases at hub networks. Top 10 hubs (degree, CytoHubba) in Res_c and Sus_c in methylome and 

transcriptome network analyses indicating divergent molecular signatures in the stress phenotypes at different omics levels. Colour code red 

to yellow denotes rank in the ascending order, where a higher rank indicates lower connections. Abbreviations: GEF – guanine nucleotide 

exchange factor, Res_c – resilient compared to control, Sus_c – susceptible compared to control, Sus_r – susceptible compared to resilient, 

hypo – hypomethylated, hyper – hypermethylated, up – upregulated, down - downregulated, Res_c_r – resilient compared to control or 

susceptible populations, Sus_c_r – susceptible compared to control or resilient populations. 

 

5.3.4.1 Multiomics network approach identifies phenotype specific divergence in other BPs. 

To determine other BPs specific to a phenotype, we reasoned that combining the DMGs and 

DEGs for each phenotypic comparison could provide a better representation of the ongoing 

interconnected molecular changes in the phenotypes. The resulting integrated multiomics data 

of multiomics resilient compared to control (RES_C), multiomics susceptible compared 

to control (SUS_C) and multiomics susceptible compared to resilient (SUS_R) were used 

to generate three separate networks in the STRING platform. From this multiomics integrated 
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network of each phenotype, we noted distinct BPs (Supplementary Table 1) activated in the 

RES_C and SUS_C. For instance, BPs related to ‘synaptic vesicles recycling’, 

‘exocytosis/endocytosis’, ‘actin nucleation’, ‘Wnt signaling’, and ‘myelination’ were specific 

to SUS_C network, whereas amongst the limited terms specific to RES_C, we noted ‘mRNA 

processing’, and ‘Rho protein signal transduction’ to be of significance. Further, we identified 

distinct local network clusters: cadherin (CL:38951, CL38948, Supplementary Table 2) and 

spliceosome assembly (CL:16161, Supplementary Table 2) in RES_C with clusters of cell 

adhesion (CL:8461), oligodendrocyte development (CL:8865) and actin nucleation (CL:5993) 

in SUS_C. Noteworthy is that changes in myelination and oligodendrocyte differentiation have 

been observed before in the susceptible populations of the medial PFC341. On the other hand, 

GTPase families still remained as hubs (Supplementary Figure 8d) in the integrated data.  

Though the STRING output revealed valuable insights, we noticed that many genes were 

excluded from the generated networks. Therefore, to gain a comprehensive overview of the 

multiomics dataset, we also employed the Enrichr platform.  Apart from validating the results 

from STRING for SUS_C, specifically the enrichment of BPs related to ‘synaptic vesicles’, we 

noted specificity in ‘cell-cell adhesion’ (Supplementary Table 3) for SUS_C, while ‘cell-

matrix adhesion’ and ‘ERK1-ERK2 signaling cascade’ were specific to RES_C. These 

phenotype-specific differences were substantiated by the enrichment analyses of the direct 

stress-phenotype comparisons for SUS_R. In particular, we highlight the enrichment of BP 

‘endocytosis’ (Supplementary Table 3) in the SUS_R comparison as this term’s specificity 

to Sus_c persisted across different omics levels (Supplementary Figure 8e).  

Summarily, as the GTPase signaling terms and synaptic vesicle-related terms were 

overrepresented in the methylome and transcriptome data, we next aimed at identifying 

whether the miRs revealed a similar pattern. 

5.3.4.2. Small RNA analysis supports findings from the methylome and transcriptome. 

From amongst the small RNAs detected in our data (Supplementary Table 6), we focussed 

mainly on the miRs as their roles in stress regulation386  and local synaptic modulation of 

protein synthesis387 are well known. From our low-input sequencing of small RNAs 

(NEXTFLEX, see Methods), we identified 23 miRs upregulated in Res_c, 19 miRs 

downregulated in Sus_c and 137 downregulated in Sus_r. Noteworthy is that the Res_c and 

Sus_c showed distinct patterns of expression of the miRs. 

GO enrichment analyses revealed significant alterations in ‘GTPase signaling’ as well as 

‘synaptic vesicle recycling’ (Figure 24a) in both Res_c and Sus_c, lending a substantial 
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support to the results from the methylome and transcriptome. In fact, since the miRs are all 

downregulated in Sus_c (miR analysis), the substantial enrichment of vesicle-related processes 

(Figure 24a) correlates well with the specific enrichment of vesicle-related processes in 

multiomics SUS_C (Supplementary Table 1). Further, we noted that the miRs, predicted to 

target GEFs, showed a lower level of expression (read counts) in the resilient samples as 

opposed to susceptible (Figure 24b). This correlates well with the increase of GEF expression 

in the DEGs (Figure 23a). 

Thus, from the multi-level analyses of different molecular machineries, the stark alterations 

in the synaptic, GTPase-related functionalities and vesicle-related processes are visible. 

Given the exhaustive analysis, our next step was to identify whether we could secure plausible 

causative factors, that could partially act as a therapeutic target. 

 

 

Figure 24: miRs show convergence with the results from the methylome and the RNA transcriptome.  
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a. GO BPs show significant enrichment of synaptic and GTPase related processes in Res_c (q<0.05) and Sus_c (q<0.05) b. miRs that are 

predicted to target RhoGEFs are downregulated in the resilient (Res) compared to controls (Con), while susceptible (Sus) showed an 

upregulated expression. Error bars represent ± S.E.M. values. Abbreviations: BPs – biological processes, GEFs – guanine nucleotide 

exchange factors, GAPs – GTPase-activating proteins, Res_c – resilient compared to control, Sus_c – susceptible compared to control, Sus_r 

– susceptible compared to resilient, Res – resilient populations, Sus – susceptible populations, Con – control populations. 

 

5.3.5. Identification of novel therapeutic targets 

For identification of a proper therapeutic target, we reasoned that the target should possess the 

following characteristics. First, the target should belong to a family/a part of a network that 

shows alterations at the multiomics levels. Such a family would possess the potential to alter 

the flow of information between the interconnected cellular machineries, albeit in different 

omics layers. Second, the target should either be a hub or possess direct relevance to a hub for 

exerting maximal influence on signaling mechanisms via this target. Third, the target should 

be relevant to a phenotype-specific alteration as this increases the likelihood of it being a 

causative factor underlying the phenotypic divergence.  

To achieve our first aim of demarcating the common pathways prevalent at the multiomics 

levels, we gathered the collective stress-related alterations in molecular functions for each 

omics level and generated integrated enrichment maps (Figure 25a, Cytoscape Version 3.8.2). 

We excluded miRs from this collection as the target genes giving rise to the MFs are mostly 

predicted targets). From the collected enrichment map, we identified a large overlap of 

alterations in targetable molecular functions of ion channels and receptors (Cluster 3) at all 

omics levels. Additionally, the alterations in the DMGs and DEGs overlap at the targetable 

MFs of GTPase activities (Cluster 5) and actin/cytoskeletal binding (Cluster 6). Thus, we 

reason that these sectors can be exploited to identify novel therapeutic targets, especially since, 

they are relevant to synaptic functions, and stress disorders. 

Given that synaptic functions play a crucial role in the development of stress disorders, we 

focussed our target search within the synaptic genes. For this purpose, first, we generated a 

network of the synaptic genes detected as significantly different in any dual group comparisons 

for any omics level. Next, to identify novel targets, we followed a systematic approach to screen 

out any gene that has been reported as prominently relevant to depression or stress research. 

Our screening list was generated by pooling data from the ‘major depression’ gene list in 

Harmonizome 3.0388 Bagot and colleagues183 (vHipp only), Fan and colleagues389 Scarpa and 

colleagues390, Gammie and colleagues391 (Top 1000 gene list); and Kuehner and colleagues 

(only from data relevant to Figure 3 of 390). First, we noted that multiple genes in our data, 

including GTPases, Rho GTPase activating proteins (GAPs) and RhoGEFs, have been 
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identified as stress-relevant (Figure 25b). Remarkably, we determined novel genes (Figure 

25b, Supplementary Table 4), that has not yet been implicated to stress pathways with major 

relevance in previous studies. From these genes, we focussed on 5 novel genes (black, Figure 

25b) relevant to the GTPase family and regulators, as our data highlights a critical role of 

GTPase signaling in the long-term effects of stress. To ascertain the novelty, we then screened 

for any new publications that contained any of these 5 genes as protagonists for stress-

associated effects. Indeed, a regulatory role of Ophn1 (Oligophrenin 1, encoding a RhoGAP) 

in depressive-like behaviors following stress was reported in a very recent publication392. From 

amongst the remaining genes, we identified the GTPase, Arf6 (ADP-ribosylation factor 6), as 

the most prominent novel target due to its importance in synaptic vesicle functions including 

endocytic pathway and actin polymerisation393. The significant enrichment of ‘endocytosis 

process’ specific to the susceptible phenotype in both the methylome and transcriptome 

(Supplementary Figure 8e) accompanied by a stark difference in BPs of vesicle dynamics 

and endocytosis (Figure 24a) for miRs, substantiates the hypothesis. Coincidentally, Arf6 

protein upregulates integrins and downregulates E-cadherin394, which goes well with our data 

where integrin signaling pertains to Sus_c and cadherin signaling to Res_c. Additionally, Arf6 

functions upstream of the Wnt signaling395, which is specifically enriched in the susceptible 

phenotypes. Apart from this, Arf6 also shows physical connections to the major hubs of 

GTPases Hras, Rac1 as well as the RhoGEFs, which depicted distinct patterns in the divergent 

stressed phenotypes. This crucial positioning of Arf6 increases its probability of being a 

‘causative factor’ and hence a suitable therapeutic target. Remarkably, Arf6 expression is 

upregulated in the susceptible (log2 fold change ~ 0.4) compared to resilient group while its 

miRs are downregulated. Decreasing the activity of Arf6 has been shown to be important for 

the regenerative capacity of the axons in the central nervous system (CNS)396. Noteworthy is 

that downregulation of Arf6 in the synapses lead to an increase in the readily releasable pools397 

to facilitate efficient synaptic communication. Intriguingly, gm9887, long non-coding RNA 

that partially overlaps with Arf6398, displays 3 CpGs (dmCs) differentially methylated in Res_c 

at the 1-5kb upstream of the gene start site, which are also in the positions for Arf6. This could, 

hypothetically, entail a decrease in Arf6 expression in the resilient group. It is noteworthy to 

highlight that Arf6 has not been indicated as a prominent gene in any stress-related study. 

However, its crucial role in synaptic depression as well as neuronal differentiation380 is well 

known. In fact, Arf6 has been identified as a highly potent therapeutic target for cancer 

research, very recently399. As noted above, Arf6 already possess a plethora of drugs from cancer 
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and cardiovascular studies. Therefore, it will be easy to transition to stress research, without 

the need for developing new drugs from scratch. 
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Figure 25: Overview of the multiomics modifications and determination of novel therapeutic targets.  

a. Integrated maps of the significantly enriched GO molecular functions (q<0.05, STRING) of the combination of genes that were detected as 

differentially methylated (dmGs, DMGs) or expressed (DEGs). The major clusters of the enriched terms are enclosed within circles of different 

colours, wherein the nomenclature is shown on the right panel of the figure. Each node in the figure indicates gene sets with the node size 

determined by the number of genes in the gene set, while the colour of the node indicates the enrichment value (NES score).  b. STRING 

network of the synaptic genes that were found to be altered at any of the omics levels, following stress exposure, where each node represents 

a gene. Genes already reported in literature as majorly associated with stress disorders or depression are marked in cyan or green, while those 

genes that are newly identified as relevant to the CSD stress response, via our integrated engram nuclei-multiomics approach, are highlighted 

in red or black. Abbreviations: dmGs – genes containing differentially methylated cytosines, DMGs – genes containing differentially 

methylated regions, DEGs – differentially expressed genes, GEF – guanine nucleotide exchange factor. 

 

5.4. Discussion 

Using the CSD model on TAM-inducible Arc-GFP mice, our data traced the shifting molecular 

landscape in specific engrams of control, susceptible and resilient mice, employing both 

methylome, transcriptome (data from 246) and miRome. It is interesting to note that both 

stressed phenotypes of susceptible and resilience, showed a higher amount of hypomethylation 

compared to controls, indicating a possible difference in the levels of DNA methyl transferase 

(DNMTs) or ten-11 translocation (TETs) enzymes. Indeed, Wei and colleagues 371 reported 

decreased DNMT3A after stress. Consistently, reinvestigation of our transcriptome data (from 

246) showed that DNMT3A and DNMT1 levels were downregulated in the susceptible groups. 

Apart from this, we uncovered a complicated relationship between the methylome and 

transcriptome in the divergent phenotypes. Additionally, our multiomics approach using only 

engram specific nuclei, at an important phase post-stress exposure, provided us with the unique 

opportunity to uncover intriguing biological phenomenon revolving around GTPase signaling. 

5.4.1. Significance of the enrichment of GTPase signaling cascades and synaptic plasticity 

following stress exposure 

The methylome data identified a significant enrichment of functionalities directly related to 

GTPase signaling in all dual phenotypic comparisons, supported by a similar 

overrepresentation in the transcriptomics data246. This highlights a critical role of this signaling 

cascade following stress exposure. Interestingly, the members of the GTPase family form 

major hubs (Figure 23b) in both the methylome (DMGs) and transcriptome (DEGs). Indeed, 

the Ras superfamily of GTPases and its regulators have been widely known to be involved in 

learning and memory400. Calcium dependent GTPases are important for preventing 

depolymerisation of the actin cytoskeleton, which is important for spine reorganisation401, 
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following a learning-induced activity107.  Meanwhile, malfunctions in the GTPase system 

(rasopathies) are known to cause cognitive dysfunctions like autism spectrum disorder402,403, 

apart from being associated with depression and early life environmental/social stress404. In 

fact, in a recent study by Lutz and colleagues370 integrating multiple epigenetic levels of histone 

marks, methylation and transcriptomics, small GTPases were determined to be critical factors 

for developing a risk for depression following childhood abuse. Consistently, involvement of 

GTPases has been constantly highlighted in multiple neurodevelopmental and psychiatric 

disorders as mentioned in 405. However, research regarding the role of the GTPase regulators 

in resilience/susceptibility is extremely limited. Though, Lutz and colleagues370 mentioned the 

involvement of GTPase regulators in early life stress, they did not investigate further. 

