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A B S T R A C T 

Hypothesis 

 

The systematic analysis of mechanisms in resilient individuals promises 

to hold the knowledge needed to develop treatment strategies to 

strengthen people’s abilities to recover. Resilient mechanism constitutes 

a variety of systems ranging from behavioral strategies, neuromodulator 

levels differences, to gene expression changes. Combining all these 

different levels of analysis will enable us to develop therapies that elicit 

resilience, which is important in treating a broad variety of mental health 

disorders. 

 

Introduction 

 

There has been a recent transition in mental health research and 

treatment policies from a deficit-centered approach to strength-based 

models that focus on the ability to recover [1-4]. Many of those strength-

based studies concentrate on resilience [5, 6]. Initially, resilience 

research was undertaken in the field of developmental psychology, 

focusing on children who developed well despite being exposed to 

stressors over a prolonged time [7, 8]. More recently, there has been an 

increased focus on adult resilience in mental health, which is referred to 

(among many others) as a form of immunity against adversities, the 

capacity to bounce back and personal growth  [9-11]. Most concepts are 

Novel treatments in mental health focus on one’s ability to recover and develop resilience. Current concepts 

are based on The Adaptations Level Theory, which describes the ability of resilient individuals to accustom 

to new and even downgraded conditions as the new standard, find meaning in trauma, and adapt to new 

social settings. However, it is not known which treatments specifically help to build up resilience in patients 

and how to reliably screen for it. We hypothesize that by analyzing mechanisms of behavior and physiology 

in resilient individuals, we will be able to strengthen these in people that are struggling to bounce back. 

Recent studies demonstrated that distinct patterns of language use correlated with various mental health 

conditions. Utilizing text samples from Holocaust survivors, we compared language use in resilient 

individuals to people with PTSD and the general population. The Holocaust survivors' language use was 

significantly different from PTSD sufferers, which suggests that we detected a possible resilience word use 

pattern. Next, we looked into the brain circuitry mechanisms that could be involved in resilience. We found 

that norepinephrine, the key neurotransmitter in stress response, modulated the activity of amygdala 

circuitry in a non-linear concentration-dependent manner. The shape and other characteristics of this 

dependency could be associated with the capacity for resilience. 
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a variation of the Adaptation Level Theory proposed in 1948 by Helson, 

who hypothesized that resilient individuals accept changed situations as 

the new norm, even if those entail curbed conditions [12]. For instance, 

the Cognitive Adaptation Theory described how people find meaning in 

trauma, and the Interpersonal Adaptation Theory studies showed how 

individuals adapt to new social settings [13, 14]. There are different 

hypothesis regarding which factors are important for resilience, from 

which personal resources such as motivation, positive emotions and 

social intelligence seem to predominate in recent literature  [15-19]. 

Furthermore, a positive social environment seems to be beneficiary, in 

which positive parental care was shown to hold the potential to promote 

lifelong resilience [20, 21]. 

 

There are many attempts in developing treatment strategies that are 

supposed to induce resilience in people affected by stress and trauma; 

however, which interventions actually help in which cases is not known 

[5, 6]. One possible way to detect resilience build-up would be by 

studying an individual’s language use. Novel research suggests that one 

can identify people’s underlying mental states and motivation by 

analyzing how words are being used to communicate  [22-26]. For 

instance, research done on texts from poets showed that those who used 

more first pronouns but a lower frequency of other-personal references 

in their poetry had a significantly higher probability of committing 

suicide than those who used the opposite pattern  [27]. Studies in people 

with PTSD displayed differences in word usage of cognitive words while 

recalling negative events, which was proposed to be an attempt to gain 

control over emotions related to traumatic experiences [28, 29]. 

Linguistic markers in trauma narratives of college students, such as 

negative emotion and cognition words, predicted their future mental 

health [22]. 

 

In this study, we examined the linguistic manifestations of resilience in 

Holocaust survivors compared to text samples from PTSD sufferers and 

controls. Our results show that language use of Holocaust survivors is 

different from PTSD sufferers but close to controls. Considering the 

horrendous extended suffering, trauma and loss Holocaust survivors 

experienced, this is a remarkable outcome. Based on this result, we 

examined mechanisms that may underlie such resilience and 

hypothesized how they could be leveraged to increase resilience in non-

resilient individuals. There are various individual differences in stress 

response. Many known hormones, neurotransmitters, neurotrophins, 

neuropeptides, epigenetic based gene expression modifications, DNA 

conformation changes (e.g., conformation transitions involving i-motif 

and G-quadruplex), and transposon activity alterations are implicated in 

stress response [30-44]. The activity and balance of these mechanisms 

vary significantly between individuals, which contributes to differences 

in resilience levels. Since resilience requires the incentive and ability to 

learn new capabilities, we hypothesize that the activation of the circuitry 

for motivation and learning is involved, which, in turn, requires synaptic 

plasticity and related neuronal and regulatory mechanisms.  

