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1. List of abbreviations 

AAV : Adeno-associated virus 

AB  : Antibiotic cocktail 

ANOVA : Analysis of variance 

ASD : Acute stress disorder 

BW : Body weight 

CFT : Conditioned fear test 

CNO : Clozapine-N-oxide 

CNS : Central nervous system 

CORT : Corticosterone 

CRH : Corticotropin-releasing hormone 

DREADD : Designer receptor exclusively activated by designer drug 

EWcp : Centrally projecting Edinger-Westphal nucleus 

FC  : Fear conditioning 

GABA : Gamma-aminobutyric acid  

GLUT2 : Glucose Transporter 2 

HPA : Hypothalamic-pituitary-adrenal axis 

IBA1 : Ionized calcium binding adaptor molecule 1 

IL-1 : Interleukin-1 

IL-6 : Interleukin-6 

i.p.  : Intraperitoneal(ly) 

KO  : Knockout 

mPFC : Medial prefrontal cortex  

NADPH : Nicotinamide adenine dinucleotide phosphate 

NOR : Novel object recognition tests 

OFT : Open field test 

PB  : Probiotic cocktail  

PBS : Phosphate-buffered saline 

PFA : Paraformaldehyde 

PFC : Prefrontal cortex 

PrL : Prelimbic cortex 

PTSD : Posttraumatic stress disorder 
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PVN : Paraventricular nucleus of hypothalamus 

RT  : Room temperature 

S&SD : Sociability and social discrimination tests 

SCFA : Short-chain fatty acids  

SPS : Single prolonged stress 

SSRI : Selective serotonin reuptake Inhibitor 

TH  : Tyrosine hydroxylase 

TRPA1 : Transient receptor potential ankyrin 1 gene 

TNF-α :  Tumor necrosis factor-α 

UCN1 : Urocortin 1 

WT : Wild type 
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2. Introduction 

 2.1. Post traumatic stress disorder 

Post-traumatic stress disorder (PTSD) is serious psychiatric condition with intrusive 

traumatic memories or flashbacks, avoidance of trauma reminders, negative changes in mood 

and thinking, and heightened arousal such as hypervigilance and sleep disturbances (Kelmendi 

& Hamby, 2023). Two-thirds of people in Europe have experienced at least one traumatic event 

during their lifetime, and 1–3% of persons in Europe or roughly 7.7 million people have 

developed PTSD and are currently experiencing symptoms (F. Martin & Sashidharan, 2023). 

With variances in trauma exposure, such as war and battle events or natural disasters, cultural 

influences, and healthcare support, the prevalence of PTSD varies greatly between countries 

(Trautmann & Wittchen, 2018).  

The diagnosis of psychiatric disorders are based upon the Diagnostic and Statistical Manual 

of Mental Disorders (DSM), which is already in the 5th text revision version (DSM-5 in 2022). 

The DSM-5 lists eight criteria for PTSD, which are labeled A through H (Table 1.). 

Table 1. Symptoms of PTSD according to DSM-5. 

Adapted from (Török et al., 2019a) published by our research group. 

Despite advancements in pharmacological and therapeutic interventions, a substantial 

proportion of patients with PTSD exhibit inadequate responses. Fewer than 60% of patients 

respond favorably to selective serotonin reuptake inhibitors (SSRIs) and trauma-focused 

Criterion 
Number of required 

symptoms 
Main characteristic 

A Required Exposure to traumatic event 

B 1 

Intrusive recollection: intrusive thoughts, 

nightmares, flashbacks, emotional distress after 

traumatic reminders 

C 1 

Avoidant/numbing of all trauma related stimuli 

(thoughts, feelings, conversations, people, 

places, or activities) 

D 2 
Negative changes in cognition and mood must 

be present 

E 2 

Hyper-arousal: irritability, aggression, risky or 

destructive behavior, hypervigilance, 

exaggerated startle reaction, difficulties in 

concentrating and sleep disturbances 

F Required Last for more than 1 month 

G Required 
Seriously affecting social and occupational 

functioning and inducing distress 

H Required 
Not caused by medication, substance use, or 

other illness 
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cognitive behavioral therapy (Brown et al., 2009). Consequently, there is an urgent need to 

identify novel therapeutic strategies for the comprehensive treatment of PTSD, given that 

current first-line treatments are ineffective in approximately 40% of patients.  

Investigating the mechanisms underlying PTSD, alongside non-traditional neurobiological 

and behavioral models, will facilitate the identification of new therapeutic targets (Aspesi & 

Pinna, 2019). Clinical studies reveal numerous important details about PTSD, however, 

constraints related to ethical considerations, study design, and biological factors hamper our 

capacity to infer causal links from human clinical research, thereby emphasizing the necessity 

for meticulously designed preclinical studies with appropriate control groups. Such 

investigations will ultimately facilitate the development of novel treatments for individuals 

afflicted with PTSD (Verbitsky et al., 2020). 

 2.2. Acute stress disorder (ASD) 

After trauma first acute stress disorder (ASD) develops, which represents the immediate 

psychological and behavioral response and emerges within hours to days following trauma in 

all exposed individuals (Kumar et al., 2025; Thomas & Hersen, 2004). It is characterized by 

heightened arousal, intrusive memories, and exaggerated fear responses, reflecting early 

alterations in stress and memory-related neural circuits. Studying ASD is critical for 

understanding PTSD because it captures the initial phase of trauma memory encoding and 

consolidation. Alterations observed during ASD often predict the persistence and maladaptive 

strengthening of fear memories that define PTSD. Therefore, ASD provides a valuable 

temporal window to dissect early neurobiological mechanisms that bias trauma-related 

memories toward long-term pathological storage (X. Chu et al., 2016; Kumar et al., 2025).  

In line with the importance of ASD, the sensitivity of the early posttrauma period allow 

early intervention, i.e. prevention of the consolidation of fear-related memories, thus, 

prevention of the development of PTSD. Therefore, we targetted this early period. To better 

dissect mechanism, we used animal models, which provide the strongest evidence of treatment 

potential (Bersani et al., 2020). 

 2.3. Preclinical models of PTSD  

Mice are the most popular preclinical model for translating potential pharmacological 

treatments to humans based on their defined genetic makeup, conserved neuroanatomy that 
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responds to stressors, and capacity to manipulate environmental and biological variables to 

investigate the pathophysiology related to trauma (Mayo et al., 2018). Researchers have used 

experiments on mice that include footshock conditioning, predatory scent exposure, and 

prolonged acute stress exposure to show that they can develop PTSD-like symptoms. For 

example, they can learn to be more afraid, have fear memories that last long, and have problems 

with their hypothalmaic pituitary adrenocortical (HPA) axis, which is the body's main stress 

adaptation system. Investigators can test the effectiveness of drugs and better understand how 

their related therapies work using mouse models (Almeida et al., 2021). Mice can also be 

studied using the combination cutting-edge molecular, microbiome, and imaging techniques 

for a more detailed understanding of how traumatic exposure influence the interaction between 

the brain and the body. Among the various methods for animal studies of PTSD, the footshock-

induced fear conditioning (FC) paradigm is the most reliable and robust preclinical model of 

trauma-induced disorders (Török et al., 2019a). 