Therefore, the novel findings in our study of the differential pattern of the GEF families gaining 

intronic methylation in the resilient group (Figure 23b), accompanied by an upregulated 

expression in the transcriptome (Figure 23b), provides a further mechanistic insight into the 

stress affected mechanisms involving GTPase signaling. Remarkably. the differential trend 

visible in the upstream signals, for example, adhesion mechanisms (Supplementary Table 1 

and 3), coupled with prominent alterations in the downstream processes of a. endocytosis and 

b. actin/microtubule processes in the susceptible, could enhance the synaptic GTPase-nuclei 

divergent signaling in the stressed phenotypes. In fact, this divergence could be encoded into 

the epigenome via their nuclear targets, namely the ETS family of activity dependent TFBSs406–

408 (Figure 22c), which were significantly enriched within the DMRs.  

The GTPase-ETS coupling provides one mechanism by which effects of stressors can be 

sustained long-term in the epigenomic landscape409, despite the eventual removal of the 

stressor.  More elaborately, the ETS family of TFs integrates synaptic GTPase signaling in the 

nuclear epigenome410 via the ETS-SRF (serum response factor) ternary complex factor at 

TFBSs406,411 to regulate activity-dependent IEGs, actin cytoskeletal or synaptic plasticity 

genes401,412. Such repeated waves of signal integration of neuronal activities, i.e., differential 

synaptic-nuclei encoding and nuclei-synapse decoding via the Ras-SRF-ETS signaling could, 

over time, prime the epigenome401, differentially for future responses. Such a differential 

priming entails altered cytoskeletal dynamics411 and synaptic architecture, manifesting as 

differential behavioral patterns207 between resilience and susceptibility. Interestingly, apart 

from its critical role in synaptic nuclei-signaling via the ETS family of TFs, RhoGTPase 

signaling can directly modulate epigenome/chromatin plasticity and gene transcription413–415, 

via actin remodelling in the nucleus itself416. Thus, our findings suggest a crucial link in 

intercepting and integrating alterations in the extracellular/synaptic environment into the long-
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term epigenome of an organism, via the GTPase signaling. Such differential signaling could 

potentially generate distinct homeostatic equilibrium in the divergent stress phenotypes for 

future responses. In fact, the Ras-ERK-ETS (Elk) could be one path by which post traumatic 

disorder (PTSD) states emerge198 in stress-susceptible groups apart from the ETS family’s 

involvement in immediate reactions to acute stress237. Indeed, recent studies demonstrated that 

modulation of Elk1 is important for antidepressant functions407,417,418 and that of Ras-ERK-ETS 

signaling for longevity408. Interestingly, apart from synaptic-nuclei signal encoding, alterations 

in the GTPase signaling pathways could also contribute to the differences in neurogenesis419 

via ERK signaling420 or RhoGEFs (DOCK1)421.  Artemin, a neuroprotective factor inhibited by 

Rac GTPase422 was found to be upregulated in a study of resilient mice423 in females, which is 

interesting as Rac1 expression was decreased in the resilient populations in our data246.  

Given the critical role of GTPases in regulating stress outcomes, it is surprising that GTPase 

pathways were not significantly enriched in terminal neurological disorders though cell 

adhesion pathways were found to be modified424. This could suggest that GTPases play critical 

roles during crucial window periods of signal integration for long term epigenetic 

modifications, following an environmental insult. Thus, modulation of the GTPase signaling 

or related mechanisms in synaptic functions could be important for rescuing susceptibility 

phenotypes.  

5.4.2. Significance of the multiomics approach towards identification of novel therapeutic 

targets 

Besides the revelation of interesting alterations in the GTPase signaling, our engram-specific 

multiomics approach facilitated an integrative view of the ongoing molecular changes in the 

divergent stress phenotypes, that would, otherwise, have not been possible with contemporary 

techniques. Indeed, the low overlap of epigenetic mechanisms with transcriptome is consistent 

with literature213,371, where the sample collection point is close to the period of environmental 

insult. This can be due to the temporal difference in the activation of the interconnected but 

different omics layers, i.e., DNA methylation could occur before or follow transcriptional 

alterations425,426. Though only 10% of the DMGs showed alterations in expression, the high 

overlap of the DMRs with putative cis regulatory regions and enrichment of ETS TFBSs 

strengthen the likelihood of the generation of a primed epigenome372,427. A primed epigenome 

could potentially influence future transcriptional states by facilitating a faster or stronger 

transcription of certain genes, thereby modulating behavior upon reintroduction of a similar 

stimuli427. For instance, Chastain and colleagues428, demonstrated that the epigenetic 
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remodelling following alcohol exposure resulted in transcriptome changes only at a later stage 

in life.  Following the norm of these differential waves between transcriptome and epigenome, 

we noted a few biological processes reversed phenotype specificity at the different omics layers 

(DMGs vs DEGs) (Supplementary Figure 7e). Given the temporal dissonance between the 

transcriptome and methylome205 after an environmental insult, such observations allow for the 

speculation that molecular modifications in the resilient and susceptible groups could 

themselves possess a different sequence/speed of recruiting a particular molecular pathway. In 

fact, Bagot and colleagues183 highlighted the possibility that resilient compared to susceptible 

phenotypes exhibit a faster rate of adaptive modifications compared to susceptible in their bulk 

transcriptomic studies.  

Though accessing and interpreting the different omics layers is a challenge, the integrated use 

of multiomics and network analyses approach, facilitated the determination of susceptible-

specific alterations in ‘endocytic processes’ across both the methylome and transcriptome 

levels. Supporting this specificity, the miR analyses revealed an enrichment of synaptic vesicle 

processes to be largely affected in the Sus_c, where the detected miRs were all downregulated. 

Though the Res_c miRs showed enrichment of BP of ‘endocytosis’, the miRs are upregulated 

and could entail a downregulation of genes for endocytosis. Conclusively, our findings put 

emphasis on the stark differences in the regulation of ‘vesicle dynamics or endocytotic 

processes’ between the susceptible- and resilient- phenotypes across all omics levels. Thus, the 

identification of Arf6, a GTPase that plays a central role in endocytosis393,429–431 in the 

screening analysis presents itself as an intriguing result. Remarkably, Arf6’s potential of being 

a therapeutic target in other non-stress studies (cancer) has recently been recognized399. Apart 

from its critical role in regulating readily releasable pools of vesicles and synaptic 

depression380, its strong molecular interactions with hub GTPases like RhoA and Rac1430 and 

susceptible-specific pathways like Wnt and integrin signaling429, highlights its central role as a 

potentially effective target to rescue susceptible phenotypes. As Arf6 is upregulated in the 

susceptible phenotype, we posit that decreasing the expression of Arf6 could increase resilience 

outcomes. Given the recent finding of Ophn1, which is a RhoGAP and an intellectual disability 

gene as a potent therapeutic target for depressive-like behavior432, the therapeutic potential of 

Arf6, which is a specific target of the guanine nucleotide exchange factor (GEF) encoded by 

the intellectual disability gene IQSEC2433, in rescuing susceptible phenotypes, is substantial. 

Apart from this, its strategic association with the mTOR pathway434, an important therapeutic 

target for stress research244,435, adds weight on its effective potential. However, it is crucial to 
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note here that the relevance of Arf6 as a therapeutic target may be only for the window period 

along the timeline of our experiments. 

Overall, it is important to highlight the importance of employing a multiomics integrative 

approach in identifying crucial modules/pathways underlying phenotypic divergence of 

complex disorders. For example, with the conventional approach of investigating just 

transcriptomics while screening only genes with high fold changes as therapeutic targets, I 

would not have been able to determine either the relevance of endocytosis or that of the GTPase 

Arf6 (fold change ˜0.4). Apart from these, the modifications of the piRs that have recently been 

found to be important for regulating synaptic plasticity436–438 and transgenerational epigenetic 

inheritance437, as well as other small RNAs (Supplementary Table 6) add weight to the 

prevalence of stark differences, between the divergent populations. Thus, the study underscores 

the relevance of a multiomics and network analyses approach to increase the resolution of 

investigating differential molecular landscapes following stress exposure to identify previously 

overlooked therapeutic targets.  
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Chapter 6. Tissue level differences in maintaining susceptibility and 

resilience 
 

6.1. Introduction 

Different brain regions exhibit different molecular signatures owing to the heterogeneity of the 

cell types as well as functional importance439. In fact, expression levels differ between tissue 

regions of the same animal following stress exposure237. For example, in a chronic mild stress 

model, miR-16 was shown to be upregulated in the ventral tegmental area but downregulated 

in the medial PFC440,441 in male wistar han rats. Meanwhile, mRNA expression in the PFC for 

resilient and susceptible mice were reversed in the dorsal hippocampus442.  In the context of 

DNA methylation, chronic social-predator stress did not affect Bdnf promoter methylation in 

either PFC or amygdala but influenced methylation levels in the different sub-tissue regions of 

the hippocampus (CA3 vs. CA1 and DG) (443 as cited by 29). Thus, previous studies revealed 

differential responses of tissues in different sectors of the epigenome including methylation, 

following stress exposure. However, a systematic investigation of the alterations in the 

methylation landscapes of stress-phenotypes between vHipp and PFC is still missing. Thus, 

given the unique opportunity in our study to compare between PFC and vHipp, we performed 

an in-depth analysis between the two tissue regions, within the same phenotype. The main aim 

of this analysis was to identify trends of either similarities or opposing molecular alterations in 

the two regions post-stress. Since a tight spatiotemporal control of gene methylation or 

expression is crucial for a healthy physiological state, we posit that the findings will be relevant 

for studies aiming for global inhibition or induction of methylation for rescuing phenotypes.  

6.2. Methods 

Samples were collected from the same animals that were used for the experiments in 

Chapter 5. PFC was dissected as described in Chapter 3. For the rest of the experiments, the 

same methods used in Chapter 5, were followed. 

6.3. Results 

Following CSD, as in Chapter 5, PFC samples were pooled from two each of 12 controls, 14 

susceptible and 12 resilient populations. The pooling allowed for 6, 7 and 6 biological 

replicates to be processed with RRBS-seq. Upon data analysis, we identified a similar coverage 

of reads as in the case for vHipp.  
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6.3.1. Comparison of stress affected biological processes in PFC (between phenotype 

comparison within the same tissue) with that of the vHipp. 

For an exhaustive comparison of the difference in stress response between the PFC and the 

vHipp, we first proceeded with an initial analysis to compare the gene sets affected in the 

different stress phenotypes in the PFC with that of the vHipp. For this purpose, we first 

performed DMR analysis of the PFC data and assigned the genes corresponding to the DMRs. 

From this analysis, we identified a total of 307 DMGs altered in the resilient compared to the 

control (Res_c), 160 DMGs in the susceptible compared to the control (Sus_c) and 221 DMGs 

in the susceptible compared to the resilient (Sus_r) in the PFC. Thereafter, gene ontology (GO) 

analysis was performed on the distinct sets of genes. Interestingly, GO analyses revealed a 

significant enrichment of BPs of ‘cell-substrate adhesion’ and ‘protein serine/threonine kinase’ 

to be prominent in the Res_c (Figure 26) while the ‘bone morphogenetic protein’ (BMP) 

pathway was specifically enriched in the Sus_c (Figure 26). It is interesting to note that the 

other morphogenetic pathway ‘Wnt signaling’ was enriched in BPs for the dual comparison of 

Sus_r (not shown).  

 

Figure 26: Enriched GO BPs in the phenotypic comparisons of PFC following stress exposure. 

Bar plots of top enriched GO BPs for each of the dual comparisons of resilient compared to control (Res_c), susceptible compared to control 

(Sus_c) and susceptible compared to resilient (Sus_r). Res_c BPs are more inclined towards ‘adhesion’ process, while Sus_c BPs showed an 

inclination towards BMP pathway. Abbreviations: PFC – prefrontal cortex, Res_c – resilient compared to control, Sus_c – susceptible 

compared to control, Sus_r – susceptible compared to resilient. 

Next, to determine the collective stress-affected pathways, we performed GO analyses on the 

DMGs combined for all dual phenotypic comparisons. The GO analyses for the cumulative 

DMGs revealed that some GO terms were similarly enriched in the PFC as that observed in the 

vHipp. These include that of the GTPase signaling, axonogenesis, and neuron differentiation 

(see Table 2). In contrast, we also noted BPs that were enriched only in the PFC. These GO 

BPs pertained more towards morphogenesis, BMP pathways and endothelial cell activation 
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(see Table 2). Thus, we noted similarities as well as variances in the stress response pathways 

between the two regions. 

Table 2: Top 20 significantly enriched (q<0.05) BPs of combined DMGs, ranked according to the detected 

number of genes involved in the process. 