 

The norepinephrine (NE) system would be a fitting candidate for 

resilience regulation, NE is a fast-acting neuromodulator implicated in 

coordinating attentional, emotional, and mnemonic mechanisms, as well 

as synaptic strength [45-51]. Stress-induced NE release comes from a 

brainstem nucleus known as the locus coeruleus (LC). This release 

results in increased NE stimulation of forebrain areas implicated in 

emotional behavior, such as the amygdala, the nucleus accumbens, the 

prefrontal cortex (PFC) and the hippocampus [52]. Chronic 

hyperresponsiveness of the NE system is associated with anxiety 

disorders and cardiovascular problems [53]. However, targeting NE 

receptors in the amygdala can counteract aversive memories in animals 

and humans [54-56]. We propose that modulation of the NE mechanism 

could contribute to resilience. 

 

Signaling cascades down-stream of NE receptors are comprised of 

protein kinase (ERK) and rapamycin (mTOR), which regulate various 

gene expression mechanisms and the synaptic model for memory, 

including the formation of long-term potentiation (LTP) and de-

potentiation (LTD) [57-67]. Enforcement of LTP through NE was shown 

to require DNA methylation and histone acetylation; however, the 

inhibition of histone deacetylases (HDACs) did not contribute to further 

enhancement of NE-induced LTP [68]. Our results confirm previously 

published studies indicating that higher NE concentration (20 µM) 

decreases and lower NE concentration (10 µM) increases synaptic 

transmission in the amygdala, acting via different NE receptors 

accordingly [51, 69-72]. Additionally, we show that the effect of higher 

NE concentration (decrease of synaptic transmission) is influenced 

mostly by GABAA receptors, while the opposite effect of lower NE 

concentration is partially shaped by GABAB and GABAC receptors. 

This differentiated concentration dependent circuitry regulation of the 

amygdala through NE could be a key mechanism for switching from 

stress response to resilience and would be consistent with Helson’s 

Adaptation Level Theory. 

 

Methods 

 

I Data Collection and Categorization 

 

Text data for the Holocaust survivors’ groups were collected from the 

publicly available data from foundations. For the PTSD group, we 

collected text samples from public forums collected and screened 

according to previously described procedures [73]. Many forum users 

describe their diagnosis in a large variety of mental health conditions 

[74]. In this study, we focused on resilience. A human editor assessed 

each description and diagnosis and removed quotes, or other 

disingenuous text sections. To ensure that each included forum user has 

a sufficient amount of data, we ensured that each individual had at least 

150 words. In order to have age- and gender-matches in our groups, we 

analysed each text sample and its language as described in the previously 

published studies [75]. A large number of possibly suitable text samples 

were manually screened and either discarded or sorted into the groups of 

interest based on the content of the excerpt itself, the forum thread 

context and other available anonymous information. The data for our 

first control group comes from firefighter forums, where users discuss 

work, daily life and extreme/traumatic situations, but are not PTSD 

sufferers. The data for our second control group comes from the general 

population. 

 

II Analysis 

 

We used word usage frequency analysis conceptually similar to that in 

LIWC methodology and program [26]. LIWC was shown to be effective 

in detecting a number of psychologically salient language usage patterns. 
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We developed a custom software program that extended LIWC approach 

by combining it with character language models (CLMs) for additional 

word matching features as well as additional and/or modified word 

categories tailored to PTSD. This provided a score even for very short 

texts [76]. Word matching included pattern matching whole words, 

roots, salient word parts, simple stemming, split verb/expression 

stemming and others. Based on literature and text screening, the 

following word categories were determined to be potentially salient for 

PTSD and depression were used in this study [22, 27, 77-86]: 

i. Singular first-person pronouns (related to self only) 

ii. Plural first-person pronouns (related to group, including self)  

iii. Negative emotions  

iv. Cognitive words 

v. Words positively correlated with depression [25-27, 80, 87, 88]  

 

For each word category and population group, a standard set of usage 

frequency statistical data was calculated (using stats and stats-lite npm 

software modules), including mean, median, variance, standard 

deviation, and percentile distribution. Statistical significance of group 

differences was calculated using t-test, ANOVA, and post hoc Tukey 

test. For each user, we scored each text based on the character n-grams 

in the text with the CLMs for the condition. This method followed 

previous work on predicting mental health in social media [73]. This 

study is an analysis of existing, de-identified and publicly available data. 

No sensitive information was collected, and the study DATA is 

completely anonymous. As by regulation of §46.104, if the project does 

not include any interaction or intervention with human subjects or 

include any access to identifiable private information, then the project 

does not require IRB review and is exempt. 