2.3.1. Footshock model for PTSD  

The footshock model is a rodent method to study PTSD-like behavior, where animals learn 

to associate a mild electric shock with a specific place or cue. Later, even without the shock, in 

facing the trauma-related context or cue they show persistent fear (freezing) and heightened 

stress, reflecting difficulty in “letting go” of the traumatic memory. This response is driven by 

brain regions like the amygdala, hippocampus, and prefrontal cortex (PFC) (Török et al., 

2019a).  The advantage of the footshock model of trauma is that it has relatively fewer 

inconsistencies regarding the amount of stress experienced during testing, especially when 

compared to predator smell exposure, restraint exposure, or social defeat. Additionally, a more 

logical reason for preferring the footshock model is that it is highly controlled, reproducible, 

and directly measures fear learning and memory, resulting in consistent results across studies 

(Berardi et al., 2014). It also clearly engages key circuits like the amygdala, hippocampus, and 

PFC (Verma et al., 2016). Certainly, during footshock paradigm we can precisely control the 

timing, amount, and predictability of exposure to a life-threatening, acute form of stress. This 

ability of tightly control is necessary when attempting to create a consistently replicable model 

and to enhance data reliability (Bali & Jaggi, 2015). Through repeated exposure to the 

footshock mice develop several PTSD-like symptoms, including chronic conditioned fear 

responses to stimuli and environments, impaired freezing behavior during extinction trials, 

increased startle response, and chronic dysfunction of the amygdala-PFC-hippocampus 

circuitry (Ponomarev et al., 2010). The close resemblance of these phenotypes to clinical 
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symptom clusters (see Table 1.) makes this model ideal for studying the mechanisms involved 

in trauma related disorders (e.g., PTSD). Furthermore, the footshock model reliably activates 

stress hormones and stress hormone-sensitive immune pathways (including hyperactivity of the 

HPA axis, altered glucocorticoid receptors, increased neuroinflammation, and shifting 

microbiome composition), providing a means to assess multiple levels of biology that occur in 

trauma-related disorders (Török et al., 2019). 

  Another advantage of utilizing the footshock paradigm is its exceptional compatibility 

with modern neuroscientific methods (e.g., optogenetics, in vivo electrophysiology, calcium 

imaging, genetic knock-in strategies, and microbiome-based manipulations), which enables 

precise circuit-level dissection associated with traumatic events (Török et al., 2019a; Verma et 

al., 2016). One of the strongest association is with metabolic disturbances (Michopoulos et al., 

2012b, 2016). 

2.4. PTSD as metabolic disorder  

PTSD is mostly associated with other comorbidities like metabolic syndrome (Bartoli 

et al., 2013; Rosenbaum et al., 2015). Certainly, obesity and diabetes mellitus is commonly in 

PTSD patients (Yu et al., 2024). This observation is supported also by a metaanalysis 

(Vancampfort et al., 2016), and by a longitudinal study in women (Roberts et al., 2015). 

However, - take into consideration the high prevalence of these alterations in the “control” 

population of the developed countries – the difference between PTSD and control groups not 

always reach the level of significance (Kozaric-Kovacic et al., 2009).  

 Although previously PTSD was named as a metabolic disorder in disguise 

(Michopoulos et al., 2012b) the authors were more focusing on HPA axis and immune 

alterations than the metabolic disturbances. Further studies connected trauma with the 

microbiome, as chronic stress decreased the diversity of microbial species that produce 

beneficial short-chain fatty acids (SCFAs) and increased the number of inflammatory bacteria 

within the gut (Thiruvengadam et al., 2021). This dysbiotic state impairs the glucose 

metabolism and alters the pathways involved in neuroimmunology and fear-induced learning 

memories in the brain. Given these findings, there has been renewed interest in "microbiome-

directed" interventions to improve microbial communities and trauma-induced behavioral 

alterations (Zhong et al., 2021). By intentionally reducing microbial species diversity using 

antibiotics (ABs), a unique state  can be created which can affect the vulnerability or the 
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recovery from PTSD-related symptoms or conditions. In contrast, probiotics (PBs) and 

nutrients like sucrose may support the recovery of the gut microbiota and produce specific 

changes that can affect individual's ability to respond to stress and process information 

adaptively (Arruda-Carvalho & Clem, 2015; Azad et al., 2018). These compounds provide a 

potential biological mechanism for the relationship between diet and PTSD-related behavioral 

responses. 

2.4.1. Dietary Carbohydrate and PTSD  

Throughout history and across cultures, people have turned to sweet foods for comfort 

during stressful times. Sugar-rich foods have long been associated with psychological relief by 

offering a piece of candy to calm a distressed child to indulge in chocolate after a difficult day. 

This notion is so deeply ingrained in popular culture that even in Harry Potter, Professor Lupin 

famously gives Harry chocolate after a Dementor attack, highlighting the almost universal 

belief in the comforting properties of sweets. However, the belief that sugar intake may offer 

acute benefits in individuals experiencing PTSD requires further investigation into its 

therapeutic potential especially because of the potential harmful effect of high sugar intake 

(Kaplan et al., 2010).  

Surely, sugar consumption remains a controversial issue. Commonly referred to as table 

sugar, sucrose is a disaccharide composed of glucose and fructose monosaccharides and is used 

as a sweetener in many different foods and beverages (Qi & Tester, 2020a). It has a definite 

positive acute cognitive impact owing to its ability to alter neurotransmitter systems, including 

those involved in the development of fear memories (Bellisle, 2004; Custodio et al., 2023; X. 

Ding et al., 2023; Zheng et al., 2023). Indeed, from one side brain depends on carbohydrates as 

an optimal source of energy and utilizes glucose to create, store, and use memories. However, 

excessive intake is clearly associated with adverse metabolic outcomes, including obesity and 

the development of type 2 diabetes.  

 Sucrose consumption has previously been investigated as a significant dietary 

constituent that influences the respond of the animals to stressful situations and learn about 

fearful events (Berardi et al., 2014). An American group found that 40% glucose, but not 

fructose, drinking immediately after trauma was helpful in preventing the development of 

PTSD-like symptoms in rats (M. Conoscenti et al., 2019; M. A. Conoscenti et al., 2017a). They 

even confirmed blood glucose and liver glycogen elevation and lower corticosterone stress 

hormone elevation after glucose consumption (M. Conoscenti et al., 2019). However, they used 

a tail shock–restraint combination and tested the animals 24 h after trauma in an active 
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avoidance paradigm. Both the timing (24 h is more an acute stress disorder (ASD) than PTSD) 

and the test (active avoidance is a learning parameter) were questionable for modelling PTSD. 

Moreover, an Argentine group reported that 10% sucrose drinking in juvenile, but not adult 

rats, impaired fear memory extinction (Kruse et al., 2019) and recognition memory (Coirini et 

al., 2022) in adulthood. Thus, it has a negative, rather than a positive, long-term effect. 

Additionally, a meta-analysis of 1259 participants found no positive effect of acute 

carbohydrate consumption on any aspect of mood at any time-point studied (Mantantzis et al., 

2019). However, relatively short periods (immediate (0–30 min), short-term (31–60 min), and 

long-term (61+ min) effects) without stress were examined. Collectively, these findings 

highlight that carbohydrate consumption, particularly sucrose, may exert a protective or 

modulatory effect on traumatic memory expression in PTSD-like conditions. Due to these 

controversies regarding the positive or negative effects of carbohydrate consumption, 

especially the effects of the most commonly used sugar, sucrose on PTSD symptoms, this 

question has remained unanswered. Most previous studies utilized rats; however, for 

mechanistic studies, the easier genetic manipulation of mice makes them a better model. 

Peripheral metabolic homeostasis is regulated by dietary carbohydrates, and carbohydrate 

metabolism has also been shown to influence glucose metabolism at CNS level, leading to 

changes in neuronal activity. On the contrary, CNS regulate carbohydrate metabolism, linking 

metabolic processes to stress-related brain regions (e.g., the PFC).   