ID Description qvalue Count 

GO:0007409 Axonogenesis 0.001281 25 

GO:0001654 eye development 0.001192 24 

GO:0150063 visual system development 0.001192 24 

GO:0048880 sensory system development 0.001192 24 

GO:0001558 regulation of cell growth 0.001192 24 

GO:0001667 ameboidal-type cell migration 0.002039 23 

GO:0050767 regulation of neurogenesis 0.004476 22 

GO:0007389 pattern specification process 0.008008 22 

GO:0031589 cell-substrate adhesion 0.00127 21 

GO:0043010 camera-type eye development 0.002039 21 

GO:0048638 regulation of developmental growth 0.004077 21 

GO:0032535 regulation of cellular component size 0.004751 21 

GO:0031346 positive regulation of cell projection organization 0.006307 21 

GO:0045664 regulation of neuron differentiation 4.94E-05 20 

GO:0048562 embryonic organ morphogenesis 0.00127 20 

GO:0007168 transmembrane receptor protein serine/threonine kinase signaling 

pathway 

0.004476 20 

GO:0007264 small GTPase mediated signal transduction 0.013464 20 

GO:0045785 positive regulation of cell adhesion 0.01397 20 

GO:0050673 epithelial cell proliferation 0.026555 19 

GO:0060560 developmental growth involved in morphogenesis 0.001281 18 

 

Having identified tissue-specific peculiarities in the stress-affected BPs, we next sought to 

determine the differences directly at the level of the methylation patterns between the two 

different tissues within the same phenotype. We posit that a thorough understanding of these 

differences would be crucial in determining the impact of drug delivery modes - application of 

global epigenetic drugs or local epigenetic modifiers. 
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6.3.2. Differential methylation patterns between the PFC and the vHipp (between tissue 

comparison within the same phenotype) 

6.3.2.1. Baseline methylation differences between the tissues (control comparisons) 

To understand the existing tissue-specific baseline methylation patterns, we first assessed the 

methylation pattern differences within the control populations. Interestingly, we identified 583 

unique DMGs (Figure 27a) that harboured differential methylation patterns between the two 

tissue regions. Amongst these DMGs, the top hypermethylated genes in the vHipp compared 

to PFC include TF Zfp503 (+83%), Phf24 (+81%) and B530045E10Rik (+80%). Meanwhile, 

top hypomethylated include Gm3554 (-88%), Dnah14 (-76%) and Adck5 (-74%). It is 

noteworthy that the top differentially methylated regions possess the potential of functioning 

as biomarkers for the different tissue regions. 

Interestingly, the GO term analysis of the DMGs between the two tissues indicate existing 

differences (p<0.05, Enrichr) in molecular functions for protein tyrosine kinase and glutamate 

receptor activities as well as cell-adhesion amongst other functions (Figure 27a, Enrichr). 
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Figure 27: Between tissue comparisons of vHipp and PFC for each phenotype.  

a. Control (vHipp compared to PFC). Total DMGs detected along with the top enriched MFs showing basal differences including protein 

tyrosine kinase and glutamate receptor activities. b. Resilient (vHipp compared to resilient PFC). Total DMGs detected along with the top 

enriched MFs including Wnt signaling and neurotransmitter binding. c. Susceptible (vHipp compared to PFC). Total DMGs detected along 

with the top enriched MFs including neurotransmitter receptor binding and kinase activities. Abbreviations: vHipp – ventral hippocampus, 

PFC – prefrontal cortex, DMGs – differentially methylated genes, MFs – molecular functions. 

6.3.2.2. Different methylation patterns in the resilient group following stress exposure  

Having demarcated the baseline differences at the methylation levels between the tissues, we 

next aimed at screening the differences relevant to the resilient populations. This analysis 

revealed two interesting patterns.  

First, following the removal of the genes that differed at their baseline levels, i.e., those that 

different within the control comparisons, we identified 763 unique genes (Figure 27b), which 

were differentially methylated in between the PFC and the vHipp. Top hypermethylated genes 

in the vHipp compared to that of the PFC include 8430426J06Rik (+83%), Ptk7 (+73%), Ns1 
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(+70%), Shh (+69%) while top hypomethylated genes include - Serpina1b (-87%), Katnal1 (-

89%), Fam155a (-88%). Interestingly, GO term analyses revealed that the differences (p<0.05, 

Enrichr) pertained to MFs related to Wnt signaling, and neurotransmitter receptor binding or 

regulator activity (see Figure 27b and Table 3, Enrichr).  

Second, including the genes that showed baseline differences, we identified 57 genes that were 

previously detected in the control comparisons, that also showed differential methylation for 

the resilient. From these 57 genes, it is interesting to note that 8 genes completely reversed their 

methylation patterns at the specified DMR positions, i.e., hypomethylated in control 

comparisons but hypermethylated in resilient comparisons or vice versa. These include Ap1m1 

(clathrin-associated adaptor protein complex1), Med13l (transcriptional co activator for RNA 

pol IIa gene), Slc1a5 (solute carrier), Tenm4 (gene contributing to schizophrenia444 via 

neurogenesis- and ATPase- related activity), Anks1 (important for neuron projection and 

tyrosine kinase transport), Axin2 (important for adult neurogenesis445 and Tmem132b. Its 

related member Tmem132d is associated with a number of anxiety attacks and depressive 

disorder446. The complete reversal in methylation pattern of these 8 genes suggest a crucial 

involvement of these genes in mediating tissue-specific response to stress.  

Apart from the identification of these genes, which reversed methylation patterns between the 

two tissues from control to resilient, we also noted other genes, which exacerbated their 

existing methylation differences in the resilience, albeit in the same direction. For example, 

Cux2 (Cut-like homeobox2) and Mdga1 (MAM Domain Containing 

Glycosylphosphatidylinositol Anchor 1), which showed hypomethylation patterns in the vHipp 

compared to the PFC. Since Cux2 is an important hippocampal neurogenesis gene447, its 

baseline hypomethylation in the vHipp of the control populations compared to that of the PFC, 

is expected. Therefore, it is even more interesting that the hypomethylation in Cux2 increased 

in the resilient (-76% as compared to baseline controls with hypomethylation value of -26%). 

Meanwhile, Mdga1, a new schizophrenia susceptibility gene, essential for neuronal 

migration448, exhibited a reduced hypomethylation in the resilient group (-36% in resilient 

comparisons in contrast with -73% in control comparisons). Though the exact functional 

attributes of these alterations are unknown, the tissue-specific response to stress existing at the 

level of methylation is clear. Alternately, we noted that some top differentially methylated 

genes in the control comparisons were no longer detectable in the resilient comparisons, 

indicating that they have also been altered. However, this is not covered within the scope of 

this thesis.  
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Table 3: Top enriched GO MFs from Enrichr of PFC and vHipp comparisons for the resilient phenotype. 

Index Name P-value 
Adjusted 

p-value 

Odds 

Ratio 

Combined 

score 

1 

Coreceptor Activity Involved In Wnt 

Signaling Pathway, Planar Cell Polarity 

Pathway (GO:1904929) 

0.00001019 0.004678 101.38 1165.21 

2 
Coreceptor Activity Involved In Wnt 

Signaling Pathway (GO:0071936) 
0.00006708 0.0154 33.79 324.69 

3 PDZ Domain Binding (GO:0030165) 0.000541 0.08277 4.32 32.5 

4 
Glutamate Receptor Binding 

(GO:0035254) 
0.004193 0.4139 7.24 39.61 

5 
Transcription Coregulator Binding 

(GO:0001221) 
0.004508 0.4139 2.86 15.43 

6 
Ionotropic Glutamate Receptor Binding 

(GO:0035255) 
0.007253 0.5549 9.49 46.74 

7 
Transcription Coactivator Binding 

(GO:0001223) 
0.008863 0.5812 4.37 20.65 

8 
Adenylate Cyclase Regulator Activity 

(GO:0010854) 
0.01346 0.6745 16.85 72.59 

9 Cyclase Activator Activity (GO:0010853) 0.01346 0.6745 16.85 72.59 

10 
Acetylcholine Receptor Regulator Activity 

(GO:0030548) 
0.01469 0.6745 6.9 29.12 

 

6.3.2.3. Different methylation patterns in the susceptible group after stress exposure 

Following a similar approach as in the resilient comparisons by removing the genes that show 

baseline differences in the control comparisons, first, we identified 460 unique genes (Figure 

27c), that exhibited a differential methylation pattern between the two tissue regions within the 

susceptible populations. Amongst these, top hypomethylated genes include Gm30551 (-74%), 

Pbx3 (-76%), Gm12387 (-75%) and Cbl (-69%), while top hypermethylated genes include 

Hivep2 (+64%), Tbkbp1 (+64%), Atxn1 (+64%), Zc3hc1 (+72%), Wipf3 (+65%). 

Interestingly, the 460 DMGs pertained to MFs of receptor binding, neuropeptide activity, 

phospholipase activity etc., (See Figure 27c and Table 4, Enrichr). It is interesting to note that 

the CCs for the susceptible tissue comparisons were enriched for cytoskeleton and actin-based 

cell projection compartments (Supplementary Table 5). In the second case, we included the 

genes that showed alterations in control comparisons. In this analysis, we identified 63 unique 

genes with reversed or exacerbated methylation patterns as compared to the patterns observed 

in the control comparisons. Interestingly, only Gm36431 showed complete reversal of 

methylation with hypomethylation in vHipp (from +60% to -36%).  



Chapters from Experiments and Results                                                                                   Chapter 6 

 

128 
 

Table 4: Top enriched GO MFs from Enrichr for between tissue susceptible group comparisons. 

Index Name P-value 
Adjusted 

p-value 

Odds 

Ratio 

Combined 

score 

1 
Insulin-Like Growth Factor Receptor 

Binding (GO:0005159) 
0.002911 0.6137 12.82 74.86 

2 MAP Kinase Kinase Activity (GO:0004708) 0.003642 0.6137 11.65 65.44 

3 Glutamate Receptor Binding (GO:0035254) 0.007627 0.6636 8.54 41.66 

4 
G Protein-Coupled Glutamate Receptor 

Binding (GO:0035256) 
0.01027 0.6636 17.06 78.12 

5 
Phosphatidylinositol Phospholipase C 

Activity (GO:0004435) 
0.0103 0.6636 7.54 34.49 

6 Ephrin Receptor Binding (GO:0046875) 0.01182 0.6636 7.12 31.6 

7 Phospholipase C Activity (GO:0004629) 0.01521 0.7154 6.41 26.82 

8 Neuropeptide Activity (GO:0160041) 0.02123 0.7154 5.57 21.46 

9 
Neuropeptide Hormone Activity 

(GO:0005184) 
0.02123 0.7154 5.57 21.46 

10 
Protein Serine/Threonine/Tyrosine Kinase 

Activity (GO:0004712) 
0.02123 0.7154 5.57 21.46 

 

6.4. Discussion 

Distinct tissue-specific methylation patterns have been described by several contemporary 

literature449–451. Reflecting this, in the tissue level comparisons (between PFC and vHipp) 

within the non-stressed control populations, we also identified existing basal level differences 

in the methylome. For example, Cux2, an important gene for neurogenesis, showed 

hypomethylation in the vHipp control compared to the PFC control. Notably, one can posit that 

the resulting data from the control comparisons can be used for demarcating biomarkers for the 

two different tissue regions. However, since we use only engram nuclei, this has to be validated 

using whole tissues.  

Given the existing baseline differences, it becomes particularly interesting to note that the 

different tissue regions also show distinct stress responses at the epigenetic level of methylation 

(Figure 27a-c). Despite their collaborative role in regulating stress response, the observed 

differential patterns of methylation between the two tissue regions, sometimes even exhibiting 

opposing trends, caution against cross-data comparisons of studies using different tissues and 

the indiscriminate application of drugs, inhibitors or enhancers with a global impact. For 

example, induction or inhibition of methylation globally could result in ineffective results as 

different tissue regions require distinct levels of methylation to maintain resilience. 

Consequently, our findings advocate for such practices to be reviewed and replaced with local 
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or targeted drug applications452,453 for rescuing phenotypes, to deliver more precise and 

effective interventions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General Discussion                                                                                         Significance of the study 

130 
 

IV. General Discussion 

1. Significance of investigating resilience and susceptibility mechanisms. 

Stress is a normal part of life and stress response can contribute to the survival mechanisms 

necessary for adaptation to a changing environment454. However, excessive stress without 

proper coping mechanisms15, for example, passive coping characterized by a combination of 

a sedentary lifestyle, existence of other stressors, bad nutrition etc., can lead to susceptibility 

to the stressor. Susceptibility leads to inability to cope with environmental demands or 

perform daily activities that are necessary for the organism’s well-being. In fact, 

susceptibility is a route towards the development of anxiety, depression (see more in 216) as 

well as other psychiatric disorders, neurological disorders, and cardiovascular disorders 

etc219,220,455. Thus, susceptibility to stress is not only detrimental to an organism’s survival 

but also drains human resource potential.  

Although certain individuals exhibit resilience to specific stressors, the contemporary 

sedentary lifestyle characterized by low social bonding has led to a rapid decline in mental 

health. Additionally, the recent COVID 19 impacts on mental health are predicted to hasten 

the stark increase in stress-related disorders456–458 accompanied by a general decrease in 

resilience. Therefore, there is a growing demand for research to understand the molecular 

mechanisms behind resilience and susceptibility. As such, the work on the PhD thesis is 

centred around the aim to dissect the molecular divergence in resilience and 

susceptibility outcomes at the epigenetics level using an engram-multiomics approach. 
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2. Strong points of our experimental approach 

To answer some of the critical questions regarding molecular divergence in resilient and 

susceptible populations, we employed the CSD stress mouse model. CSD possesses a high 

face validity as well as predictive validity96,98 compared to that of the human social stressors. 