 

III Electrophysiological Experiments 

 

i Slice Preparations 

 

The amygdala slice preparation has been described previously  [89]. Rats 

were anesthetized with subcutaneous injection of ketamine (100 mg/kg 

body weight) and thiazine hydrochloride (1 mg/kg). To obtain acute 

slices of the LA for recording, the rats were deeply anesthetized with a 

subcutaneous injection of ketamine (100 mg/kg body weight) and 

thiazine hydrochloride (1 mg/kg). After transcardial perfusion with ice-

cold artificial cerebrospinal fluid (ACSF) containing (in mM) NaCl 124, 

KCl 5, NaH2PO4 1.25, NaHCO3 26, MgSO4 2, CaCl2 2, glucose 10, 

that was continuously gassed with 5% CO2/95% O2, the brain was 

removed and cut into 300 µm thick sagittal slices on a vibratome in ice-

cold ACFS. To allow recovery, slices were incubated for 1 h in ACSF at 

a temperature of 36°C. For recording, the slices were transferred into a 

submerged type recording chamber where they were continuously 

superfused at 3 ml/min with ACSF at room temperature. 

 

ii Electrophysiology 

 

For whole-cell recordings, slices were transferred to a submersion-type 

recording chamber where they were continuously perfused with 

oxygenated ACSF at a rate of 4 ml/min. Whole-cell recordings were 

obtained from the pyramidal cells in the LA region. Patch electrodes 

were fabricated from borosilicate glass and had a resistance of 5.0–8.0 

MΩ. The pipettes were filled with internal solution composed of (in 

mM): potassium gluconate, 130; sodium gluconate, 2; HEPES, 20; 

MgCl2, 4; Na2ATP, 4; NaGTP, 0.4; EGTA, 0.5. In order to block 

sodium spikes, 5 mM QX 314 (Sigma-Aldrich) was added, as was 0.5% 

biocytin for morphological single-cell reconstruction. Neurons were 

visualized with an upright microscope (Nikon Eclipse E600fn) using the 

Nomarski-type differential interference optics through a 60X water 

immersion objective. Neurons with a pyramidal appearance were 

selected for recordings. Neurons were voltage-clamped using an 

Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA). 

Excitatory (EPSCs) and inhibitory postsynaptic currents (IPSCs) were 

recorded at a holding potential of −35 mV. Synaptic responses were 

evoked with sharpened tungsten bipolar stimulating electrodes (2 mm 

diameter, World Precision Instruments, Sarasota, FL, USA) placed in the 

cortical and thalamic pathway, 50–100 mm from the recording electrode. 

 

Stimulation was applied, at 0.1 Hz, using a photoelectric stimulus 

isolation unit having a constant current output (PSIU6, Grass Instrument 

Co., West Warwick, RI, USA). Access resistance (8–26 MΩ) was 

regularly monitored during recordings, and cells were rejected if it 

changed by more than 15% during the experiment. The signals were 

filtered at 2 kHz, digitized (Digidata 1440A, Axon Instruments, Inc.), 

and stored on a computer using the pCLAMP10.2 software (Axon 

Instruments, Inc.). The peak amplitude, 10–90% rise time, and the decay 

time constant of IPSCs were analysed off-line using pCLAMP10.2 

software (Axon Instruments). 

 

iii Drugs 

 

All pharmacologically active substances were bath applied for 10 min to 

achieve stable responses before their effects were tested. We used 0.1 

µM muscimol (C5-aminomethyl acid; Sigma) as a GABACR agonist. 

To make sure that the evoked responses were not GABAAR-mediated, 

20 μM bicuculline (GABAAR antagonist; Sigma) was co-applied. As 

GABABR agonist, we applied 50 µM CGP52432 (Tocris). 

 

iv Histochemistry 

 

After each recording session, slices were immersion fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C for 24 h. 

The slices were processed using standard histochemical techniques for 

visualization of biocytin with 3,3-diaminobenzidine (Sigma-Aldrich). 

For documentation, stained cells were photographed using a digital 

camera attached to a standard laboratory microscope. 

 

Results 

 

The present study employed a computerized text (sample size was ca. 

200-500 words) analysis to examine language usage patterns in female 

and male Holocaust survivors (N=19 female, N=35 male), people 

affected by PTSD years ago (N=21), and controls, which consisted of 

data collected from firefighters that went through trauma, but did not 

develop PTSD (Control 1, N=19), and also general population data 

(Control 2, N=26). We analysed text samples from Holocaust survivors 

describing their experiences during WWII, and online posts from forums 

related and unrelated to PTSD. We detected differences in linguistic 

markers in texts of similar word count between the Holocaust survivor 

group and two control groups.  
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A 
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I Holocaust Survivors Display Resilient Characteristics in 

Language Use 

 

It is known that a high frequency of singular and plural first pronoun 

usage is an indicator of depression and PTSD [25, 77, 90-94]. We 

examined singular first pronoun occurrence in text data from Holocaust 

survivors, controls, and PTSD sufferers, consisting of people who 

experienced trauma years ago, including childhood trauma. Text from 

female and male Holocaust survivors showed a low singular first 

pronoun usage which was comparable to the two control groups, but 

significantly lower than in texts from PTSD sufferers (Mdiff = 0.1077, 

Mdiff = 0.11, p < 0.001) (Figure 1A). First-person plural pronoun 

frequency in texts from Holocaust survivors was also similar to both 

control groups, but higher compared to the group PTSD years ago (Mdiff 

= 0.02103, Mdiff = 0.01538, p < 0.001) (Figure 1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Pronoun usage of Holocaust survivors differs significantly 

from PTSD sufferers. Graph displaying A) singular and B) plural first 

pronoun usage frequency in text samples from Holocaust survivors, 

PTSD sufferers, and controls. 