The reason sucrose can reduce the consolidation and expression of traumatic memories, 

likely depends on the fact that sucrose increases the glucose availability in the central nervous 

systems (CNS) and enhances the metabolism of energy in their PFC and hippocampal areas, 

which together increases the activity of neural circuitry involved in extinction learning and 

encourages cognitive flexibility (Colucci et al., 2020; Giustino et al., 2020; Trezza & 

Campolongo, 2013). Sucrose consumption may also influence neurochemical systems related 

to the brain's reward and emotional regulation systems, thus, mitigating deficits associated with 

traumatic stress exposure, such as reduced levels of dopamine and serotonin signaling (Enman 

et al., 2015). The current theory is that one or more of the mechanisms of action may represent 

metabolic support for memory-related circuitry, along with potential interactions between the 

gut microbiome and PTSD in these models (Weston, 2014). Moreover, the digestion of 

carbohydrates begins in the gastrointestinal tract, which further draw our attention to the 

importance of the gut-brain axis. 
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2.4.2. Gut-Brain health and PTSD  

Over the past decade, substantial progress has been made in elucidating previously 

unrecognized interactions between the gastrointestinal tract and mental health, revealing 

bidirectional connections between the gut microbiota and brain development, stress, and 

psychiatric disorders (Tyagi et al., 2025). Clinical studies have identified distinct gut 

microbiome signatures in patients diagnosed with depression, anxiety disorders, and other 

psychiatric conditions. Germ-free animals, which lack gut microbiota, exhibit altered stress 

responses and abnormal fear extinction, providing further evidence of the critical role of gut 

microbiota in emotional regulation and stress responses in individuals (Levert-Levitt et al., 

2022). Unconditionally, the gut-brain axis serves as an important channel for peripheral 

metabolic and inflammatory signals to impact central neural processes related to stress (Pivac 

et al., 2023; Rust et al., 2023).  

The potential involvement of the gut microbiota in the pathology of PTSD merits further 

investigation. Existing evidence indicates that traumatic stress disrupts gastrointestinal function 

and microbial composition, resulting in decreased microbial diversity, increased abundance of 

specific taxa, and compromised intestinal barrier integrity (Sun et al., 2024). Conversely, 

clinical studies have identified differences in the gut microbiota composition between patients 

with PTSD and resilient controls who have been exposed to trauma, but did not develop 

symptoms. Furthermore, certain microbial signatures may positively correlate with symptom 

severity and levels of inflammatory markers in patients with PTSD (Zeamer et al., 2023).  

The precise mechanisms by which gut dysbiosis may affect neural circuitry associated with 

trauma are still under exploration; however, it is hypothesized that these effects occur through 

the modulation of HPA axis activity, chronic inflammatory responses, and neurotransmitter 

systems involved in the consolidation and extinction of fear memories (Leclercq et al., 2016). 

Thoroughly, the gut microbiome, which comprises billions of bacteria residing in the intestines, 

communicates with the brain through various pathways, including the vagus nerve, immune 

system, neurotransmitter production, and metabolites (Long-Smith et al., 2020), such as 

gamma-aminobutyric acid (GABA), serotonin, dopamine, and SCFA (Moțățăianu et al., 2023).  

Consequently, the potential for treating or preventing PTSD through interventions targeting 

the gut microbiota represents a promising avenue for novel adjunctive therapeutic strategies for 

patients who have not responded adequately to current treatments (S. Kim et al., 2018). The 
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timing of microbiome interventions in relation to trauma exposure may be critically important. 

Interventions administered prior to trauma exposure could potentially enhance stress resilience 

and prevent the onset of PTSD-like symptoms, whereas those implemented post-trauma may 

aid in recovery or mitigate symptom severity (Schöner et al., 2017). Animal models offer 

valuable opportunities to systematically explore these temporal dynamics in ways that are not 

feasible in human populations (Aspesi & Pinna, 2019). Additionally, various methods of 

microbiome manipulation, such as the previously mentioned dietary modification or AB-

induced depletion (Sivamaruthi et al., 2020) as well as PB supplementation, may exert distinct 

effects on trauma-related outcomes through different mechanisms (Verbitsky et al., 2020).  

2.4.3. Antibiotics and PTSD 

Antibiotic (AB) treatment has emerged as an unexpected, but increasingly informative tool 

for understanding the influence of gut microbiome on the development of psychiatric disorders 

(Heinz et al., 2021; Lang & McTeague, 2009a; Yarullina et al., 2024). Certainly, in preclinical 

research, ABs are not viewed simply as antimicrobial agents, but as experimental modulators 

of the gut–brain axis, thus, not therapeutic in a clinical sense. By reshaping microbial 

composition, ABs can alter immune signaling, metabolic pathways, and neuroactive compound 

availability, all of which are deeply implicated in psychiatric vulnerability and resilience (Lang 

& McTeague, 2009a). In rodent models of psychiatric disorders, including stress-related and 

anxiety-like phenotypes, AB treatment has been shown to produce beneficial behavioral 

outcomes under specific conditions. In some models, ABs appear to promote behavioral 

resilience, shifting animals away from stress-susceptible phenotypes toward more adaptive 

coping strategies (Heinz et al., 2021; Yarullina et al., 2024). Several studies report reductions 

in anxiety-like behavior, normalization of exaggerated fear responses, and improvements in 

cognitive flexibility following controlled AB exposure (Hardin et al., 2009). These effects are 

often accompanied by attenuated neuroinflammation, altered microglial activation, and 

changes in neurotransmitter systems such as glutamatergic and serotonergic signaling. 

Importantly, ABs can also reduce peripheral inflammatory load, which is increasingly 

recognized as a key contributor to maladaptive emotional and cognitive states (Hardin et al., 

2009; Lang & McTeague, 2009b, 2009a). Moreover, metabolite-driven sensory signaling might 

be also altered, establishing a mechanistic connection to TRPA1 receptor pathways. 
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2.5. Brain areas in PTSD 

2.5.1. The medial prefrontal cortex and PTSD  

 How individuals acquire and extinguish fear memories, mount neurobiological stress 

responses, and sustain executive functioning is governed by a distributed network of 

interconnected brain regions whose coordinated dysregulation forms the neurobiological 

substrate of PTSD (Giustino & Maren, 2015). In particular, the medial PFC (mPFC, Figure 1.) 

plays a key role in regulating the function of the limbic system, which includes the amygdala 

and hippocampus. Under normal circumstances, the mPFC decreases fear responses driven by 

the amygdala and provides information to perform memory tasks and learn how to stop fearful 

memories. However, when an individual is exposed to trauma, for example, through a 

controlled paradigm such as footshock, the mPFC is severely damaged and loses its ability to 

function normally (Arruda-Carvalho & Clem, 2015). Some of this damage is associated with 

reduced activation of the mPFC, disruption of synaptic plasticity in the mPFC,   and reduced 

inhibition of amygdala- hyperactivity. 

 

Figure 1. Schematic of the adult mouse medial prefrontal cortex. (A) Illustration of the adult mouse medial 

prefrontal cortex (mPFC) in the sagittal plane. (B) Illustration of the coronal view of the parts of the mPFC at the 

plane of section depicted in (A) (Bregma +1.98 mm). IL: infralimbic cortex, PL: prelimbic cortex, ACC: anterior 

cingulate cortex, AGm: medial agranular cortex  

These functional changes contribute to increased fearful responses, difficulties in extinction, 

and the persistence of traumatic memories in animal models (Arruda-Carvalho & Clem, 2015). 

 Recent evidence indicates that the vulnerability of the mPFC to PTSD-type behaviors 

has been modified by metabolic, microbiome, and environmental (i.e., trauma) influences 

(Laudani et al., 2023; Muhie et al., 2017; Oh et al., 2022). One of the primary roles of 

carbohydrates (particularly, in this case, sugar-derived glucose) is to fuel energy in the 

prefrontal region of the brain during the process of decision-making and executive functioning 

after a traumatic event (Aupperle et al., 2012; Kern et al., 2008; Mergenthaler et al., 2013). 