Additionally, in comparison to human and non-human primate models, inbred mouse models 

provide more homogeneity in terms of the genomic background, thereby allowing better 

access in understanding the epigenomic variances within a shorter duration. Next, compared 

to the invertebrate models, mouse models provide a social construct that is of higher 

resemblance to the humans and are required to comprehend the resilience-susceptibility 

impacts by social stressors. Additionally, mouse models can be genetically modified to 

satisfy certain aims of a particular study. For example, in our case, to increase resolution of 

the important alterations in stress-susceptible and resilient engrams, we worked with the 

genetically modified TAM-inducible Arc-GFP mice241,243. In the presence of TAM, the Arc-

GFP mouse allows for the expression of nuclear membrane sfGFP in stimulus-activated 

cells. Thus, the use of Arc-GFP mice enabled the tracing of cells that were activated during 

the social fear recall in the SI test, namely, the engram nuclei. This facilitated assessments 

of the various omics levels in the specific resilience-susceptible engrams82 via RRBS-seq, 

RNA-seq and small RNA-seq. This multiomics approach provided a better overview of the 

ongoing cellular modifications from multiple levels, thereby increasing the resolution to 

facilitate identification of causative factors as compared to single omics studies. Apart from 

this, given a good access to the less accessible methylome, we could gather possible 

mechanisms behind the persistence of stress effects, long after the stressor is removed. The 

next sections provide an in-depth discussion of the pros and cons of using TG mouse lines, 

nuclei and, the multiomics approach along with the importance of considering tissue level 

molecular differences in therapeutic designs. 
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3. Merits and demerits of using TAM-inducible mouse lines 

The employment of TAM- inducible mouse models such as the Arc-GFP in our study 

allowed for the tracing of cellular populations that were spatiotemporally active during a 

behavioral activity in the presence of TAM and its metabolites. The access to specific cell 

types with a higher resolution, certainly, increases its desirability, as this would increase the 

precision of the data obtained from such studies. However, there are certain caveats 

associated with using such TG mouse lines.  

First, the promoter line (e.g., cFos or Arc promoters) will determine which cells are captured, 

as cFos and Arc exhibit differential expression patterns250. This also reduces comparability 

over studies using different promoters.  

Second, the transgenic mouse lines could be behaviorally distinct from the C57BL/6J line 

on which they were built. For example, in our study in Chapter 2, we demontrated the 

existence of baseline behavior differences between the Arc-GFP mouse line and C57BL/6J 

as well as WT-GFP mice. This indicates that the expected results of a behavior test, 

determined from studies on C57BL/6J, could bear different results while using the TG mice. 

Thus, it is necessary to characterize the baseline behavior patterns of a TG mouse line of 

interest to determine its usability for a particular study. Apart from this, different mouse lines 

can exhibit different molecular responses239  and therefore, data comparisons across mouse 

lines should be conducted with cautionary measures.  

Third, the use of TAM-inducible mouse lines necessitates the application of TAM, for the 

activation of the Cre recombinase. However, since TAM is an artificial estrogen, it can 

potentially interact with the estrogen receptors459, thereby introducing unexpected effects in 

the physiological system, apart from the intended facilitation of DNA recombination using 

the CreERT2 system. Indeed, TAM was initially used for treating breast cancer460 before its 

application on the CreERT2 system was exploited. Apart from this, TAM has been shown to 

alleviate neuropsychiatric symptoms267 via its action on estrogen receptors. Indeed, a few 

studies have indicated the relevance of TAM in improving symptoms in bipolar disorders258 

and schizophrenia267. Additionally, there are reports for positive impacts on contextual 

memory as well as spatial memory in an amyloidosis mouse model268 with contradicting 

negative impacts on cognition267. The literature findings on the side-effects of TAM are 

relevant for our study, where stress effects are assessed in terms of social fear memory recall 
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as well as social interaction. Supporting the contemporary literature, we also identified that 

a single application of a high dosage of TAM (150 mg/kg) can alter behavior including SI 

and other assays, for example, immobility duration in the FS test, an important test for 

assessing depressive-like behavior. The effects of improved social interaction and reduced 

social anxiety in behavior are consistent with the regulatory roles of estrogen. Indeed, in an 

independent study, reported by Li and colleagues262, the effects of TAM on improving social 

interaction after chronic social defeat experiments on mice were observed, amongst other 

long-term impacts on behavioral assays long term. In lieu of this, it is interesting to note that 

TAM could be the next ketamine-like antidepressant for mild stress. Given the profound 

impacts on some behavioral parameters, it was intriguing that the HPA response seemed 

normal in the physiological assays used for the study. Perhaps, other assays could bear 

different results. 

Interestingly, apart from the impacts on behavioral assays, recent studies have demonstrated 

multiple physiological and molecular effects of the use of TAM. For example, the application 

of TAM, used for Cre recombination, has been shown to impact neurogenesis269 and bone 

homeostasis459 as well as induce alterations in transcriptomic studies461. However, there is 

no record of alterations in DNA methylation (with 100 mg/kg of TAM462) yet. However, 

given the effects of TAM unfolding in several behavioral and molecular studies and the 

increasing use of CreERT2 lines in stress research, the unexplored effects of TAM should be 

thoroughly investigated. This is because TAM can result in off-target effects apart from its 

normal role of facilitating DNA recombination. Thus, our findings throw caution on the 

liberal use of TAM and urge researchers to thoroughly examine the behavioral and 

physiological outputs of TAM manipulation before implementation of a particular 

experimental approach. 
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4. Loopholes to be addressed during nuclei isolation and sorting of engram nuclei 

4.1. Use of nuclei for sequencing experiments  

The use of nuclei for sequencing has increased over the past few years, thereby increasing 

the demand for the development of optimal nuclei isolation protocols463,464. Use of nuclei 

provides a better methodology for accessing the nuclear contents especially from frozen 

tissues or tissues where cell dissociation to obtain specific cells are difficult465. Specifically 

in our experimental approach, where we seek engram nuclei, the optimal extraction of nuclei 

followed by a proper sorting strategy to incur minimal damage on the nuclei, is essential. As 

most literature studies use bulk tissues or macrovolumes of starting material coupled with 

different centrifugation techniques or buffers for nuclei extraction, the protocols needed to 

be curated for our study design. Thus, the work for the thesis resulted in the development of 

an optimal nuclei isolation protocol required for our specific purpose (more details in 

Chapter 3). During the steps required to access SI-activated nuclei from microvolumes of 

tissues, we experimented with different nuclei isolation techniques to optimize the quantity 

and quality of the extracted nuclei. Our experiments revealed that the optimal approach of 

ultracentrifugation, to segregate the nuclei from the cellular contents, should be with the 

inclusion of a buffer layer to reduce damage to the nuclei. Indeed, ultracentrifugation without 

cushion layer yielded more nuclei albeit with different patterns of optical density than the 

expected dark appearance in phase-contrast microscopy. Importantly, our findings align with 

that of Yamashita and colleagues305, who reported in their study on exosomes that different 

types of centrifugation methods led to the yield of exosomes with distinct physicochemical 

properties. Meanwhile, the liberal use of different buffers for diluting or resuspending nuclei 

should be practiced with caution, as different buffers exert diverse effects on nuclei quality. 

For example, use of PBS as suspension buffer under our experimental conditions led to 

aggregation of nuclei as well as shrunken appearance compared to the HB. In fact, Lima and 

colleagues335 also reported the adverse effects of PBS in their study using iPSCs. Thus, the 

use of the original HB for any dilution or resuspension is recommended. 

Following the development of a well-optimized nuclei isolation protocol, we next worked 

with the available methods of FANS and INTACT for sorting the sfGFP+ engram nuclei 

from the pool of nuclei. FANS is rather popular and has been commonly used to isolate 

fluorescently labelled nuclei. However, it is known to be a harsh technique that can induce 

molecular alterations324,325. Meanwhile, the alternative method of INTACT is based on 

magnetic-based isolation principle. Though recent, it has gained popularity due to its milder 
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approach and ability to condense to smaller volumes318,320,329. Interestingly, these two 

techniques have been interchangeably used466 without scrutinising plausible impacts on the 

isolated nuclei. Having identified this gap in literature, our experiments, detailed in Chapter 

4, systematically investigated the qualitative and quantitative differences between the two 

techniques, INTACT and FANS, using sfGFP+ nuclei. Indeed, FANS-derived sfGFP+ 

nuclei were different from the original nuclei as well as the INTACT-nuclei, strengthening 

the claims of FANS being a harsher procedure. Thus, for experimental studies where a 

gentler method is needed, INTACT could be a better procedure. Despite this caveat, our 

study identified that both techniques have individual merits and demerits (see more details 

in Chapter 4). Briefly, in terms of processing speed and costs for multiple samples, INTACT 

has an advantage over FANS. However, for the INTACT protocol to be applied efficiently, 

the protocol must be adjusted for different input material. In contrast, while employing the 

FANS technique, regardless of the starting concentration of nuclei, the protocol need not be 

changed. Therefore, in this aspect, FANS is more advantageous over INTACT.  

Overall, since FANS-nuclei and INTACT-nuclei are distinct at both the morphological and 

molecular levels329, this study underscores the importance of the employment of only one 

type of sorting method for an experimental setup. We advocate that the choice of either 

INTACT or FANS for a particular study should be based on the volume of the starting tissue 

material and the intended purpose of study.  
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5. Benefits and complexities of applying a multiomics approach on the stress 

phenotype-specific engram-activated nuclei  

Investigating the etiology of complex disorders such as stress and depression to determine 

the causative factors can be challenging with one omics level. This is because a single omics 

level only provides a snapshot of the cellular changes and by the time the cellular machineries 

are investigated, the disease trajectory could already have deviated from the starting point199. 

Therefore, multiomics can partially exploit the phase lag between different molecular levels 

to identify plausible causative alterations in the converging biological mechanisms. Such an 

approach increases the reliability of the data outputs and increases the statistical confidence 

on claiming the pathogenicity of a particular molecular pathway236.  

Of all the omics levels, transcriptome is the most accessible and hence more prevalent in 

stress literature. However, methylome studies as well as small RNA studies, especially with 

low-input amounts are rare due to its difficulty in both technical as well as bioinformatics 

processing. Thus, this thesis stands out with the specific establishment of the RRBS-seq 

and miR_seq for low input nuclei, and its integrated use thereafter. The employment 

and integration of a multiomics network approach facilitated the generation of a higher 

resolution picture of the molecular landscape post-stress exposure using engram-specific 

nuclei. In addition to this, the employment of this novel approach facilitated the exploration 

of the complicated yet interconnected relationships between the different layers of omics. 

5.1. Complex methylome and transcriptome relationship 

During our systematic investigation, we noted that the methylome modifications, pertaining 

to the stress response, were not restricted to the promoters. Apart from this, the relationship 

between the methylome and gene expression was more complicated as also suggested in 

other recent findings449. For instance, 3’ UTR methylation has been shown to increase 

expression instead of suppression of expression, that is usually associated with promoter 

methylation467,468. Additionally, DNA methylation modifications at the intronic sites could 

create permissive environments for alternative splicing mechanisms469,470, which are known 

to be relevant in altered physiological states (see reviews by 471,472). Intriguingly, DNA 

methylation could occur before or as a result of the transcriptional changes426 and thus the 

overlap between the two could be low, as also observed in our findings.  Apart from this, 

methylome showed higher alterations in the transcription-related activities compared to the 

transcriptome, where the synaptic activities were dominant. This shows a clear phase lag 
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between the activation of different omics levels. Indeed, since the cellular machineries after 

the stress insults are at a dynamic phase to reestablish homeostasis, it is possible that 

following the stress defeats, remodelling of the synaptic genes represents the acute demand 

on the cellular machinery followed by long term modifications in the transcription-related 

genes. Though it is still not clear how a cell directs methylation and demethylation at specific 

sites or over a region, it is generally accepted that DNA methylation forms an important 

mechanism of biological embedding of experience and can prime the epigenome to modulate 

future transcriptional states209,428  

5.1.1. Epigenome priming  

Indeed, the high overlap of our differential methylated regions with regulatory regions of the 

genome, indicate a huge potential for the existence of a primed epigenome, thereby, setting 

a different ‘genomic action potential’ in the diverse phenotypic outcomes473. A primed 

epigenome could facilitate a faster or more robust transcription of certain genes by providing 

substrates for further epigenetic marks or TF binding213,474. Whether all the alterations in the 

differential methylation have a functional output is an ongoing debate. However, it is 

assumed that the changes accumulated over time will result in a different functional 

response475, even if no corresponding mRNA changes are observed at that time. We believe 

that the sequencing insights from our study will prove to be extremely relevant for the 

researchers in the field of stress research. 

5.2. Multiomics and network approach  

The existence of phase lags between the different omics levels made it challenging to identify 

genes that have been altered or will be altered at the different omics levels, following stress 

exposure. However, it is intriguing that our multiomics data revealed a common modulation 

of the synaptic processes across all omics levels. Indeed, since synapses play an important 

role in modulating brain and behavior functions, stress-induced alterations in synaptic 

processes are expected. Interestingly, from amongst the multiple signaling systems involved 

in synaptic functions, we noted an overrepresentation of GTPase signaling. GTPase signaling 

involves the family of G proteins including GTPases, its family of regulators (GAPs, GEFs 

and GDIs), downstream effectors and upstream modulators. Notably, the GTPase system 

exercises a substantial influence over collapse or expansion of the actin networks476, thereby 

influencing the synaptic structure, i.e., increase or decrease in synaptic density or dendrites 

and spines. Interestingly, aberrant signaling of the GTPase family is responsible for diverse 

neuropsychiatric disorders477–479. For example, G proteins and their regulators480 play critical 
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roles in regulation of depression mechanisms, through G-protein coupled receptors (GPCRs) 

including beta-adrenergic receptors, metabotropic glutamatergic receptors, 5-HT receptors, 

GABA-B receptors, D1/2/3/4 receptors.  