 

i Differences in Language Use of Holocaust Survivors’ 

Compared to People with PTSD When Screening for Negative 

Emotions and Cognitive Word Categories 

 

In female and male Holocaust survivors, word usage of negative emotion 

words was as low as in both control groups, especially compared to the 

PTSD group (Mdiff = 0.0139, Mdiff = 0.01181 p < 0.001) (Figure 2A). 

The usage of cognitive words was lower in both female and male 

Holocaust survivors compared to the PTSD group and compared to 

control 2, but not control 1 (Mdiff = 0.04571, Mdiff = 0.05208, Mdiff = 

0.0385, Mdiff = 0.04487, p < 0.001) (Figure 2B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Holocaust survivors use less negative emotions and cognitive 

words than PTSD sufferers. Graph displaying occurrence of A) negative 

emotion and B) cognitive word frequencies in text samples from 

Holocaust survivors, PTSD sufferers, and controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Holocaust survivors’ word usage suggests low correlation 

with depression. Summarized results of depression correlations in text 

data from Holocaust survivors, PTSD sufferers, and controls. 

 

ii Low Depression Correlation in Language Use of Holocaust 

Survivors 

 

For this part of our study, we screened for a combination of language use 

patterns that are known to correlate with depression  [25, 27]. We 

detected a low correlation of depression in both female and male 

Holocaust survivors’ texts that was comparable to both controls and 
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significantly lower than in PTSD sufferers who experienced trauma 

years ago (Mdiff = 0.007960, Mdiff = 0.008448, p < 0.001) (Figure 3). 

 

II Different NE Concentrations Have Dissimilar Effects on 

Principal Neurons in the LA and Modulate the Activity of 

Different Inhibitory Receptor Subtypes 

 

We first evaluated the effect of different NE concentrations on thalamo-

LA and cortico-LA EPSCs and IPSCs. Synaptic current traces of an LA 

pyramidal cell under applied NE and control conditions are shown in 

(Figures 4, 5A & 5B). An application of 10 µM NE significantly 

increased synaptic currents of 56.5%±9.7% (n=13, pV<0.05). 

Application of 20 µM NE led to a decrease of synaptic currents of 

78.2%±12.4% (n=11, pV<0.05, example current) (Figure 5B). These 

results are in line with published data [51, 69-72].  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Electrode placement in the internal capsule (thalamic 

stimulation) and external capsule (cortical stimulation). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: 10µM NE increases synaptic transmission, and 20µM NE decreases synaptic transmission in pyramidal neurons of the lateral amygdala (LA). 

Whole-cell recordings of electrically evoked (thalamic and cortical inputs) synaptic currents of pyramidal neurons of the lateral amygdala, in which A) 

10µM NE increases synaptic transmission, and B) 20µM NE decreases synaptic transmission at both pathways (n=24, p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Effects of NE combined with different GABA receptor drugs. Whole-cell recordings of electrically evoked (thalamic and cortical inputs) synaptic 

currents of pyramidal neurons of the lateral amygdala. Current changes compared to control conditions (ACSF) in percent through bath application of 10 

um A) and 20 um B) NE combined with different GABA receptor drugs compared to just GABA receptor drugs without NE. 

 

GABA is the most frequently used inhibitory neurotransmitter in the 

mammalian CNS. There are three different receptor types that mediate 

inhibitory actions of GABA: The ionotropic GABAA and GABAC 

receptors, and the metabotropic GABAB receptors. They can be 

distinguished pharmacologically by their selective responses to various 

receptor agonists and antagonists [95] (Table 1).  

 

Bath co-application of 10 µM NE combined with a low concentration of 

1 µM muscimol, which at this concentration has been shown to act as a 

GABAC receptor agonist, leads to a decrease of synaptic currents of 

18.6%±6.3% (n=12, pV<0.05) (Figures 5A & 6A) [96]. 10 µM NE with 

the GABAB receptor agonist CGP reduced inhibitory currents by 

24.3%±6.5% (n=12, pV<0.05) (Figures 5A & 6A). Co-application of 10 
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uM NE with bicuculline, a GABAA receptor blocker, did not affect 10 

µM NE modulations further (n=12) (Figures 5A & 6A). 

 

Table 1: Summary of GABA receptor drugs used during experiments. 