15 

 

Therefore, providing carbohydrates (or sugar-derived glucose) in conjunction with trauma may 

support the mPFC in processing trauma and completing the extinction process (Arruda-

Carvalho & Clem, 2015; Bryant et al., 2007). Neuroinflammatory changes or alterations due to 

trauma-induced dysbiosis, exacerbated using ABs or alleviated by the intake of PBs or sugar-

type substances, alter the communication between the mPFC and amygdala (the brain's fear 

center). However, the role of AB is not clear. The previously mentioned antiinfalmatory aspect 

might be beneficia. It may also be hypothesized that the depletion of intestinal bacteria 

diminishes beneficial gut-brain signaling, which subsequently increases stress reactivity to 

traumatic stressors and leads to dysfunction of the PFC. In this case, providing PBs may 

potentially restore microbial metabolites that enhance cortical (brain) plasticity and cognitive 

flexibility (Ishikawa et al., 2015). All in all, mPFC is sensitive to changes in the overall 

physiology of the body, including nutritional aspects.  

Previous research of our institute found glucose sensing neurons in the PFC (Nagy, Szabó, 

et al., 2012). Although these cells were originally involved in the central feeding control, but 

later studies find their wider homeostatic significance (Hormay et al., 2024), including taste 

avoidance (Nagy. et al., 2012). These cells are sensitive to streptozotocin, a toxic agent known 

to entering the cells throught glucose transporter 2 (GLUT2) (I. Szabó et al., 2018; Hormay et 

al., 2019).  

2.5.1.1. Glucose transporter 2 positive neuronal cells and their role in PTSD  

We might assume that these GLUT2 expressing mPFC neurons (mPFC-GLUT2) might be 

important in PTSD development as well, due to their important metabolic–neuronal interface 

for measuring fluctuations in extracellular glucose concentrations in response to food 

consumption (Giustino & Maren, 2015; Nagy, Szabó, et al., 2012). GLUT2-expressing neurons 

might be extremely sensitive mediators of glucose levels because of their low affinity for 

glucose (Mounien et al., 2010). Therefore, any change in glucose supply from the diet 

(including that obtained from the consumption of sucrose) may directly affect the neuronal 

capability of GLUT2-expressing neurons to sense glucose levels and mediate plasticity and 

excitability within the mPFC, as well as mediating top-down inhibition of amygdala 

hyperactivity (i.e., inhibiting the response of hyperactive amygdala activity) (Land et al., 2014). 

Thus, GLUT2-expressing neurons may play an important role in the process of extinction 

learning and in turning off traumatic memories associated with PTSD. Restoration of metabolic 

signalling in the mPFC-GLUT2 neurons may improve the potential for more positive and 
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adaptive processing of trauma (K. P. Martin & Wellman, 2011). To enhance this signaling the 

Cre-loxP methods can be used. 

2.5.1.2. Chemogenetic manipulation 

 The Cre-loxP system offers a robust and flexible platform to combine anatomical 

specificity with functional interrogation (Figure 2.). To achieve precise targeting of the specific 

mPFC cells, GLUT2-Cre transgenic mice were generated containing the coding sequence of 

recombinase (Cre) enzyme under a GLUT2 promoter, thereby restricting Cre activity to 

GLUT2-expressing cells.  

 

Figure 2. Cre-loxP strategy for selective targeting of GLUT2-expressing neurons. In GLUT2-Cre mice, Cre 

recombinase driven by the GLUT2 promoter enables cell-specific recombination at loxP/lox2722 sites, allowing 

selective expression of RFP and DREADDs in GLUT2-positive neurons. ITRs facilitate viral packaging, while 

promoter and enhancer elements ensure efficient transgene expression: DREADD-Designer Receptors 

Exclusively Activated by Designer, ITR- Inverted Terminal Repeats, RFP-Red Fluorescent Protein,  

When these mice are crossed with or injected with Cre-dependent reporter or effector 

constructs flanked by loxP sites, recombination occurs selectively within GLUT2-positive 

neurons.  

By this cell manipulation an adeno-associated viral vector (AAV) was used  which 

contained a designer receptor exclusively activated by designer drug (DREADD) (Fazekas et 

al., 2019, 2024). To visualize the expression, a red fluorescent protein (RFP) was also 

incorporated into the AAV and presumably expressed in those cells expressing also the 

DREADD sequence (Figure 2.). Control AAV contains only the RFP sequence. The DREADD 

sequence is not sensitive to any endogenous ligand, but can be stimulated by an exogenous 

injection of clozapine-N-oxide (CNO). During our previous experiments we used 1mg/kg CNO 

dose 30 min before behavioural testing (Fazekas et al., 2019, 2024).  
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This strategy enables spatially and molecularly specific genetic access without perturbing 

neighbouring neuronal populations (Fazekas et al., 2019, 2024). Importantly, this approach is 

essential for disentangling metabolic signaling from broader prefrontal network activity, which 

is often difficult to resolve using pharmacological or lesion-based methods.  

2.5.2. Central projecting Edinger Westphal nucleus (EWcp)  

Neuroactive metabolites produced by the gut microbiota have been identified as strong 

modulators of Transient Receptor Potential Channel A1 (TRPA1), which is an ion channel 

activated by inflammatory and oxidative signals (Borrelli et al., 2016). TRPA1 is a non-

selective cation channel involved in diverse processes of the nervous system including pain 

sensation and neurodegeneration (Julius, 2013; Paumier et al., 2022; Talavera et al., 2020a). 

Although Trpa1 is expressed in several stress-sensitive brain regions, such as the piriform 

cortex, olfactory bulb, hypothalamus and dorsal raphe nucleus (Konkoly et al., 2021; Milicic 

et al., n.d.; Olah et al., 2021), its highest mRNA level was found in the urocortinergic neurons 

of the centrally projecting Edinger-Westphal nucleus (EWcp), which is  an important hub of 

stress adaptation (Farkas et al., 2017; Gaszner et al., 2004; Kozicz et al., 2001, 2008). The 

downregulation of Trpa1 mRNA was observed both in the EWcp neurons of mice upon chronic 

stress, and in the EWcp samples of human suicide victims (Kormos et al., 2022). In addition, 

altered stress responses were revealed in Trpa1 gene-deficient mice using diverse stress models 

(Biró-Sütő, et al., 2022; Kormos et al., 2022), further supporting the role of this ion channel in 

stress adaptation.  

Although the role of TRPA1 was not know in PTSD, it might have been assumed based 

upon its high prevalence in the EWcp, a stress-regulatory hub. EWcp is in connection with both 

the HPA axis, contributing to glucocorticoid regulation (in rodent the major form is 

corticosterone (CORT) (Hempelmann & Adams, 1991a; Smith & Vale, 2006), as well as 

sympathetic-adrenomedullary axis (SAM).  

2.5.4. The locus coeruleus  and the paraventricular nucleus of the hypothalamus 

Locus coeruleus (LC), the center of SAM and the paraventricular nucleus of the 

hypothalamus (PVN), center of HPA axis) are key brain structures of stress adaptation, and 

their role is also extensively studied in the pathomechanism of PTSD (Daskalakis et al., 2016; 

Hendrickson & Raskind, 2019a; Hori & Kim, 2019; D.-H. Lee et al., 2022). LC is involved in 

numerous other psychophysiological functions (e.g., arousal, memory formation, pain 

processing, behavioral flexibility), each of them severely affected by PTSD (Coeruleus, 2025; 
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McCall et al., 2015). LC is well positioned to affect PVN function through noradrenergic 

projections via α2-receptors (Goldman et al., 1985; Ziegler et al., 1999).  