From the previous paragraph, one might infer that there is abundant literature, indicating 

aberrations in the GTPase pathway following stress exposure. Thus, one might question the 

novelty of the finding on GTPases in our interpretation of the multiomics data. At this point, 

we would like to draw the attention of the readers to our crucial employment of the 

phenotype-specific engram nuclei. The results from the disease-relevant cellular networks 

increase the confidence of the claims from the bulk studies. Moreover, our in-depth analysis 

identified for the first time the existence of an opposite pattern of alteration in one facet of 

the GTPase signaling, namely the GTPase family regulators (GEFs), between the resilient 

and susceptible phenotypes across all omics levels. Noteworthy is that GEFs’ roles have been 

implicated in amyotrophic lateral sclerosis and other neurodegenerative diseases481, however 

it has not been properly investigated in relation to stress studies. Though, Bondar and 

colleagues482 slightly indicated the involvement of GEFs in their CSD study as two RhoGEFs 

were downregulated in the stressed population, they did not specify a pattern between 

resilience and susceptibility. Apart from this, they used only one omics level 

(transcriptomics). Thus, our finding that the resilient compared to the susceptible group 

exhibited a higher fraction of intronic hypermethylation at RhoGEF genes, accompanied by 

an upregulation in the transcriptome and downregulation of the miRs (targeting RhoGEF 

genes) is a unique discovery pertaining to this study. Though we focussed only on the 

RhoGEFs due to the higher relevance of the Rho family in synaptic functions, we argue that 

a similar skewed alteration would be prevalent in the GEFs of the other Ras GTPase 

superfamily. Cumulatively, the novelty of our findings pertains not only to the 

determination of GTPase signaling defects at multiple omics levels using specific 

engram nuclei but also to the reporting, for the first time, of the stark divergence in the 

GEF family of regulators between resilient- and susceptible- phenotypes. 

Additionally, the access to the less prevalent methylome data revealed plausible mechanisms 

of sustaining stress effects through the ETS family of TFs that are nuclear targets of 

GTPases377,483. Apart from the link to the epigenome via the ETS family, Sheu and 

colleagues484 showed that serotonin receptor-triggered activation of Trio (RhoGEF)- RhoA 

pathway in the axon-cilium synapse can modulate histone acetylation and chromatin 
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accessibility of the epigenome. This adds to our hypothesis of the relevance of synaptic-

nuclei GTPase signaling in priming the epigenome.  

On the other hand, our study design provided the opportunity of employing an integrative 

networks approach. The use of a networks approach in investigating the molecular signature 

of diseased states as compared to normal healthy states382,485, has garnered a huge interest. 

This is because genes function in a network and thus, network analyses allow for the 

determination of critical genes (hubs), that interact with multiple other molecules (genes in 

the RNA/protein form) within the network486. Modifying these hubs, such as by altering their 

expression levels or pharmacological interventions can introduce a significant effect on 

multiple other molecules, based on the central lethality rule383. Consequently, this can lead 

to the modification of the diseased state. Therefore, a network approach is of crucial 

relevance in identifying disease trajectories and molecular convergence236 as they can 

provide more mechanistic insights into determining causal factors, important for therapeutic 

interventions. Indeed, in our study, the employment of such a multiomics networks approach 

paved the way for the identification of a novel potential therapeutic target, the Arf6 GTPase, 

that functionally interacts with hub genes, is regulated by the GEFs, and regulates 

endocytosis. Of note, this identification would not have been possible with a traditional 

approach of using only one omics level.  

From our findings, I posit that the altered GTPase functionalities could be largely 

involved in a volatile period of cellular machinery reorganization, following stress 

exposure as they were not overrepresented in terminal neurological disorders424.  With 

repeated rounds of signal encoding and decoding via the synaptic-nuclei coupling, minimal 

differences in molecular synaptic compositions, for example, differences in endocytosis, 

could, eventually, lead to highly divergent epigenome landscapes, thereby altering 

behavior401. This highlights a mechanism for development of PTSD in some individuals. 

Indeed, ETS (Elk)/SRF signaling pathway, that acts as the downstream nuclear effector of 

GTPase signaling, was affected in the PTSD patients198. This enhances the suitability of the 

GTPases to be a potent therapeutic target to hijack disease trajectories during the tumultuous 

phase following stress exposure. Hypothetically, the time period of our sample collection 

point can indeed be a critical window period for altering the flow of information in the 

synaptic-nuclei coupling, via Arf6 GTPase as therapeutic target, for effective rescue of the 

path to inefficient homeostatic levels.   
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6. Significance of tissue-specific stress response for drug applications. 

Distinct regions of the brain consist of diverse cell types, each possessing unique molecular 

machineries487, contributing to specific functional attributes of each region. Therefore, it is 

reasonable to anticipate distinct tissue responses in regulating stress susceptibility or 

resilience. Indeed, our observations in Chapter 6, align with the existing literature, where 

divergent tissue-specific molecular response to stress have been highlighted183,442,488. For 

example, within the same hippocampal tissue, the dorsal and ventral regions show 

characteristic difference in expression patterns in response to stress488.  Thus, such tissue-

level variations should be considered carefully, where cross-research results are compared.  

On the other hand, the differences in regional level reactivity to stress suggest caution on the 

indiscriminate administration of drugs for global inhibition or enhancement of the activity 

of certain genes or processes, identified to be dysregulated only in a certain brain region. 

One way to reduce such a global effect is by using nanodrugs453,489 that can be delivered to 

specific targets. Other strategies for regional manipulation include drug injections locally490 

or the use of optogenetics491 or designer receptors activated only by designer drugs 

(DREADDs)492,493. This is also true for our case of Arf6 as the drug target. We posit that 

local drug/viral manipulations for the vHipp, within a specific temporal window, could 

provide better results than global targeting. 
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7. Concluding remarks 

7.1. Major findings of the thesis and their implications in stress research 

During the interim of the thesis, we have highlighted the importance of investigating 

mechanisms behind resilience and susceptibility. Indeed, studies using bulk tissues have 

provided undeniable insights into certain mechanisms, underlying the development of stress 

disorders. However, bulk tissues often possess multiple cell types with their own distinct 

molecular signatures, often masking signals from engram population.  Subsequently, this 

reduces the confidence with which a pathway can be claimed to be pathogenic using bulk 

studies, as different cell types bear different biological cascades. As such, studies using only 

target cell populations, for a particular study design, have increased494–496. On the other hand, 

the contemporary use of a single omics level provides only a snapshot of the molecular 

environment, following stress exposure. However, from a snapshot, it is often difficult to 

dissect the disease trajectory, i.e., distinguishing the causative factors from the reactive 

factors. In fact, with one set of omics data, more often than not, we fail to identify the 

causative factors, which are more valuable for therapeutic purposes. Thus, with an attempt 

to bridge the research gaps created by the use of bulk tissues and single omics, appropriate 

study designs employing engram nuclei and multiomics were introduced. The resulting 

outcomes have led to the advancement in multiple facets of technique employment and 

mechanism mining. A summary is listed below. The work on the thesis -  

1. Determined for the first time the usability of the TAM-inducible Arc-GFP mouse line 

for chronic social defeat (CSD) paradigm. This would bear positive consequences on 

researchers, who aim at employing engram studies in stress-research. 

2. Contributed to the increasing findings on the off-target effects of TAM administered 

to facilitate Cre recombination, i.e., impacts on SI and other behavioral tests. 

3. Presented optimal engram nuclei extraction protocols suitable for microvolumes of 

tissues. 

4. Delivered strategies to process the less accessible RRBS-seq and miR-seq for low-

input nuclei.  

5. Employed a cutting-edge multiomics network approach to generate a higher 

resolution picture of the changing cellular environment following stress exposure. 

This led to the identification of the skewed GTPase signaling dynamics in the 

divergent phenotypes, for the first time. The study also suggested a plausible 

mechanism for biological embedding of experience via the GTPase-ETS nuclear 
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targets, thereby reshaping the genomic action potential of the epigenome for future 

environmental demands.   

6. Contributed to additional data supporting the growing literature on the non-traditional 

relationship between methylome and transcriptome, along with a phase lag between 

the epigenomic and transcriptomic waves. In the scenario of resilience-susceptibility 

research, it is indeed the first report to identify a reversal of phenotype-specificity for 

certain BPs (biological processes), when transitioning to a different omics level, at a 

particular time point. I posit that this could plausibly be due to the phase lags between 

the distinct omics layers. More explicitly, the observations suggest the existence of a 

continuously changing cellular environment following stress exposure with time or 

phase lags between the different omics levels. I hypothesize that this tumultuous 

phase can be meticulously exploited as critical window periods for drug targeting to 

effectively alter disease trajectories, for example, targeting Arf6 mRNA. 

7. Facilitated the contribution of high-resolution data identifying distinct tissue stress 

responses for susceptibility and resilience in the vHipp-PFC methylome for the first 

time.  

8. Contributed a repository of small RNA data that highlighted for the first time the 

involvement of piRs and other nuclear RNAs in the susceptibility-resilience 

divergence. 

Thus, in conclusion, the thesis has contributed major findings that can form the cornerstone 

to further advance scientific work in the field of multiomics-engram studies. Multiomics 

combined with engram nuclei, allowed for a better view of the morphing cellular 

environment as well as tracing of important gene family members critical for the 

manifestation of a certain phenotype, following stress exposure. For example, 

overrepresentation of GTPase and actin-related genes, transcending different omics levels, 

increases the significance of the associated synaptic and chromatin remodelling, following 

stress exposure497. In addition to this, the integrated approach allowed for the proposition of 

a mechanism that partially explains the maintenance of long-term effects of stress by GTPase 

signaling through its control of nuclear targets as well as endocytosis. Additionally, I 

highlight the plausible exploitation of the phase lag between the epigenome and 

transcriptome waves as window periods for localised drug delivery, to rescue disease 

trajectories. Last but not the least, the identification of alterations in multiple small RNAs, 

apart from miRs, signify their crucial role in the phenotype divergence following stress, for 
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the first time. I advocate that the access to the small RNAs, as a result of this thesis, should 

be fully exploited to understand more intricate crosstalks between the different layers.  For 

example, piRNAs, that form the topmost altered small RNAs, are important for regulating 

neuronal functions, including synaptic plasticity, learning and memory and local translation 

at the dendritic regions in the brain436–438. Meanwhile, piRNAs can also drive DNA 

methylation, at the germ cells498,499. As such, one can hypothesize that the alterations in piRs 

observed in our data in the brain could also be reflected in the germ cells. Therefore, an in-

depth analysis of crosstalks with small RNAs within a tissue region as well as cross-tissue 

regions would deliver more mechanistic and holistic insights in stress research as small 

RNAs are also the machineries for transgenerational inheritance of stress effects500,501. 
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V. Considerations and drawbacks  

1. Limitations in the epigenetics study 

Though the work on this thesis have contributed to the existing stress research and increased 

the existing knowledge substantially, I acknowledge the existence of certain open-ended 

questions and drawbacks. While I report that multiple sites for transcription and synaptic 

genes are differentially methylated in the resilient and susceptible phenotypes, I do not claim 

that all the modifications attribute to functional relevance at the timepoint of the experiment. 

The functionality of all DNA methylation modifications is still a debatable question, but it 

may prime the cell or gene to respond in an altered pathway to future cues 29,205,426,475. Due 

to the limited time for a thesis, the postulation that the methylome alterations will manifest 

as gene expression alterations at a future timepoint could not be validated. The interpretations 

were largely drawn from the available scientific literature. Indeed, a longitudinal study, as 

conducted by Marco and colleagues213 would provide a stronger claim to the existence of 

priming.  

On the other hand, it is unclear whether the divergent molecular outcomes from the stressed 

phenotypes were a result of a pre-existing epigenetic difference revealed by the stress 

exposure, or whether the divergence is a direct consequence of the stress exposure, that by a 

chance of repository proteins present in the synapse at the time of the insult, snowballed into 

such divergence. Apart from this, since we focussed mostly on the genic differential 

methylation in this study, it is highly likely that an exhaustive analysis inclusive of the 

intergenic methylation in a 3D genomic context and chromatin accessibility as well as 

histone methylation/acetylation dynamics could further increase the resolution and 

interpretation of the findings. Moreover, our study is limited in that we cannot distinguish 

between methylation and hydroxymethylation502, a byproduct of iterative oxidation catalysis 

by TET enzymes, which possess distinct physiological roles as well as relationships with the 

transcriptome. For example, hydroxymethylation at the promoter regions is known to 

promote gene expression as opposed to the more accepted function of gene repression by 

promoter methylation (see review by 503). Perhaps differentiating the hydroxymethylation 

from methylation and inclusion of chromatin accessibility assays in future studies, could add 

a possible piece to the jigsaw puzzle of the observed non-coordination between methylation 

and gene expression in the few genes that overlapped in our data. Last but not the least, 

bisulfite treatment of DNA for RRBS-seq is a harsh technique and leads to loss of some 

DNA. Therefore, for rare samples, more recent techniques504 that use a reportedly less harsh 
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technique should be explored. Regarding the queer trend of only upregulation in Res_c and 

downregulation in Sus_c in the miRs, we could not perform follow-up studies to ascertain if 

it was because of technical deficits or a previously unknown biological phenomenon that we 

detected by chance in our study. Therefore, replicative studies should be conducted in the 

future to investigate the origin of the observation.  

2. Plausible limitations for cross-data comparisons 

2.1. Use of Arc promoter and TAM-inducible mouse lines 

The thesis has undoubtedly introduced proper controls for several loopholes that are usually 

prevalent in complex study designs, and hence advanced the understanding of the 

mechanisms behind susceptibility and resilience. However, it is possible that the findings are 

biased towards cells that express Arc. Indeed, there might be other neurons and other cell 

types, which express alternative IEGs, upon receipt of a stimulus. Consequently, they have 

been left out from the engram trace. Therefore, performing similar experiments using TG 

lines with other IEG promoters might give a more complete picture of all evoked engrams, 

which was not possible within the scope of a PhD thesis.  