Drug Concentration Effect 

Muscimol  1 µM GABAC receptor agonist 

CGP52432 (CGP) 5 µM GABAB receptor antagonist 

Bicuculline 20 µM GABAA receptor antagonist 

 

When we applied 20 µM NE combined with low muscimol 

concentrations into the bath, synaptic transmission decreased by 

22.4%±4.5% (n=14, pV<0.05), which shows a GABAC receptor 

influence (Figure 6B). Co-application of GABAB receptor antagonist 

CGP with 20 µM NE did not show any further change in synaptic 

transmission (n=14) (Figures 5B & 6B). The effect of bath application 

of bicuculline with 20 µM NE showed an increase in synaptic 

transmission of 18.6%±7.2% (n=14, pV<0.05) (Figures 5B & 6B), 

which suggests a GABAA receptor modulation. 

 

Discussion 

 

I Holocaust Survivors Display Resilient Characteristics in 

Language Use 

 

How people use language, especially word category frequencies, is 

influenced by a variety of factors, including age, gender, and personality 

[78, 97, 98]. However, for certain word categories, the state of an 

individual's mental health may have the greatest impact on word usage 

frequency [79]. The analysis of our data shows that word usage in female 

and male Holocaust survivors tends to differ from that of PTSD sufferers 

but is very close to controls in a number of word categories, including 

first- and third-person pronouns, negative emotion words, and cognitive 

words.  

 

The most significant difference between Holocaust survivors and PTSD 

sufferers was detected in the usage of singular first-person pronouns. 

High frequency of singular first pronoun usage is correlated with an 

increased focus on oneself, depression and suicidal tendencies [26, 27, 

99]. The low frequency of singular first pronoun use in Holocaust 

survivors indicates a low probability of PTSD, depression, and suicidal 

tendencies. However, one must consider the cultural and generational 

differences between the Holocaust survivors and analysed PTSD 

sufferers. Culturally, it was less acceptable to focus too much on oneself; 

however, the social integration model is based on data from 1970-90, 

which should include individuals from that generation [100]. The higher 

occurrence of plural first-person pronouns in text from Holocaust 

survivors, compared to PTSD sufferers, suggests high collaboration with 

others. This was most likely an important positive factor for survival. 

Overall, the analysis of pronoun use patterns appears to be instrumental 

in detecting both the development and prevalence of resilience.  

 

Notably, negative emotion words among Holocaust survivors were 

lower compared to PTSD sufferers and comparable to controls. This 

word category is known to strongly correlate with the symptoms of 

depression [22]. Cognitive word usage was relatively low in Holocaust 

survivors when compared to PTSD sufferers but was similar to controls. 

In previous research, cognitive word usage was reported to be higher in 

trauma narratives of PTSD sufferers, but not in healthy individuals  [91]. 

Furthermore, we analysed the usage of depression-correlated words, a 

composite category comprising a representative sample of words 

correlating with depression. We found that the usage of depression-

correlated words was comparable to controls and lower than PTSD 

sufferers. Prior research indicates that PTSD comorbidity with 

depression is common (ca. 50%) and tends to occur in people with more 

severe and persistent forms of PTSD [101]. Although Holocaust 

survivors went through severe and prolonged trauma, overall female and 

male Holocaust survivors’ word use shows a low probability for PTSD 

and depression. Their word pattern usage could be an indicator of 

resilience. Based on these results, we started to examine possible 

underlying mechanisms of resilience.  

 

II Different NE Concentrations Have Dissimilar Effects on 

Principal Neurons in the LA and Modulate the Activity of 

Different Inhibitory Receptor Subtypes 

 

Electrophysiological recordings were performed in the LA in response 

to stimulation of the internal capsule (thalamic stimulation) and external 

capsule (cortical stimulation), fiber pathways known to carry in 

Pavlovian threat conditioning the neutral conditioned stimulus (CS) that 

is paired with a painful shock, the unconditioned stimulus (US) 

correspondingly [102]. Our whole-cell voltage-clamp recordings 

indicate that high concentrations of 20 µM NE decreased synaptic 

currents while lower NE concentrations of 10 µM NE increased them. 

Co-application of 10 µM NE with different GABA receptor drugs 

showed that it modulated GABAB and GABAC receptor-mediated 

currents.  

 

Co-application of 20 µM NE combined with GABA receptor drugs 

revealed an influence on synaptic transmission through mainly GABAA, 

but also GABAC receptors. During acute stress and threat responses, 

high NE release was reported in many studies [103]. Therefore, the 

largest and fastest chloride channel, represented by the GABAA 

receptor, would have the biggest and more prompt impact on the 

circuitry. On the other hand, during prolonged stress responses, ideally, 

coping mechanisms would kick in, which could be represented by the 

opposite effect of lower NE concentrations on the LA circuitry combined 

with the participation of smaller and slower GABA receptors (GABAB 

and GABAC) that do not desensitize [95]. Taken together, these effects 

may represent an important part of the neurobiological mechanism of 

resilience and appear to be in line with the Helson’s Adaptation Level 

Theory from 1948. 