The paraventricular nucleus of the hypothalamus (PVN) is the site of corticotropin-

releasing hormone (CRH) production, which stimulates the anterior pituitary to release 

adrenocorticotropic hormone, which finally induces the synthesis and secretion of 

glucocorticoids from the adrenal cortex. Glucocorticoids such as cortisol in humans or 

corticosterone (CORT) in mice act on various target organs to promote adaptation to stressful 

situations (e.g., diabetogenic effect, increased metabolism, influence on cognitive functions) 

and parallelly inhibit further activation of the HPA axis (Hempelmann & Adams, 1991b; Smith 

& Vale, 2006). 

 Interestingly, the reduced HPA axis and increased SAM system activity is characteristic 

for PTSD (Daskalakis et al., 2016; Hendrickson & Raskind, 2019b), accompanied by elevated 

CRH levels and catecholamine mobilization, as well as decreased glucocorticoid levels (T. D. 

Kim et al., 2020; D. H. Lee et al., 2022). These processes may contribute to the development 

of vegetative symptoms and hyperarousal, typical signs of PTSD; and the lacking anti-

inflammatory effect of glucocorticoids may maintain the neuroinflammation.  

Neuroinflammation is the most widely studied process in the pathomechanism of PTSD. 

Acute severe or chronic stress can directly activate microglia and astrocytes in the CNS. These 

glial cells produce proinflammatory cytokines contributing to the development of 

neuroinflammation. These glial processes can be influenced by α- adrenergic receptors (Bekar 

et al., 2008; F. Ding et al., 2013); it is highly plausible that LC-derived noradrenaline modulates 

PVN glia (particularly astrocytes). On the other hand, the glia cells of the PVN modulate its 

neuronal output and sympathetic/endocrine function (Han et al., 2021; Moreira et al., 2019; 

Stern et al., 2016). TRPA1 ion channels were previously found on astrocytes (Bosson et al., 

2017; Cheng et al., 2023; Kakae et al., 2023; Oh et al., 2020; Wei et al., 2024) and some of the 

inflammatory mediators (e.g., unsaturated fatty acids, H2O2) can activate them [(Logashina et 

al., 2019; Meents et al., 2019; Talavera et al., 2020b). 

Since the presently available therapeutic options do not provide causal therapy, it is 

justified to explore novel molecular mechanisms that could provide promising targets in PTSD.   
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3. Aims 

We aim to reveal, how metabolic, microbial, and neurocircuitry modulation can affect the 

development of PTSD-like symptoms in a footshock-induced trauma model in mice (Table 2.). 

o Aim 1. Examination of the impact of carbohydrate intake (particularly energy derived 

from sucrose) on behaviors resembling ASD and PTSD (Cohort 1).  

o Aim 2. The function of GLUT2-positive glucose-sensing mPFC neurons in the prior 

process (chemogenetic modification) (Cohort 2).  

o Aim 3. Subsequently, another metabolic element, the role of the gut microbiome, was 

examined following antibiotic treatment (Cohort 3).  

o Aim 4. Analysis of the regulatory influence of the TRPA1 channel on the footshock-

induced PTSD paradigm, encompassing the exploration of α2 adrenoceptor 

participation through clonidine administration, behavioral assessments, and serum 

CORT measurements (Cohort 4).  

o Aim 5. Conduction of a meta-analysis on metabolic alterations in multiple  preclinical 

models of PTSD. 

Together, these efforts were designed to provide an integrated systems-level understanding of 

how these domains interact to produce PTSD-like manifestations and to inform potential novel 

treatment approaches for PTSD. 

Table 2. Allocation of mice across experimental cohorts, including sample size per group, age and their strain. 

  

Cohort Experiment tittle Mice Strain Mice (n) 
Age 

(Month) 

Cohort 1 

Sweet relief? Short-term post-traumatic 

high-sucrose intake attenuates acute but 

not long-term fear responses in mice 

C57Bl/6 242 min. 3 

Cohort 2 
The role of mPFC-GLUT2-positive cells 

in CFT studied by chemogenetic 

manipulation. 

GLUT2-Cre  41 min. 3 

Cohort 3 
PTSD upside down: The role of gut 

microbiome 

CD1 

  

Cohort 3.1: Pretrauma AB drinking. 38 4 to 5 

Cohort 3.2: Pretrauma PB intake by cockies. 38  4 to 5 

Cohort 4 
Examining the role of TRPA1 in 

regulating PTSD conccentrating on LC 

TRPA1 

knockout 

(KO) and wild 

type (WT) 

80 3 to 4 
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4. Methodology 

4.1. Animals 

Adult C57Bl/6 (Cohort 1), GLUT-2-Cre mice on C57Bl/6 background (Cohort 2, a 

generous gift from a Swiss lab (Labouebe et al., 2016)) from both sexes, or male CD1 mice 

(Cohort 3.) or TRPA1 wild type (WT) and knockout (KO) mice (Cohort 4.) were used from 

our local breeding colony (Pécs University Pécs, Pécs, Hungary) (see Table 3. For body weight 

(BW)). Mice were separated 2–3 days before the experiments (expect Cohort 4) to follow 

individual fluid consumption. This separation also helped minimize potential confounders, 

such as the different numbers of animals in one cage. The sample size was based on our 

previous study using fear conditioning (FC) (Bruzsik et al., 2020).  

Table 3. Average body weights of the different groups at the beginning of teh experiemnts and at the 

time of the development of PTSD-like behaviour 

  

 

  

 

 

 

 

 

 

 

 

 

The animals were kept in a standard environment (21 ± 1 °C, 12 h light/dark cycle with lights 

on at 9 p.m.) and had access to food (standard laboratory chow; Charles River, Hungary) and 

water ad libitum. Behavioral examinations were conducted at the beginning of the dark, active 

phase under red light, as rodents are nocturnal. The animals were randomly assigned to different 

groups to ensure that treatments were equally distributed between sexes, and animals of 

approximately the same weight were assigned to different groups. Therefore, automated 

software was not used for randomization. 

Group 
Initial BW (g) Mean 

± SEM 

Final day BW (g) on 

Mean ± SEM 

Cohort 1 

Control 25.130 ± 0.398 25.058 ± 0.385 

Sucrose 24.844 ± 0.371 25.052 ± 0.363 

Cohort 2 

Non-Stimulatory 26.012 ± 1.098 26.124 ± 1.000 

Stimulatory 25.304 ± 0.834 25.104 ± 0.877 

Cohort 3.1  

AB NS 37.467 ± 0.967 39.878 ± 1.573 

AB S 38.778 ± 1.169 39.700 ± 1.213 

W NS 38.210 ± 0.634 39.760 ± 1.094 

W S 39.090 ± 1.325 41.700 ± 1.685 

Cohort 3.2 

C NS 40.200 ± 1.284 39.300 ± 1.774 

CS 39.722 ± 2.001 38.167 ± 1.931 

PB NS 41.360 ± 1.775 41.870 ± 2.057 

PB S 40.544 ± 1.477 40.289 ± 1.814 
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4.2. Ethical Approval  

 All experiments were approved by the Workplace Animal Welfare Committee of the 

University of Pécs and the National Scientific Ethical Committee on Animal Experimentation 

of Hungary (Cohort 1: BA/73/00247-7/2023, Cohort 2: BA/73/001111-8/2023, Cohort 3: 

BA/73/00543-8/2024, Cohort 4: BA02/2000-46/2024, 24 January 2025) and were performed 

in accordance with the European Communities Council Directive recommendations for the care 

and use of laboratory animals (2010/63/EU). The thesis complied with the ARRIVE guidelines. 