On the other hand, while we ascertained that the HPA stress response of TAM-injected mice 

remained similar to that of the non-injected or oil-injected mice and inferred no discernible 

influence of a one-time TAM injection on DNA methylation462, we did not include 

experiments with oil-injected groups in the molecular studies, for a proper validation. 

Although the focus of the thesis was on comparing the TAM-injected stressed populations 

with the non-stressed controls, the inclusion of comparisons for oil-injected groups would, 

invariably, enhance the claims from the molecular results, as derived solely from the 

introduction of the stress procedure. Therefore, for future studies, this control should be 

introduced not only at the behavior level but also at the molecular level for a more substantial 

validation. 

2.2. Use of CSD models  

Though multiple studies using the CSD paradigm, have contributed immensely to the field 

of stress research, cross-comparisons between studies are often complicated by the 

employment of varied stressor intensities and duration. For example, in a study by Bondar 

and colleagues482, they showed that gene expression patterns after 10 days of CSD exposure 

were very different from that obtained after 30 days of CSD exposure.  On the other hand, a 

recent study using both the dorsal and ventral hippocampus identified different patterns of 
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gene expression following the application of different types of acute stressors488. Thus, such 

non-generalisability of results complicates the search for optimal targets. Apart from the 

variant protocols, CSD studies are largely conducted in male mice and studies on female 

mice are hugely underrepresented. Females and males have been shown to possess different 

stress response patterns47,197. In this aspect, our study also recognizes the caveat of non-

inclusion of female mice. Indeed, a branch study using the female Arc-GFP mice had been 

conducted by 423 using chronic social instability models. However, it only dealt with the 

neurogenesis pathway, and hence the spectrum of multiomics approach is not available. 

Apart from this, the results using chronic instability models could be very different from the 

CSD models. Therefore, it would be interesting to validate our findings in females using a 

stable form of social defeat505 applicable to females.  
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VI. Perspectives and future scope 

Although the existence of differential methylation states in the resilience and susceptible 

phenotypes is clear, it is unknown whether these were pre-existing primed epigenetic states 

leading to the development of the resilience and susceptibility behavioral states during the 

social defeat or an effect of the environmental insult. However, the vast number of 

modulations in the GTPase and actin related genes in the multiomics data indicate major 

synaptic and chromatin remodelling, consistent with the literature on effects of stress497. 

Indeed, with the decrease in cost for omics sequencing, multiomics approaches will be a 

norm in the future. Such an increase can be exploited with more robust bioinformatic tools 

incorporating the concept of the 3D genome, to enhance the in-depth study of the 

complicated interactions between different epigenetic levels. On the other hand, as the 

crosstalks between the non-coding RNAs as well as epigenetic marks are less known, we 

believe that an in-depth analysis of crosstalks with small RNAs would deliver more 

mechanistic and holistic insights in stress research as small RNAs are also the machineries 

for transgenerational inheritance of stress effects. More importantly, the use of new 

approaches demands a serious ‘conceptual shift’ in the research community199, to allow for 

incorporation of novel ideas. With meticulous integration of such approaches, a new era in 

therapeutic discoveries could emerge. Indeed, with the limited tools, the phase lag between 

transcriptome and epigenome is already visible. This phase lag is an interesting avenue for 

mRNA related therapies506,507 to be exploited, before the transient alterations are stabilized 

in the epigenome code for achieving a new homeostatic equilibrium. The identification of 

Arf6 as a plausible therapeutic was indeed boosted by the knowledge of the phase lag 

between the transcriptome and the epigenome. I believe that the phase lags accompanied by 

the continually changing molecular environments, following stress exposure, suggest the 

existence of distinct window periods for different drug targets. In fact, one can speculate that 

one of the reasons for the non-translatability of therapeutic targets (from animal studies to 

humans) could be due to the non-consideration of critical window periods for a particular 

drug target. Apart from this, because of tissue differences in stress response, the 

generalization of a therapeutic determined in a study using a specific brain region and the 

global application of the therapeutic can be a stumbling block in application of effective 

drugs, even within the critical window period. Thus, I advocate that adoption of new 

techniques for targeted drug delivery within critical window periods would be crucial in 

rescuing disease trajectories, effectively (see Figure 28a). In this regard, the developing field 
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of nanomedicine with spatiotemporal control of drug release 452,453,489 could immensely boost 

the benefits of the therapeutic interventions. Indeed, such approaches to improve resilience 

could rescue the declining global mental health, which is, unfortunately, increasing following 

COVID-199,11. On another note, as TAM used for treating cancer improves stress effects, 

Arf6 GTPase, which is also a new therapeutic target in cancer studies, carries a huge potential 

in rescuing susceptible phenotypes. However, while searching for drugs to modulate 

epigenetic mechanisms, one should not forget to consider the genetic predisposition of an 

individual508. In this regard, personalized medicine with distinct drug targets, derived from 

instant multiomics results, for different individuals at different phases post-stress exposure, 

would prove to be a formidable therapeutic intervention strategy in the future236 (see Figure 

28b). 

 

Figure 28: Proposed model for phenotype rescue. 

a. Targeting the upregulated mRNA (Arf6) spatiotemporally within a window period to rescue susceptible phenotypes. b. Hypothetical 

futuristic scenario, depicting the increase in diagnostics capacity via multiomics integration. The incoming AI technology and better 

bioinformatic tools could facilitate a quick determination of the most plausible therapeutic targets to initiate a personalized therapy protocol.
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VII. Supplementary 

1. Supplementary Figures 

 

Supplementary Figure 1: Flow cytometry of nuclei collected from mice with different time points of 

TAM injection before stimulus presentation. 

a. Detected GFP% (red box) following TAM injection 5 hours before stimuli presentation b. detected GFP% (red box) following TAM 

injection 24 hours before stimuli presentation. (NB: Flow cytometry was performed by the IMB core facility.) 
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Supplementary Figure 2: Preliminary results to identify the usability of the TAM-inducible Arc-GFP 

mouse line. 

a. GFP expression in single-housed and group-housed mice. b. No differences in the stress-control relationship with different tracking 

points and interaction zone radii in the SI test (red - stressed group, blue – control group). Error bars represent ± S.E.M. c. Observation of 

stark differences in the behavior of the susceptible mice using a different parameter (right panel) compared to that of SI (left panel) (NB: 

Figure c created by Nicolas Ruffini). d. Physiological assessments of the HPA axis components. Abbreviations: T - tamoxifen-injected, 

N – non-injected, O – oil-injected 
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Supplementary Figure 3: Bioanalyzer patterns of RRBS libraries and small-RNA libraries from mouse 

samples. 

a. Bioanalyzer patterns along with the gel image (right) of the fragmented DNA generated from the RRBS library preparation (Diagenode) 

using DNA from mouse brain nuclei samples. b. Heatmap shows a higher semblance of methylation patterns between RRBS libraries 

prepared from the starting amounts of 50 ng and 100 ng brain nuclei, compared to that generated from skin fibroblasts -100 ng (DNA from 

different tissue type compared to varying amounts of DNA from brain nuclei). c. Bioanalyzer pattern of the small RNA library prepared 

from total RNA extracted from mouse brain nuclei samples (NB: Heatmap for Figure b was generated by Dewi Hartwich.). 

 



Supplementary 

152 
 

 

Supplementary Figure 4: Results from the behavior experiments of Arc-GFP and WT-GFP mice. 

a. Equivalent distribution of Arc-GFP mice to control and stressed group using OF/E test (left). Significant weight gain (p<0.05) in the 

stressed group on Day 19 of the experiments (right). b. Results from the OF/E, SI/CO, SI/CD1 and weight measurements from the WT-

GFP, showing behavioral trends of stress-control comparisons. The trends are similar to that of the Arc-GFP mice. 
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Supplementary Figure 5: Base resolution methylation landscape of differentially methylated cytosines 

from RRBS-seq. 

a. Global methylation percentage of control, resilient and susceptible populations (n = 3, 3 and 4, respectively). b. Heatmap depicting 

methylation percentage of all differentially methylated cytosines (dmCs) detected in all three phenotypes, segregated into intergenic regions 

and genic regions (further classified by their known functions as transcription factors, synaptic genes and other genes).  Cytosines with 

similar methylation levels were grouped together using hierarchical clustering. c. Log odds ratio depicting enrichment of the dmCs in CpG 

shelves, introns and 3’UTRs. Black frames around the bars indicate statistically significant log odds ratios (p<0.05). d. Venn diagrams 

depicting the number of genes (dmGs) that contain hypomethylated or hypermethylated cytosines (CpGs) in the respective comparisons 

of resilient to control (Res_c), susceptible to control (Sus_c) and susceptible to resilient (Sus_r) e. Pie chart showing the fraction of genes 

classified by the criterion of harbouring only 1 dmC, 2 dmCs or more f. Venn diagram showing the genes specific to Res_c (green) or 

Sus_c (red) in the direct comparison of the two stressed phenotypes g. Manhattan plot of the dmCs along their chromosomal positions. Q 

values indicate significance of the difference in methylation, with the sign corresponding to the direction of change (gain or loss of 

methylation). (NB: Figure b-g were plotted by Hristo Todorov) 
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Supplementary Figure 6: Functional assignment of the genes harbouring differentially methylated 

cytosines (dmGs). 

a. Venn diagram of the collective stress response dmGs (combined from all pairwise comparisons) and the top 10 GO terms for dmGs. b. 

Volcano plots of the dmGs depicting the distribution of TFs (orange) and synaptic genes (blue) in the population of dmGs for Res_c, Sus_c 

and Sus_r. (NB: Figure plots by Dewi Hartwich and Hristo Todorov). 
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Supplementary Figure 7: Regional methylation landscape of differentially methylated regions and 

biological processes following stress exposure. 

a. Heatmap of absolute methylation percentage of differentially methylated regions detected in all three phenotypes segregated into 

intergenic regions and genic regions. b. Most intronic DMRs are located in the 1st introns. c. Manhattan plots of the DMRs over the 

chromosomes. q values indicate significance of the difference in methylation, with the sign corresponding to the direction of change (gain 
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or loss of methylation). d. Venn diagram depicting the number of genes overlapping between the different phenotypic comparisons of 

Res_c, Sus_c and Sus_r, with most genes belonging to protein coding genes. Pie charts identify the fraction of DMGs harbouring 1 or more 

DMRs in the respective comparisons of Res_c (green), Sus_c (red) and Sus_r (purple) e. Volcano plots of the DMRs showing the 

distribution of synaptic genes (blue) and transcription factors (orange) f. Venn diagram showing the overlap between the dmGs and DMGs. 

g. GO BPs specifically enriched in the particular phenotypic comparisons (q<0.05). (NB: Figures c and e, heatmap of Figure a and Venn 

diagram and Number of DMRs pie charts of Figure e were plotted by Dewi Hartwich and Hristo Todorov) 

 

 

 

Supplementary Figure 8: Multiomics analyses. 

a. Absolute methylation levels and read counts of selected genes common to both DMGs and DEGs. b. Top represented Pfam and SMART 

protein domains in the network of methylome (DMGs) and transcriptome (DEGs), combined from all phenotypic comparisons. Graphs 

were plotted in GraphPad Prism and sizes were adjusted in Inkscape. c. Top 10 hub genes of Sus_r DMGs. Top 10 hub genes of Sus_r 

DEGs. Colour code from red to yellow denotes ranks of the hubs in ascending order, where connectivity decreases as rank increases. d. 

Top 10 hub genes of RES_C, SUS_C and SUS_R of the DMGs and DEGs combined as per their specific comparison groups. Though Src 

(denoted by blue star) appears in both RES_C and SUS_C, the connectivities are different in the two phenotypic comparisons. e. GO terms 

of BPs specific to either Res_c or Sus_c at a particular omics level. Black star indicates peculiar examples of BP reversing phenotype-

specificity when transitioning to a different omics level (DMGs and DEGs), while cyan star indicates a particular example of a BP where 

phenotype-specificity is retained in both omics levels. 
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2. Supplementary Tables 

Supplementary Table 1: List of selected GO BPs significantly enriched in multiomics SUS_C but not in 

multiomics RES_C (STRING). 

 

Wnt signaling pathway 

Vesicle-mediated transport in synapse 

Vesicle localization 

Synaptic vesicle recycling 

Synaptic vesicle cycle 

Supramolecular fiber organization 

Regulation of Wnt signaling pathway 

Regulation of vesicle-mediated transport 

Regulation of transferase activity 

Regulation of synaptic vesicle exocytosis 

Regulation of synapse assembly 

Regulation of supramolecular fiber organization 

Regulation of stress fiber assembly 

Regulation of presynapse organization 

Regulation of presynapse assembly 

Regulation of potassium ion transport 

Regulation of postsynaptic neurotransmitter receptor 

activity 

Regulation of microtubule-based process 

Regulation of microtubule cytoskeleton organization 

Regulation of GTPase activity 

Regulation of exocytosis 

Regulation of endocytosis 

Regulation of amyloid precursor protein catabolic 

process 

Regulation of actomyosin structure organization 

Regulation of actin polymerization or 

depolymerization 

Regulation of actin filament-based process 

Regulation of actin filament organization 

Regulation of actin cytoskeleton organization 

Regulated exocytosis 

Postsynaptic cytoskeleton organization 

Postsynaptic actin cytoskeleton organization 

Postsynapse organization 

Positive regulation of Wnt signaling pathway 

Positive regulation of small GTPase mediated signal 

transduction 

Phosphatidylinositol-mediated signaling 

Pattern specification process 

Oligodendrocyte differentiation 

Oligodendrocyte development 

Myelination 

Myelin assembly 

Microtubule-based process 

Inositol lipid-mediated signaling 

Gliogenesis 

Establishment of vesicle localization 

Enzyme-linked receptor protein signaling pathway 

Endocytosis 

Cytoskeleton-dependent intracellular transport 

Cytoskeleton organization 

Cell-cell junction organization 

Cell-cell junction assembly 

Calcium ion transport 

Calcium ion homeostasis 

Adult locomotory behavior 

Adult behavior 

Adherens junction organization 

Activation of protein kinase activity 

Activation of GTPase activity 

Actin nucleation 

Actin filament organization 
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Supplementary Table 2: List of GO BPs significantly enriched in multiomics RES_C but not in 

multiomics SUS_C (STRING). 