 

Future Directions and Experiments 

 

PTSD is believed to be caused by some combination of hyper-

conditioning to fear stimuli and impaired fear extinction, leading to 

excessive and/or maladaptive fear and stress responses in inappropriate 

situations. Resilience, at least in part, could represent the opposite end 

[of the normal range] in regard to these traits/responses, i.e., resilience 

could be characterized by mild hypo-conditioning to fear stimuli and/or 

mildly enhanced [mildly over-active] fear extinction. While the 

regulation of fear conditioning and extinction is complex, NE appears to 

play a major role [103-105]. It is plausible that the 

sensitivity/responsiveness/connectivity of NE-mediated/modulated 
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pathways involved in fear conditioning and extinction are different in 

PTSD-prone vs. resilient individuals. The brain structures of particular 

importance in fear conditioning are locus coeruleus (LC), amygdala 

[particularly lateral amygdala (LA) but possibly also central amygdala 

(CeA)], hippocampus (HPC), medial prefrontal cortex (mPFC) and 

thalamus, all of which appear to participate in NE-based pathways in 

some way [52]. The relevant circuits in these areas may differ between 

resilient and PTSD-prone [and/or depression-prone] individuals in a 

number of ways, including: 

 

I Intensity and Dynamics of NE Release in Response to External 

Stimuli (During Both Fear Conditioning, Stress and Extinction 

Training)  

 

Examples: LC appears to be responsive to multiple neurotransmitter, and 

hormone-based input signals, including GABA, CRH, glutamate, 

serotonin, NE (presumably via alpha2 AR feedback self-regulatory 

loop), etc. The sensitivity of LC to these signals may differ between 

PTSD-prone and resilient individuals and be associated with different 

amounts and patterns of NE release in response to the same 

stimulus/situation. LC neurons are characterized by phasic firing at rest 

and tonic firing during stress [106-110]. Firing patterns of LC neurons 

may differ in PTSD-prone and resilient individuals, e.g., the switch to 

tonic firing in resilient individuals may occur at higher levels of stress 

and last for a shorter period of time. CeA is reciprocally connected to LC 

and appears to be active LC under stress via CRH and possibly other 

inputs, providing a positive feedforward mechanism maintaining high 

NE output by LC during sustained stress [111-114]. The strength of this 

connection may differ between PTSD-prone and resilient individuals. 

 

II Synaptic Inputs to and Connectivity Between LC, LA, CeA, 

HPC, mPFC, Thalamus  

 

There is complex connectivity via neuronal projections, dendritic spines, 

etc. between the above structures, providing direct target-specific 

signaling as well as feedback/feedforward loops and so forth. For 

example, projections of NE-ergic LC connect it to amygdala, HPC, 

mPFC, etc. The number and density of such projections as well as the 

dendrites/spines on the target neurons may differ between PTSD-prone 

and resilient individuals. 

 

III Neuronal Subpopulation Ratios in LC, Amygdala and HPC 

 

Example: LC was originally thought to have a homogenous neuronal 

population but is now believed to consist of functionally distinct 

subpopulations of neurons [115, 116]. The absolute and relative sizes of 

these subpopulations may differ between PTSD-prone and resilient 

individuals. The same is likely to apply to the amygdala and elsewhere. 

 

IV Absolute Receptor Density and Receptor Ratios of Post- and 

Pre-synaptic Receptors in LC, LA, HPC, mPFC, etc. Neurons 

(Including Differential Activity of Receptor Subtypes) 

 

NE signaling involves multiple receptors, most notably alpha1, alpha2, 

beta1, beta2, with distinct and sometimes opposing functions (e.g., 

alpha2 agonists tend to suppress NE release and are involved in 

inhibitory feedback loops), and other receptor families, most notably 

GABA (GABAA, GABAB, GABAC) modulate NE pathways [48, 50, 

51, 71, 72, 103]. Receptor densities (absolute and relative), subtype 

ratios, etc. may differ between PTSD-prone and resilient individuals. 

 

V Sensitivity/Responsiveness of Intracellular Neuronal 

Signaling Pathways Modulating LTP/LTD/Synaptic Scaling 

(i.e., Long-term Circuitry Changes) in Response to NE as Well 

as NE-Suppressing Signals (e.g., GABA) 

 

The development of PTSD or related pathologies is associated with 

maladaptive neuroplasticity leading to long-term circuitry changes via 

LTP/LTD/synaptic scaling. Neurotransmitter release (NE release in this 

case) may be a necessary early step in neuroplasticity, but the end result 

depends on multiple downstream and/or modulating regulatory 

participants, such as G-proteins, BDNF, TrkB, MAPK, CREB, mTOR, 

etc [117, 118]. The expression/activity of the signal pathway 

genes/proteins can be up and down-regulated (e.g., via epigenetic 

modifications) and thus affect the sensitivity of the neuron to NE (or 

GABA etc.) in regard to the resulting neuroplasticity and long-term 

circuitry changes. There may be a meaningful difference between PTSD-

prone and resilient individuals, e.g., the same level of NE may result in 

less LTP in resilient individuals. Example: NE was shown to enhance 

LTP in the hippocampus, affecting memory formation  [47, 48]. 