4.3. Experimental design 

4.3.1. Cohort 1  

Based on previous studies, we used 2%, 16%, and 32% sucrose solutions (20, 160, or 320 

g sugar dissolved in 1000 mL tap water at room temperature). Although a high sucrose 

concentration can provide energy, the high osmolality of the solution can render it aversive. 

Therefore, habituation to this fluid is necessary (Figure 3.). Previously, habituation was 

followed by a longer washout period before trauma occurred (M. A. Conoscenti et al., 2017b; 

Qi & Tester, 2020b). To shorten the examination period, we first tested whether 3 days’ sucrose 

habituation (4 h per day, between 9 and 13 h) could influence the effect of trauma on later 

freezing behavior, as the major measure of PTSD-like symptoms (Milad & Quirk, 2012; Pitman 

et al., 2012) started shortly (4 h) after the last habituation. 

Figure 3. Schematic representation of experimental design. Abbreviations: ASD: acute stress disorder; CFT: 

conditioned fear test; FC: fear conditioning; PTSD: post-traumatic stress disorder 

 

During all experiments, the mice were traumatized (FC) 4 h after sucrose habituation in a 

footshock chamber (Ugo Basile, Gemonio, Italy), then immediately afterwards they were 

provided either with tap water or different concentrations of sucrose for 24 h/3 h. The animals 

were returned to the trauma-related context 24 h (recent fear memory: ASD-like)/14 days 

(remote fear memory: PTSD-like) after footshock (conditioned fear test, CFT). In a set of 

experiments, sucrose solution was provided before the fear conditioning test for 24 h (possible 
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curative effect in contrast to the possible preventive effect, when sucrose drinking started 

immediately after trauma). A separate set of animals was used for all experiments. Because we 

had two test chambers, two animals were tested at the same time. 

Experiment 1.1. Effect of habituation. Three groups were compared: non-traumatized 

controls drinking water during the whole experiment (animals spent the same time in the shock 

chamber as the traumatized group without trauma), traumatized animals drinking water during 

the whole experiment, and traumatized mice drinking 16% sucrose for 3 days (daily 4 h) before 

traumas (habituation) but given water to drink after trauma. CFT was conducted 24 h after FC. 

Sex differences were also assessed in this study. N = 8/group. 

As trauma effectively increased freezing, and habituation had no effect on this parameter, we 

omitted the non-shock group and used this short habituation. 

Experiment 1.2. Prevention of conditioned freezing 24 h after trauma (ASD-like). 

Animals were allowed to drink 2%, 16%, or 32% sucrose solution or tap water (controls) for 

24 h immediately after trauma, and CFT was conducted 24 h after FC. N = 7–15/group. 

Experiment 1.3. Prevention of conditioned freezing 14 days after trauma (PTSD-like). 

Animals were allowed to drink 16% or 32% sucrose solution or tap water (controls) for 24 h 

immediately after trauma, and CFT was conducted 14 days after FC. We omitted 2% sucrose 

because it had no previous effect. N = 7–18/group. 

Experiment 1.4. Timing of 16% sucrose. As 16% sucrose, administered for 24 h 

immediately after trauma, was effective in preventing ASD-like freezing in both sexes, we 

examined whether the first 3 h, suggested by Conoscenti et al. (M. A. Conoscenti et al., 2017b), 

was sufficient to produce the same effect. Thus, Experiment 2 was repeated with 3 h of 16% 

sucrose drinking in comparison with water drinking. Additionally, we tested whether 16% right 

before remote CFT can “cure” the PTSD-like behavior. Thus, in this case, 16% sucrose or tap 

water (controls) was provided for 24 h before the CFT, 14 days after trauma. N = 6–13/group. 

4.3.2. Cohort 2  

GLUT-2-Cre mice were stereotaxically injected with control or stimulatory AAVs (see 

later) into the mPFC and 14 days later underwent FC, and ASD-like and PTSD-like CFT section 

as in Cohort 1.  

The following groups were formed (all traumatized): 

• Control virus inject male 

• Stimulatory virus injected male 

• Control virus injected female 

• Stimulatory virus injected female 
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Upon termination of the experiments mice were sacrificed and RFP immunohistochemistry 

was performed to ensure injection accuracy.  

4.3.3. Cohort 3: Manipulationg the gut microbiome 

Experiment 3.1. The mice were given AB or tap water 28 days prior trauma (Marosvölgyi et 

al., 2024a) than underwent on openfield test (OFT) to assess their general well-being & 

locomotion & anxiety-like behavior. It was followed 24h later by FC as well as ASD and PTSD-

like CFT similarly to Cohort 1.  

The AB cocktail was prepared fresh by dissolving ampicillin (1 g/L), vancomycin (500 mg/L), 

ciprofloxacin HCl (20 mg/L), imipenem (250 mg/L), and metronidazole (1 g/L) in tap water 

under aseptic conditions (Marosvölgyi et al., 2024a), ensuring complete dissolution by gentle 

mixing and light-protected handling for photosensitive compounds. Bottles are replaced every 

3 days to maintain AB stability and potency.  

The following groups were compared: 

• Control- non-traumatized 

• AB-non-traumatized 

• Control-traumatized 

• AB-traumatized 

At sacrifice small intestinal length and blood sugar level was measuresd after 12 h fasting. 

Experiment 3.2. Probiotic (PB) cocktail was given to animals 14 days before trauma. The PB 

cocktail consisted of well-characterized beneficial bacterial strains from Lactobacillus spp. and 

Bifidobacterium spp., cultured under anaerobic conditions (Marosvölgyi et al., 2024a). This 

cocktail was put together at our institute and was previously shown to ameliorate autistic-like 

social behaviour (Mintál et al., 2022). PB suspensions were prepared fresh daily, kept on ice 

until administration, and gently homogenized prior to use to ensure uniform bacterial 

distribution. Mice were randomly assigned to one of two experimental groups to examine 

whether PB supplementation modulates vulnerability to trauma-related memory formation. 

Animals received a daily dietary intervention for 14 consecutive days consisting of 1/6th part 

of a standard cookie supplemented with either 100µL saline (control group) or 100µL of a PB 

preparation. Cookie-based delivery was used to ensure complete voluntary consumption and to 

minimize handling-related stress. Anxiety-like locomotor behavior (OFT) was assessed before 

footshock, followed by evaluation of ASD-like memory at 24 hours and PTSD-like memory 

14 days after trauma.  
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The following groups were compared: 

• Control- non-traumatized 

• PB-non-traumatized 

• Control-traumatized 

• PB-traumatized 

4.3.4. Cohort 4 

Experiment 4.1. Investigated the regulatory impact of TRPA1 ion channel on stress-related 

brain areas involved in the pathomechanism of PTSD (Figure 4A-C). Half of Trpa1 WT and 

KO mice was exposed to the footshock protocol (FC), while the other half of the two genotypes 

were used as non-stressed controls. After FC animals were placed back in their original cages 

for 4 weeks. Then, CFT was applied followed by brain sample collection. 

Experiment 4.2. Analyzed the effect of TRPA1 ion channel on the behavioral responses and 

serum CORT levels upon the clonidine treatment (Figure 4D,E). All mice underwent FC. After 

4 weeks resting half of the WT and KO animals was pretreated i.p. with clonidine (0.05 

mg/kg/10mL), while the other half received i.p. saline (vehicle), and a subsequent CFT was 

performed 30 min later followed by blood sampling within 5 min. Tail blood samples were 

collected from a cut under brief isoflurane anesthesia and local heating into heparinized 

hematocrit capillaries. 