Synaptic transmission, glutamatergic 

Rho protein signal transduction 

Regulation of smooth muscle cell migration 

Regulation of modification of synaptic structure 

Regulation of modification of postsynaptic structure 

Protein localization to extracellular region 

Nephron tubule morphogenesis 

Nephron morphogenesis 

mRNA processing 

Chordate embryonic development 

Adenylate cyclase-activating G protein-coupled receptor signaling pathway 

 

Supplementary Table 3:  Local network clusters of multiomics SUS_C from STRING. 

#term ID term description observed 

gene 

count 

background 

gene count 

strength false 

discovery 

rate 

CL:8197 Mixed, incl. Intrinsic component of synaptic 

membrane, and Neurexins and neuroligins 

49 188 0.52 8.17E-08 

CL:6604 Axon guidance, and Catenin complex 42 150 0.56 1.75E-07 

CL:8665 Mixed, incl. Oligodendrocyte development, and 

Negative regulation of neuron projection 

regeneration 

18 33 0.85 1.19E-05 

CL:8200 Mixed, incl. Ionotropic glutamate receptor complex, 

and GABA-A receptor complex 

29 105 0.55 9.46E-05 

CL:8201 Ionotropic glutamate receptor complex, and GABA-

A receptor complex 

25 80 0.6 9.46E-05 

CL:8199 Mixed, incl. Ionotropic glutamate receptor complex, 

and Gamma-aminobutyric acid A receptor/Glycine 

receptor alpha 

30 115 0.53 0.00011 

CL:6605 Axon guidance, and SDK interactions 27 97 0.55 0.00013 

CL:8198 Mixed, incl. Ionotropic glutamate receptor complex, 

and Gamma-aminobutyric acid A receptor/Glycine 

receptor alpha 

32 132 0.49 0.00013 

CL:8667 Mixed, incl. Structural constituent of myelin sheath, 

and DNA-binding protein inhibitor 

12 20 0.89 0.00061 

CL:6606 Axon guidance, and Chimaerin, RhoGAP domain 24 91 0.53 0.00097 
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CL:5993 RHO GTPase cycle, and Actin nucleation 33 167 0.4 0.0031 

CL:8202 Ionotropic glutamate receptor complex, and 

Neurexins and neuroligins 

18 59 0.59 0.0031 

CL:8461 Mixed, incl. Synaptic membrane adhesion, and Cell-

cell adhesion mediator activity 

17 56 0.59 0.005 

CL:29993 Mostly uncharacterized, incl. Domain of unknown 

function DUF4939, and Paraneoplastic antigen Ma 

23 111 0.43 0.0288 

CL:6798 Mixed, incl. Catenin complex, and Nephrin family 

interactions 

15 53 0.56 0.0288 

CL:5994 Mixed, incl. RHO GTPases Activate WASPs and 

WAVEs, and RHOB GTPase cycle 

26 136 0.39 0.0307 

CL:6774 Mixed, incl. Chimaerin, RhoGAP domain, and 

TIAM1, CC-Ex domain 

6 7 1.04 0.0447 

 

Supplementary Table 4: Local network cluster of multiomics RES_C from STRING. 

#term ID term description observed 

gene 

count 

background 

gene count 

strength false 

discovery 

rate 

CL:38951 Cadherin C-terminal cytoplasmic tail, catenin-

binding region 

9 10 1.35 5.69E-05 

CL:38948 Cadherin C-terminal cytoplasmic tail, catenin-

binding region, and Tropomyosin 

10 19 1.12 0.00017 

CL:8197 Mixed, incl. Intrinsic component of synaptic 

membrane, and Neurexins and neuroligins 

26 188 0.54 0.00038 

CL:6604 Axon guidance, and Catenin complex 22 150 0.56 0.001 

CL:16175 RNA recognition motif domain, and CRD-mediated 

mRNA stability complex 

12 58 0.71 0.0109 

CL:8201 Ionotropic glutamate receptor complex, and 

GABA-A receptor complex 

14 80 0.64 0.0109 

CL:38953 Cadherin C-terminal cytoplasmic tail, catenin-

binding region 

5 5 1.4 0.011 

CL:16171 RNA recognition motif domain, and U2-type post-

mRNA release spliceosomal complex 

13 79 0.61 0.0272 

CL:16178 Mixed, incl. Negative regulation of mRNA 

splicing, via spliceosome, and Zinc finger, CHHC-

type 

9 38 0.77 0.0318 

CL:8202 Ionotropic glutamate receptor complex, and 

Neurexins and neuroligins 

11 59 0.67 0.0318 
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Supplementary Table 5: List of selected significantly enriched BPs from Enrichr. 

In multiomics RES_C but not in multiomics SUS_C             In multiomics SUS_C but not in multiomics RES_C 

Vasculogenesis 

Substrate adhesion-dependent cell spreading 

Regulation of vesicle-mediated transport 

Regulation of protein-containing complex assembly 

Regulation of protein metabolic process 

Regulation of peptidyl-tyrosine phosphorylation 

Regulation of ERK1 and ERK2 cascade 

Regulation of actin filament-based process 

Regulation of actin filament organization 

Positive regulation of organelle assembly 

Positive regulation of neurogenesis 

Positive regulation of MAPK cascade 

Positive regulation of kinase activity 

Positive regulation of hydrolase activity 

Positive regulation of ERK1 and ERK2 cascade 

Positive regulation of epithelial cell migration 

Positive regulation of endopeptidase activity 

Peptidyl-tyrosine phosphorylation 

Peptidyl-serine phosphorylation 

Homeostatic process 

Endothelium development 

Endothelial cell migration 

Cell-matrix adhesion 

Calcium-mediated signaling 

Axon guidance 

Adult walking behavior 

Actin filament-based process 

Regulation of synapse structure or activity 

Regulation of synapse organization 

Regulation of small GTPase mediated signal 

transduction 

Regulation of signaling 

Regulation of RNA metabolic process 

Regulation of Rho protein signal transduction 

Regulation of Ras protein signal transduction 

Regulation of postsynaptic membrane potential 

Regulation of postsynapse organization 

Regulation of neuron projection development 

Regulation of neuron differentiation 

Regulation of neurogenesis 

Regulation of modification of postsynaptic actin 

cytoskeleton 

Regulation of intracellular signal transduction 

Ras protein signal transduction 

Protein localization to extracellular region 

Positive regulation of neuron projection 

development 

Positive regulation of excitatory postsynaptic 

potential 

Neuron projection development 

mRNA processing 

Ionotropic glutamate receptor signaling pathway 

Homophilic cell adhesion via plasma membrane 

adhesion molecules 

Head development 

Exocytosis 

Cell-cell signaling 

Cell-cell adhesion via plasma-membrane adhesion 

molecules 

Cell-cell adhesion 

Cell morphogenesis involved in neuron 

differentiation 

cAMP-mediated signaling 
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Adenylate cyclase-modulating G protein-coupled 

receptor signaling pathway 

 

Supplementary Table 6: List of selected significantly enriched BPs in SUS_R (Enrichr). 

Vesicle-mediated transport in synapse 

Synaptic vesicle cycle 

Synapse organization 

Synapse assembly 

Supramolecular fiber organization 

Small GTPase mediated signal transduction 

Regulation of vesicle-mediated transport 

Regulation of synaptic vesicle exocytosis 

Regulation of synaptic vesicle cycle 

Regulation of synaptic plasticity 

Regulation of synapse structure or activity 

Regulation of synapse maturation 

Regulation of supramolecular fiber organization 

Regulation of stress fiber assembly 

Regulation of exocytosis 

Regulation of endocytosis 

Regulation of dendritic spine development 

Regulation of cytoskeleton organization 

Regulation of actin polymerization or 

depolymerization 

Regulation of actin filament-based process 

Regulation of actin cytoskeleton organization 

Regulated exocytosis 

Postsynaptic actin cytoskeleton organization 

Postsynapse organization 

Positive regulation of Wnt signaling pathway 

Positive regulation of stress fiber assembly 

Positive regulation of GTPase activity 

Positive regulation of gliogenesis 

Positive regulation of endocytosis 

Positive regulation of cytoskeleton organization 

Positive regulation of axonogenesis 

Positive regulation of actin filament polymerization 

Peptidyl-tyrosine phosphorylation 

Peptidyl-amino acid modification 

Oligodendrocyte differentiation 

Oligodendrocyte development 

Neurogenesis 

Negative regulation of ERK1 and ERK2 cascade 

Myelination 

miRNA mediated inhibition of translation 

Microtubule cytoskeleton organization 

Ionotropic glutamate receptor signaling pathway 

Homophilic cell adhesion via plasma membrane 

adhesion molecules 

Glutamate receptor signaling pathway 

Gliogenesis 

Generation of neurons 

Exocytosis 

Exocytic process 

Ephrin receptor signaling pathway 

Enzyme linked receptor protein signaling pathway 

Endocytosis 

Dendrite development 

Cytoskeleton organization 

Cell-cell adhesion via plasma-membrane adhesion 

molecules 

Cell-cell adhesion 

Cell adhesion 

Calcium-ion regulated exocytosis 

Axonogenesis 

Axon guidance 

Adenylate cyclase-inhibiting G protein-coupled 

glutamate receptor signaling pathway 

Actin filament-based process 

Actin filament organization 

Actin cytoskeleton organization 
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Supplementary Table 7: Synaptic gene network comparison with literature. 

 

 

 

TFR2 

TENT2 

TENM1 

TDRD1 

TANC2 

SLITRK3 

SLITRK2 

SLC6A5 

SLC1A6 

SHISA9 

RTN3 

RPS26 

RPS2 

RPLP1 

RPL36A 

ROR2 

ROGDI 

RAPH1 

RAB6B 

RAB5A 

PPFIA4 

PPFIA1 

PLS3 

PLPPR4 

PCDH15 

OPHN1 

NTNG2 

NECTIN3 

MAGI3 

LAMP1 

KPNA1 

KLHL17 

TRIO 

TIAM1 

RHOB 

RHOA 

RHEB 

RAP1B 

RALA 

RAC1 

RAB8B 

RAB8A 

RAB6B 

RAB5A 

RAB3C 

RAB3A 

RAB33B 

RAB2A 

RAB1B 

RAB11B 

RAB10 

PLEKHG5 

OPHN1 

KALRN 

ITSN1 

HRAS 

FARP1 

DOCK1 

ARL8B 

ARHGEF2 

ARHGEF15 

ARHGAP39 

ARHGAP22 

ARF6 

RAB6B 

RAB5A 

OPHN1 

ARHGEF15 

ARF6 

Rab6b, already in depression studies 

Rab5, not yet in stress research, though 

in AD 

Ophn1, in recent literature 

Arhgef15, not yet in stress research  

Arf6, in synaptic long-term depression 

research but not yet in stress-depression 

studies 

 

Synaptic genes, 

newly discovered 

as relevant to 

stress, in our data 

GTPases, Rho 

GAPS and GEFs, 

common with 

literature 

RhoGEFs/GAPs 

and GTPases, 

identified as novel 

in the comparison. 

Comments from add-on PubMed search 

for screening the ‘mention’ of the 

acclaimed novel RhoGEFs/GAPs and 

GTPases. 
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HNRNPK 

GPC4 

GLRA2 

GABRE 

FXYD6 

FRRS1L 

FRMPD4 

FILIP1 

FBXO2 

DLG3 

DGKI 

DCC 

CYTH2 

CHRNB3 

CDKL5 

CAMKV 

CACNA1B 

ARHGEF15 

ARF6 

APPL1 

ADGRB3 

ACTR2 

ABHD17C 

ARF1 
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NB: The gene lists in the above are not in their usual nomenclature as we used STRING protein-protein 

interaction platform to put them in the context of a network. 

 

Supplementary Table 8: GO CCs of tissue comparisons for susceptible phenotypes. 

 

Supplementary Table 9: Biotypes of the small RNAs involved in stress research. 

 
vHipp Res_c vHipp Sus_c vHipp Sus_r 

biotype upregulated downregulated upregulated downregulated upregulated downregulated 

miRNA         3   

misc_RNA 1     1   1 

mmu_piR 3 3   8 1 12 

mmu-let           10 

mmu-miR 23     19   137 

Mt_rRNA             

Mt_tRNA             

rRNA       2   3 

scaRNA   1       1 

scRNA             

snoRNA   2 2   40 1 

snRNA     1   11 4 

 

 

3. Supplementary Data 
 

Supplementary data for the dmCs (dmGs) and DMRs (DMGs) are available at the link  

Thesis supplementary data 

Index Name P-value 
 Adjusted 

p-value 

Odds 

Ratio 

Combined 

score 

1 Cytoskeleton (GO:0005856) 0.01195  0.9101 1.73 7.67 

2 
Actin-Based Cell Projection 

(GO:0098858) 
0.01289 

 
0.9101 3.3 14.35 

3 Adherens Junction (GO:0005912) 0.02289  0.9101 2.42 9.13 

4 Catenin Complex (GO:0016342) 0.02586  0.9101 5.12 18.73 

5 Clathrin Vesicle Coat (GO:0030125) 0.02991  0.9101 8.53 29.93 

6 Filopodium (GO:0030175) 0.04915  0.9101 3.05 9.2 

7 Clathrin Coat (GO:0030118) 0.05121  0.9101 6.09 18.1 

8 
Clathrin-Coated Vesicle Membrane 

(GO:0030665) 
0.0566 

 
0.9101 2.52 7.22 

9 
AMPA Glutamate Receptor Complex 

(GO:0032281) 
0.06978 

 
0.9101 5.01 13.35 

10 
Heterotrimeric G-protein Complex 

(GO:0005834) 
0.1046 

 
0.9101 3.87 8.75 

https://1drv.ms/f/s!Avo9oTTo4LX6sSzmbmDy4cFt3vcj?e=7dz88K
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IX. Appendices 

1. List of Abbreviations 

NB: As the multiomics sequencing generates a huge number of gene lists, genes that are mentioned only once 

and are not mentioned to be of specific relevance are not abbreviated. 