 

VI Activity of Glia in or near LC, LA, HPC and mPFC  

 

Glia, particularly astrocytes, are known to modulate both short-term 

neuronal activity as well as neuroplasticity. Glia can be directly affected 

by NE. Example: Beta AR are expressed in astrocytes, which are known 

to modules neural signaling [119]. 

 

VII NE Concentration Dependencies (Weak vs. Strong 

Conditioning) 

 

NE effects in many brain regions are [non-linearly] dependent on NE 

levels. For example, lower NE levels in PFC were reported to promote 

cortical function (working memory, cognitive flexibility), whereas 

higher NE levels appear to impair prefrontal signaling [120-126]. NE has 

been shown to enhance fear conditioning for multi-trial but not single-

trial conditioning protocols [103]. It appears that weak conditioning 

protocols may not rely on NE release (or at least not as significantly), 

whereas the strong conditioning protocols do. This might be a result of 

NE concentration differences, i.e., the strong conditioning involving a 

NE buildup to much higher levels resulting in substantially greater 

neuroplasticity/circuitry changes [and hence presumably "emotional 

labeling", etc.]. There is some evidence that LTP in HPC is likely 

sensitive to NE levels and/or efflux rates [127]. It also appears that NE 

in BLA affects HPC-mPFC plasticity, depending on NE levels [128]. 

The shape of the NE effect-vs-concentration dependencies (which may 

be different for different brain regions), may differ between PTSD-prone 

and resilient individuals. 

 

Note: The complex non-linear NE effect vs. concentration dependencies 

may be a result of competing effects of different NE receptors, but also 

other factors, such as NE reaching levels triggering the release of other 

signaling agents. 
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VIII NE and Memory Consolidation 

 

NE appears to strengthen (enhance consolidation of) contextual 

representation of fear memories [which was blocked by propranolol, 

suggesting beta-AR mediated signaling] [129, 130]. This is also 

consistent with the enhancing effect of NE (at high levels) on 

hippocampal LTP. Taken together, this indicates a likely role of NE in 

"emotional labeling" of memories. "Emotional labeling" of memories 

may be stronger in PTSD-prone individuals and weaker in resilient ones. 

This may reflect differences in beta-AR mediated signaling, e.g., 

different beta-adrenergic receptor densities, receptor recycling or etc. 

 

IX NE and Fear Extinction 

 

The relationship between NE and fear extinction appears to be complex 

and depends on NE levels, timing, brain region, etc. [105, 127, 131-137]. 

NE was shown to facilitate and possibly be critical for contextual fear 

extinction. It appears that low levels of NE are required for or facilitate 

extinction learning, whereas high NE levels (associated with high levels 

of stress) tend to impair it. Giustino and Maren reported that high NE 

levels in BLA strengthens fear memories possibly at the expense of 

extinction memories [127]. This is consistent with the known 

antagonistic effect of stress on fear extinction. Guistino and Maren 

(2018) proposed that the LC-NE system dynamically regulates fear 

extinction (cued and contextual) and that the net effects depend on the 

prevailing level of stress (and hence NE) at the time of [extinction] 

learning. They suggested that low LE levels of NE release [from LC] 

prior to delayed extinction promotes extinction learning, whereas high 

NE levels impair it [127].  

 

PTSD-prone and resilient individuals may differ in terms of intensity and 

timing of NE release in response to stressful stimuli. They may also 

differ in regard to NE levels (in BLA, HCP and etc.) at which fear 

memories override extinction memories and vice versa as well as in 

regard to other factors influencing competition of fear conditioning vs. 

extinction learning, such as responsiveness to GABA-ergic modulation 

[which, in turn, may depend, for example, on GABAA/GABAC ratio 

and so forth]. 

 

X Epigenetic Modifications 

 

Most of the above mechanisms depend on the levels of expression of a 

large number of genes. In many, if not most cases, the expression is 

affected by epigenetic mechanisms. In fact, long-term gene expression 

changes associated with cell differentiation as well as long-term 

neuronal plasticity/circuitry changes depend on epigenetic mechanisms, 

particularly DNA methylation and histone modifications. DNA 

methylation changes may be partly heritable. They also occur 

extensively during development and cell differentiation as a key element 

in the mechanisms of achieving and maintaining tissue-specific 

phenotype. In neurons, DNA methylation (as well as other epigenetic 

changes) can also occur in adult neurons during synaptic plasticity  and 

influenced through NE mechanisms [38, 53, 68, 138-143]. It is likely 

that at least some of the morphological and functional differences in the 

circuitry between PTSD-prone and resilient individuals are due to the 

differences in the patterns of epigenetic modifications in neurons and 

possibly astrocytes in relevant brain regions.  