25 

 

 

Figure 4. Schematic representation of the experimental settings. In Experiment I, (A) stressed Trpa1 wild type 

(WT) and knockout (KO) mice were exposed to electric footshock, while the controls were placed into the shocking 

chamber without trauma (fear conditioning, FC). (B) Number of animals in Experiment I. (C). Time points of 

Experiment I: 4 weeks after FC all animals were placed back in shocking chamber without further footshock 

(conditioned fear test, CFT). Mice were sacrificed 24 hours later by transcranial perfusion and brain samples 

were collected for morphological analysis. Time course of Experiment II: (D) during FC each experimental group 

was exposed to footshock. After 4 weeks, half of WT and KO animals was pretreated with clonidine (i.p. 0.05 

mg/kg/10mL), while the other half received saline. Subsequently, CFT (without footshock) was performed followed  

4.4. Stereotaxic surgery  

The GLUT2-Cre mice went under stereotaxic surgery (David Kopf Instruments) similarly to 

our previous experiments (D. Balázsfi et al., 2018; D. Balázsfi et al., 2017; Chaves et al., 2022; 

Fazekas et al., 2022). First, the animals were anesthetised (0.1 ml/10 g mixture of ketamine, 

xylazine and saline i.p.) and prepared for brain surgery (Figure 5.). Cre-dependent adeno-

associated viral vectors (AAVs from Addgene, serotype 8, 20nL, control: only RFP (#50459) 

excitatory group: Gq pathway (#44361)) were injected into the mPFC (AP: +2.5 mm; ML: +/-

0.25mm; DV: 2.5 mm from Bregma). Given the medial placement and dorsoventral depth, the 

injection site primarily targets the prelimbic cortex (PrL). However, selective targeting of any 

individual subdivision was not part of the experimental design. 
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Figure 5. Schematic representation of stereotaxic surgery and medial prefrontal cortex (mPFC) injection site. 

Following virus inoculation, the animals were given a 14-day post-inoculation recovery 

time during which they achieved stable expression and returned to physiological norm. On the 

day of FC CNO (Tocris Bioscience, CAT No.: 4936/10; 1 mg/10 mL saline/kg intraperitoneally 

(i.p.)) was administered to all the animals at precisely 30 minutes post-footshock (Whissell et 

al., 2016) to specifically target the initial phase after trauma, wherein reinforcement (or 

'consolidation') occurs. This time point was selected to modulate neural activity within the last 

critical period of fear memory convergence. 24 h after FC ASD-like memory, while 14 days 

after FC PTSD-like memory was evaluated (see Cohort 1.). 

4.5. Behavioral experiments 

4.5.1. Fear Conditioning (FC) 

Cohort 1 & 2: The mice were put into the plastic FC chamber (internal size: 25.5 (d) × 25.5 

(w) × 36 (h) cm; Ugo Basile, Gemonio, Italy) through a circular front door (Kumar et al., 2025). 

The chamber was housed in sound-attenuating cabinets with white noise (60–70 dB) and was 

equipped with infrared-sensitive cameras. The behavior was recorded on a laptop using ANY-

Maze software (version 7.0; Stoelting Co., Wood Dale, IL, USA). After a 5 min habituation 

period, a 10 s neutral tone at 3000 Hz and 85 dB was introduced, together with an increase in 

the light intensity (from 50% to 100%) (together referred later as cues). During the last 2 s of 

the cues, a footshock (1.50 mA) was also applied to all stimuli (auditory–visual and footshock), 

which terminated together (Kumar et al., 2025). After a further 5 min consolidation period in 

the FC chamber, the experiment was concluded, and the mice were gently transferred back into 

their home cages. The box was cleared with tap water and 20% ethanol. 

Cohort 3 & 4: The mice were put into the same chamber as above. Seven 1 s long footshocks 

(1.4 mA) with random intervals (40-60 s) were applied together with a 10 s neutral tone (3000 
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Hz, 85 dB) and increased light intensity to enhance aversiveness. After 660 s the mice were 

gently transferred back into their home cages. The box was cleared with tap water and 20% 

ethanol. Non-Shocked control animals were placed into the same chamber without delivering 

footshock. 

4.5.2. Conditioning fear tests (CFTs) 

Cohort 1&2: Animals were reintroduced into the FC chamber after 24 h (recent fear memories 

indicative of ASD-like behavior) and 14 days (remote fear memories suggestive of PTSD-like 

behavior). We used the same background and cleaning materials as those used in the FC phase. 

None of the mice were traumatized at this time; however, the cues were applied. Thus, the first 

300 s was context-dependent behavior, whereas the last 310 s was cue-related fear memory. 

All behaviors were blindly analyzed using ANY-Maze software (see earlier). 

Cohort 3 &4: Following a 24-hour interval, mice were reintroduced into the FC chamber to 

assess recent fear memories, which are indicative of ASD-like behavior. After 14 days (cohort 

3) & 28 days (cohort 4), the mice were reintroduced to evaluate remote fear memories, 

suggestive of PTSD-like behavior. The same background and cleaning materials were used as 

during in the initial FC phase were employed. Behavioral analyses were conducted in a blind 

manner using ANY-maze software (cohort 3), or in cohort 4 the video recordings were scored 

later by an experimenter blinded to the treatment groups using computer-based event-recorder 

software (Solomon coder).  

We assessed the duration of freezing (time spent immobility for more than one second) 

(Riccardi et al., 2024, 2024; Török et al., 2019a) and the frequency of jumping representing an 

active escape attempt from the threatening situation (Borkar & Fadok, 2021; Furuyama et al., 

2024, 2024; Riccardi et al., 2024) both associated with PTSD. 

4.5.3. Open field tests (OFT) 

Lomotor activity and anxiety-like behavior in mice were evaluated using the OFT., utilizing an 

open field apparatus typically measuring 40 cm on each side, with opaque walls, non-reflective 

flooring, uniform lighting, and minimal external noise to minimize environmental variables 

(Figure 6.). 

Each mouse was gently placed at the center of the OFT for 10 min (Fazekas et al., 2024; A. 

Szabó et al., 2023), allowing free exploration of the arena. The OFT arena was cleaned after 

each trial with 20% ethanol after each trial to eliminate any olfactory cues left by the mice. 

During each trial, animal behavior was recorded using an overhead video camera and analyzed 
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using automated tracking software (ANY-maze) to quantify various locomotor and anxiety-

related parameters, including the total distance traveled, average speed, time spent in the center 

versus the periphery, and number of center entries for each mouse.  

 

Figure 6. Shows the arena for OFT. The red marked boundary square area shows the center and, other than that, 

the periphery zone. 

4.6. Perfusion and brain sample collection  

To exclude the effect of acute stress on the neuromorphological results, perfusion and brain 

sample collection were performed 24 h after CFT in Cohort 2and 4. Mice were deeply 

anesthetized by i.p. urethane injection (2.4 g/kg/10mL) and transcardially perfused with 20 mL 

ice-cold 0.1 mol/L phosphate-buffered saline (PBS, pH: 7.4). This was followed by fixation 

with 150 mL of 4% paraformaldehyde (PFA) solution in Millonig buffer (pH 7.4) for 15 min. 

Subsequently, brains were removed and collected into PFA for 72 h postfixation at 4°C, then 

samples were coronally sectioned using sliding microtome (Cohort 2.) or a Leica VT1000 S 

vibratome (Cohort 4.). 