4 

4-hydroxytamoxifen 

4-OHT, 34 

A 

Activity-regulated cytoskeleton-associated gene 

Arc, 12 

ADP-ribosylation factor 6 

Arf6, 113 

adrenocorticotropic hormones 

ACTH, 4 

Alzheimer’s dementia 

AD, 3 

analysis of variance 

ANOVA, 51 

attention deficit hyperactivity disorder 

ADHD, 3 

B 

biological processes 

BP, 100 

brain derived neurotrophic factor 

BDNF, 19 

C 

cellular compartments 

CC, 100 

chronic social defeat 

CSD, 10 

corticosterone 

CORT, 4 

corticotrophin releasing hormone 

CRH, 4 

counts per million 

CPM, 96 

Cut-like homeobox2 

Cux2, 126 

D 

differentially expressed genes 

DEGs, 107 

differentially methylated cytosines 

dmCs, 99 

differentially methylated regions 

DMRs, 100 

dithiothreitol 

dTT, 63 

DMRs overlapping with regulatory regions 

rrDMRs, 104 

DNA methyl transferases 

DNMTs, 17 

E 

E26 Transformation Specific 

ETS, 104 

electrocardiography 

ECG, 14 

electroencephalography 

EEG, 14 

elevated plus maze 

EPM, 13 

enzyme-linked immunosorbent assay 

ELISA, 41 

ETS-like 1 

Elk1, 105 

ETS-like 4 

Elk4, 104 

extracellular matrix 

ECM, 101 

extracellular signal-regulated kinase 

ERK, 105 

F 

FKBP Prolyl Isomerase 5 

FKBP5, 18 

fluorescence activated nuclei sorting 

FANS, 43 

Forced swim 

FS, 13 

Fos proto-oncogene, AP-1 transcription factor subunit 

cFos, 12 

G 

Gene ontology 

GO, 100 

genes containing dmCs 

dmGs, 99 

genes containing the DMRs 
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DMGs, 100 

genes, containing DMRs overlapping with enhancer 

regions 

eDMGs, 104 

genetically modified 

GM, 12 

glucocorticoid receptors 

GRs, 18 

glucocorticoids 

GCs, 4 

GTPase activating proteins 

GAPs, 113 

guanine nucleotide exchange factors 

GEFs, 101 

H 

heterogenous nuclear ribonucleoprotein particles 

hnrnps, 108 

home cage 

HC, 44 

homogenization buffer 

HB, 62 

hypergeometric optimization of Motif EnRichment 

HOMER, 104 

hypothalamic-pituitary-adrenal axis 

HPA, 4 

I 

immediate early genes 

IEGs, 12 

insulin growth factor 2 

IGF2, 19 

Interleukin-6 

IL-6, 18 

Isolation of Nuclei Tagged in specific Cell Types 

INTACT, 79 

L 

light-dark preference 

LDP, 13 

M 

major depressive disorders 

MDD, 1 

MAM Domain Containing 

Glycosylphosphatidylinositol Anchor 1 

Mdga1, 126 

metabotropic glutamate receptors 

mGluR, 18 

methylated cytosines 

mCs, 19 

methyl-DNA immunoprecipitation sequencing 

MeDIP_seq, 17 

molecular functions 

MF, 100 

multiomics resilient compared to control 

RES_C, 109 

multiomics susceptible compared to control 

SUS_C, 109 

multiomics susceptible compared to resilient 

SUS_R, 109 

mutant 

M, 30 

N 

Next generation sequencing 

NGS, 94 

non-coding RNAs 

ncRNAs, 19 

non-injected 

N, 56 

nuclear receptor subfamily 3 group C member 1 

NR3C1, 19 

nucleus accumbens 

Naccu, 4 

O 

Oligophrenin 1 

Ophn1, 113 

Open field and eagle exploration test 

OF/E, 38 

P 

paraformaldehyde 

PFA, 66 

paraventricular nucleus 

PVN, 4 

phosphate-buffered saline 

PBS, 65 

Piwi interacting RNAs 

piRNAs, 20 

polyethylenimine 

PEI, 66 

Polyvinylchloride 

PVC, 70 

post-traumatic disorder 

PTSD, 15 

pre-frontal cortex 

PFC, 4 

primary miR transcript 

pri-miR, 19 

R 

reduced representation bisulfite sequencing 

RRBS-seq, 17 

resilient 

Res, 99 

resilient compared to control 

Res_c, 99 

resilient compared to either control or susceptible 

Res_c_s, 107 
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S 

serine/arginine rich splicing factors 

srsfs, 108 

serum response factor 

SRF, 117 

sfGFP negative 

sfGFP-, 75 

SI test with conspecifics 

SI/CO, 96 

small nuclear RNAs 

snRNAs, 20 

small nucleolar RNAs 

snoRNAs, 20 

social interaction 

SI, 13 

Soluble N-ethylmaleimide-sensitive factor activating 

protein receptors 

SNAREs, 7 

solute carrier family 6, member 4 

SLC6A4, 19 

sucrose preference 

SP, 13 

super folder GFP positive 

sfGFP+, 27 

superfolder GFP 

sfGFP, 26 

susceptible 

Sus, 99 

susceptible compared to control 

Sus_c, 99 

susceptible compared to either control or resilient 

Sus_c_r, 107 

susceptible compared to resilient 

Sus_r, 99 

synaptic genes 

SGs, 100 

T 

TAM-injected (T) 

T, 56 

Tamoxifen 

TAM, 25 

ten-eleven translocation enzymes 

TETs, 17 

transcription factors 

TFs, 21 

transgenic 

TG, 30 

U 

untranslated regions 

UTRs, 99 

V 

vehicle-injected 

O, 56 

ventral hippocampus 

vHipp, 8 

W 

whole genome bisulfite sequencing 

WGBS_seq, 17 

wild type allele 

WT, 30 

World Health Organisation 

WHO, 1 
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6. Contributions to other projects during the interim of the thesis 

Tissue clearing to uncover new regions in the brain differentially activated in the 

susceptible and resilient phenotypes. 

To visualize the different brain activation patterns in the susceptible and resilient animals, I 

initiated a collaboration with Margaryta Tevosian (Post-doc, Lutz lab) to perform tissue 

clearing on the Arc-GFP mouse line after CSD stress. The organization and experimentation 

for the behavior part was conducted by me. Anaesthesia, perfusion and CUBIC (tissue 

clearing) experiments were performed by Margaryta Tevosian. The imaging of the cleared 

tissues as well as analyzes are still in progress.  

Molecular underpinnings behind stress susceptibility and resilience in female stressed 

populations 

As increasing amount of research show sex-dependent effects of stress exposure, we also 

wanted to determine the molecular changes behind chronic stress in females using the 

activated nuclei from Arc-GFP mice. The study was performed in collaboration with Endres 

lab. I performed breeding planning, genotyping and nuclei isolation for this project. Apart 

from this, I participated in editing the manuscript published as ‘Selective targeting of chronic 

social stress-induced activated neurons identifies neurogenesis-related genes to be associated with 

resilience in female mice’. In brief, we identified Artemin, to be upregulated in resilient 

compared to susceptible populations. 

Changes in the gut after chronic stress effects   

The gut-brain axis has gained a particular interest in the neuroscience field. A number of gut 

symptoms have been identified as associated with stress. On the contrary, a change in the gut 

microbiome can affect reactivity to stressors. In the study, resulting in the publication 

https://www.researchgate.net/publication/358733108_Selective_targeting_of_chronic_social_stress-induced_activated_neurons_identifies_neurogenesis-related_genes_to_be_associated_with_resilience_in_female_mice?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/358733108_Selective_targeting_of_chronic_social_stress-induced_activated_neurons_identifies_neurogenesis-related_genes_to_be_associated_with_resilience_in_female_mice?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/358733108_Selective_targeting_of_chronic_social_stress-induced_activated_neurons_identifies_neurogenesis-related_genes_to_be_associated_with_resilience_in_female_mice?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
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‘Resilience and the Gut Microbiome: Insights from Chronically Socially Stressed Wild-Type 

Mice’, Endres group examined the GFP expression in the Arc-GFP male mice that underwent 

the aggressive CSD experiments compared to control groups (experiments from Chapter 2).  

Python App to predict resilience or susceptibility apart from the ratio results of SI index. 

During the SI test, different animals revealed different behavioral patterns, which might not 

be well reflected in the SI index. Therefore, I proposed the idea to find another mode to 

assess stress effects apart from the SI index. The proposition led to the collaboration with 

Nicolas Ruffini (Gerber lab), where we worked closely on the datasets from Chapter 2 and 

Chapter 5, to identify different elements in the body language of the animal that could help 

in the classification of stress-susceptible or stress-resilient groups, apart from the SI. To 

access these different features and identify whether there is a marked difference to able to 

distinguish susceptible populations from resilient groups, Nicolas used the SI tracks and 

converted them to machine readable format. The bioinformatics programming and 

identification of different parameters were contributions from Nicolas Ruffini, while I gave 

relevant inputs pertaining to the behavior of the animals and the feasibility/usability of the 

identified parameter. The collaborative efforts resulted in the development of the App 

ResiliPy. 

 

7. Other co-curricular work or achievements during the interim of the thesis 

Supervision experience 

• Bachelor’s student (Gerber group) – full supervision 

• Master’s student (Winter group) - partial supervision 

• Bachelor’s student for ResiliPy (Gerber group) – partial supervision 

• Internship student (Gerber group) – partial supervision 

 

Other activities that do not fall under academic training. 

❖ Founded the Sci Comm Channel ‘Stresspunsch’ to turn my extensive knowledge on 

stress susceptibility and resilience, into action to help the general populace to adopt 

pro-active resilience strategies. The Channel received the competitive IBRO ‘Global 

Engagement Seed Grant’ for 2023 and has organised four different workshops to 

educate the youth, both online and offline. 

❖ FENS digital image selection for contributing captivating microscopy photography. 
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❖ Winner of Negotiate Up – group negotiation competitions organised by MIT and 

Standford university. 

❖ Participated in the ADA lovelace mentorship program, where I learnt a lot from my 

mentors. 

❖ Having learnt the influence of mentors on my attitude towards career, 

communications and general conduct, I participated in the FEA mentorship program 

and mentored 15 students for 4 months to guide them towards their career goals, 

while providing networking opportunities. 

8. Declaration of online publications as co-authors for scientific work during the 

PhD, peer-reviewed and non-peer reviewed. 

                Chongtham MC, Todorov H, Wettschereck JE, Gerber S & Winter J. Isolation of nuclei and downstream processing of cell-type-specific 

nuclei from micro-dissected mouse brain regions – techniques and caveats. BioRxiv. doi:10.1101/2020.11.18.374223. – Chapter 3. 

                Chongtham MC, Butto T, Mungikar K, Gerber S, & Winter J. Intact vs. Fans for cell-type-specific nuclei sorting: A comprehensive 

qualitative and quantitative comparison. Int J Mol Sci 22, (2021). doi: 10.3390/ijms22105335 – Chapter 4. 

                Guilherme M, Tsoutsouli T, Chongtham MC, Winter J, Gerber S, Müller M, Endres K. Selective targeting of chronic social stress-

induced activated neurons identifies neurogenesis-related genes to be associated with resilience in female mice. 

Psychoneuroendocrinology 139 (2022). doi: 10.1016/j.psyneuen.2022.105700.- Contributions to other projects -2  

                Gerber, S. et al. Characterization of transcriptional proles associated with stress-induced neuronal activation in Arc-GFP mice. (2023) 

doi:10.21203/rs.3.rs-3273083/v1. –Parts of Chapter 5, under review in Molecular Psychiatry.               
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9. Breakdown of the timeline for the thesis 

Timeline Work distribution Funded by   In 

thesis 

2017-

2018 

Choice of mouse line 

Mouse line expansion 

Genotyping 

CSD behavior trials and optimization 

Nuclei isolation protocol development 

FANS vs INTACT data procurement 

CRC 1193  

 

 

 

 

 

   

Chapters 

1-4 

2018-

2019 

Mouse line expansion 

CSD behavior optimization and application 

FANS vs INTACT data analysis 

CRC 1193 

2019-

2020 

CSD behavior application for nuclei collection 

Low-input RRBS – seq protocol development 

Nuclei isolation manuscript compilation 

FANS-INTACT manuscript compilation  

CRC 1193 

2020-

2021 

RRBS -seq protocol optimization & application 

miR-seq protocol optimization & application 

Research on omics analytical tools 

FANS-INTACT paper publication 

Multiomics manuscript initiation 

CRC 1193  

 

 

 

Chapters 

5-6 2022 & 

2023 

Multiomics data analysis 

Multiomics data integration & interpretation 

Public science communications on stress resilience 

Gain of academic writing skills from 

communications with ChatGPT 

Thesis compilation and submission 

Multiomics manuscript compilation and 

submission 

Stresspunsch 

Sci Comm 

(self-funded) 
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10. Curriculum vitae 
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Stress can either be a source of destruction or creativity. 

Change your perception and see the transformation.  

-Monika Chanu Chongtham 

Founder (Stresspunsch)  