In relation to NE-dependent pathways, epigenetic changes may, for 

example, be in the genes (or corresponding regulatory sequences) for 

different adrenergic receptor types, the corresponding G-proteins, and so 

forth. The genes for different types of GABA receptors (which modulate 

NE pathways) may also be epigenetically modified. Various downstream 

elements of NE and GABA-ergic signaling [especially those relevant to 

long-term plasticity/circuitry changes] are likely to be epigenetically 

modulated as well – possibly differently in resilient vs. PTSD-prone 

individuals. 

 

XI Transposons in Combination with Epigenetic Mechanisms 

 

Transposable elements (TEs) were thought to be transcriptionally silent 

junk DNA. However, there is emerging evidence that some TEs are 

functional elements in mammalian genomes. Notably, the brain is one of 

the few organs where transposons can be active in all phases of lifespan. 

TEs frequently interact with the epigenetic mechanisms during 

development and in response to environmental inputs such as stress. 

Barbara McClintock, who discovered TEs, proposed that TEs are an 

integral part of the genomic control apparatus, especially in response to 

stress. Indeed, stress was shown to increase the activity of TEs in the 

brain, leading to either adaptive or maladaptive regulatory and structural 

changes. Recently, a number of mental disorders, including Rett 

syndrome, PTSD, and schizophrenia, have been correlated to aberrant 

TE activity. The more adaptive responses to stress tend to involve fairly 

transient increase in TE activity that is quickly downregulated via TE 

suppression mechanisms such as epigenetic modifications  [41, 43, 44].  

 

We hypothesize that individuals who have a diminished capacity to 

suppress stress-induced activation of TEs may be at higher risk of 

developing a variety of dysregulation disorders such as PTSD or type II 

diabetes. On the other hand, individuals with a more efficient TE 

suppressing system may be more resilient, especially in regard to the 

diseases of the CNS, where TE activity is especially high. Another 

possible way TEs can affect resilience is via heritable TE-induced 

genome changes. Transposons can be active during early embryogenesis 

and thus end up in the germline. Another possible but less research 

pathway of TE insertion into germline is during spermatogenesis or late 

oogenesis. These mechanisms of heritable TE-induced genomic 

rearrangements are also likely to be activated or intensified by stress and 

may contribute to trans-generational changes in disease risk and 

resilience.  

 

XII Searching for Resilience in Humans Using Saliva Samples 

 

Resilient individuals could be detected in a highly traumatized family 

showing mental health scores comparable to individuals from non-

traumatized families. There could be a number of underlying 

mechanisms leading to resilience, such as: 

a. They have a very low adaptation rate to the environment, so their 

organism ignores most environmental information input. In the 

case of psychological trauma, this could be adaptive. However, in 

the case of other selective pressures, such as physical stressors, this 

could be maladaptive and increase the likelihood of negative 

outcomes.  

b. They are able to fully and quickly adapt to stressors (and 

psychological stressors in particular), making stress response 
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relatively brief and self-limiting, such that the longer-term 

consequences of stress (epigenetic changes and TE-induced 

genomic rearrangements) are minimal.  

 

In the first case, the TEs/methylation/gene expression levels would be 

comparable to those in individuals from families with low trauma 

occurrence. In the second case, the resilient individuals would differ in 

the TEs/methylations/gene expression levels from non-resilient family 

members and also from individuals from families with low trauma 

occurrence. 

 

i Proposal of Experiments to Test Our Hypothesis on Human 

Saliva Samples over Generations 

 

Transposons (TE) are known to be upregulated and more active during 

stress. They also occur highly in telomeres, which are known to be 

shortened or otherwise affected by stress [38, 39]. Most of the time and 

in most tissues, TE activity is suppressed, primarily through DNA 

methylation (DNMT3 enzymes in particular are involved). MicroRNAs 

also appear to have a role in TE regulation [38]. Our suggestion is to 

screen for TEs by using next-generation DNA sequencing searching for 

polymorphic mobile element insertions (pMEIs) or even detecting de 

novo MEIs in saliva from humans. Different methods have been 

developed for the identification of MEIs using high-throughput 

sequencing. MEIs can be analysed directly from whole-genome 

sequencing data.  

 

ii Data Analysis 

 

In deep sequencing, the goal is to detect polymorphic or de novo MEIs 

by a computational analysis. Different algorithms have been developed 

to find MEIs, and two are the principal strategies to do it: “paired-end-

reads mapping” and “split-read mapping”. 

 

iii Summary 

  

Correlation of TEs with methylation levels, especially of DNMT3s and 

telomere length, would make a strong case for stress vs. resilience as 

adaptation mechanism detection in families that were highly exposed to 

trauma vs families of low trauma exposure. One would also need to 

screen for microRNAs at some point. In the end, one would combine this 

data with mental health scores from individuals from at least 2, but 

ideally 3 generations. Differences in TE activity, methylation and gene 

expression patterns would bring us closer to detect how adaptation is 

being transferred from one generation to the other. One should point out 

that adaptation does not necessarily mean that a good outcome (in our 

eyes) will be generated at first. Only by observing more generations over 

time one would be able to dissect out which adaptations are positive vs. 

negative.  
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