4.6.1. Red fluorescent protein (RFP) 

 In Cohort 2. the RFP signal was enhanced by a nickel-3,3′-diaminobenzidine (Ni-DAB) 

immunohistochemistry carried out with a rabbit anti-RFP primary antibody and a biotinylated 

secondary anti-rabbit antibody coupled to an avidin–biotin complex (ABC). The RFP was 

labeled with a rabbit polyclonal antibody. The primary antibody (1:4000) was detected by 

biotinylated anti-rabbit goat serum (1:1000) and avidin–biotin complex diluted in Tris buffer 

(1:1000, Vectastain ABC Kit, Vector Laboratories, Newark, CA, USA). The peroxidase 

reaction was developed in the presence of diaminobenzidine tetrahydrochloride (0.2 mg/mL), 

nickel–ammonium sulphate (0.1%) and hydrogen peroxide (0.003%) dissolved in Tris buffer. 
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The incubation was carried out for 5-10 minutes at room temperature, with the reaction 

monitored visually under the microscope and terminated once optimal signal intensity was 

achieved. The sections were mounted on glass slides and covered with a DPX mounting 

medium. The virus-infected area was localized on micrographs by using an overlay of the 

stereotaxic atlas images on the series of images of the mPFC [49]. 

4.6.2. Tyrosine hydroxylase (TH) immunohistochemistry in locus coeruleus (LC) 

We have choosen the sections from Bregma −5.34 mm to−5.80 mm containing the LC 

region. Sections were first washed for 2 × 15 min with PBS and treated with citrate solution at 

90 °C for 10 min. After cooling and washing the samples, 0.5% Triton X-100 (Sigma Chemical, 

Zwijndrecht, Netherlands) in PBS was applied for 30 min followed by blocking of non-specific 

binding sites with 2% normal donkey serum (NDS) in PBS. Then, sections were incubated 

overnight at room temperature (RT) with a solution containing polyclonal rabbit anti-TH 

antibody (Abcam, Cat. No.: ab6211) diluted to 1:4000 in PBS with 2% NDS. After 2 × 15 min 

washes in PBS, sections were incubated with Cy3-conjugated donkey anti-rabbit secondary 

antibody (Jackson, Cat. No: 711-165-152) in 1:500 PBS with 2% NDS for 3 h at RT. After 

washing the samples, sections were mounted on gelatine-coated glass slides, then covered with 

glycerol-PBS (1:1) and stored at -20 °C until confocal microscopy. 

4.6.3. Image analysis 

Olympus Fluoview FV-1000 laser scanning confocal microscope and FluoView FV image 

acquisition software system (Olympus Europa, Hamburg, Germany) were used for imaging. 

Digital images were acquired by sequential scanning in analogue mode for the corresponding 

fluorophores to avoid false positive signal resulting from the slight overlap of emission spectra 

and to reliably quantify the fluorescent signal. The confocal aperture was set to 80 μm. The 

analogue sequential scanning was performed using a 40× objective lens (NA: 0.75). An optical 

thickness of 3.5 µm was indicated by the software and the resolution was set to 1024 × 1024 

pixel. The excitation time was set to 4 µs per pixel. Alexa Fluor 488 was excited at 488 nm, 

Cy3 at 543 nm. We assigned the virtual color green for Alexa Fluor 488 and red for Cy3. 

The morphometry of LC was performed on non-edited pictures using ImageJ software 

(version 1.52a, NIH, United States). The intensity of TH-immunofluorescence was measured 

in 10-20 cell bodies per LC samples. The region of interest was marked out manually including 

only the cytoplasmic areas of neurons without the nucleus. The specific signal density (SSD) 
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was determined in arbitrary units (a.u.) and corrected for the background signal. The average 

of SSDs was calculated in each section. The calculation was performed in four sections per 

animal, and the average of these four values represented the SSD of one mouse, which was 

finally subjected to the statistical assessment. 

4.7. Blood sugar level 

Blood sugar level was analysed from trunk blood after decapitation in Cohort 3. By 

commercially available equipment (D-Cont) and stix. 

4.8. Corticosterone level by radioimmunoassay 

In cohort 4 blood samples were centrifuged at 3000 rpm for 5 minutes, then plasma was stored 

at -20 ºC until further analysis. Corticosterone levels were analyzed from 10 μL sample using 

a specific antibody developed by the Institute of Experimental Medicine (Budapest, Hungary) 

(Zelena et al., 2003). The intra-assay coefficients of variation were 7.5% and 4.7%, 

respectively. All samples from a particular experiment were analyzed in one session. 

4.9. Stastical Analysis  

Statistical analyses were conducted using StatSoft STATISTICA 10.0, JASP v0.18.3, and 

GraphPad Prism v8.0.1. Mixed (two-way, three-way or repeated) ANOVA was used followed 

by Tukey’s HSD post hoc comparisons, and Pearson’s correlation analysis was used to assess 

associations between variables. 

In cohort 1-3 effect sizes were calculated using partial eta squared (η²p) and interpreted as small 

(0.01), medium (0.06), or large (0.14) according to Cohen (Cohen, 1988), Cohort 2 & 3 effect 

sizes were reported as partial eta squared (η²p) and expressed as the percentage of variance 

explained where appropriate. All data were tested for normality and homogeneity of variance, 

are presented as mean ± SEM, and statistical significance was set at p < 0.05. 

4.10.  Meta-analysis systematic search  

First, we searched four databases (Figure 27) using selected keywords; please locate details 

about the search strategy at https://www.crd.york.ac.uk/PROSPERO/view/CRD420251230662  

to the published PROSPERO. After removing duplicates with Zotero and having three 

independent researchers examine the abstracts, we selected 65 full-text articles for further 

analysis. After further evaluation, the following 8 were selected based upon available datasets 

for quantitative analysis.  

https://www.crd.york.ac.uk/PROSPERO/view/CRD420251230662
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5. Results 

5.1. Cohort 1 

5.1.1. Sucrose habituation  

First, we confirmed that our intervention could traumatize the animals, as during CFT their 

freezing behavior increased compared to non-shocked controls (difference between the three 

treatment groups: F(2,18) = 29.871, p < 0.001, η2
p = 0.768; Figure 7A). Thus, they remembered 

the trauma. However, the animals remembered the cue better than the context alone (context 

cue: F(1,18) = 5.036, p = 0.038, η2
p = 0.219; group × context cue: F(2,18) = 4.426, p = 0.027, 

η2
p = 0.330), and sex also influenced freezing (sex × group × context cue: F(2,18) = 4.504, p = 

0.026, η2
p = 0.334). Females spent a greater percentage of time freezing than males, signifying 

a higher fear response. Although freezing did not correlate with initial BW, cue-induced 

freezing was positively correlated with fluid intake (day 1: r = 0.393, p = 0.057; day 2: r = 

0.551, p = 0.005; day 3: r = 0.5964, p = 0.002). As sucrose habituation had no effect on the 

trauma-induced freezing increase, the non-traumatized group was later not involved. 

 

Figure 7. Sucrose habituation and fluid consumption. (A) Trauma significantly increased freezing during both 

contextual and cue-induced recalls, with females showing greater sensitivity than males. (B) Animals consumed 

significantly more 16% sucrose than other solutions, with females drinking less than males. N = 4/group (A); N 

per group (B): water-male: 2%=7, 16%=13, 32%=9; water-female: 2%=14, 16%=9, 32%=11; sucrose-male: 

2%=7, 16%=15, 32%=7; sucrose-female: 2%=12, 16%=8, 32%=15. *p<0.05, **p<0.01 vs. C-W; $p<0.05, 

$$p<0.01 vs. context (A) or vs. 2% and 32% sucrose, male (B). 
 

When we measured fluid consumption for 24 h after trauma, three-way ANOVA revealed 

that the animals drank 16% sucrose more than any other fluid (concentration: F(2,115) = 7.660, 

p < 0.001, η2
p = 0.118; Tukey HSD post hoc: 16% p < 0.001 vs. 2% and 32%), and all mice 

drank more sucrose than water (fluid type: F(1,115) = 368.899, p < 0.001, η2
p = 0.762), which 

was not as pronounced in the 2% sucrose drinking group (sex × concentration × fluid type: 

F(2,115) = 3.411, p = 0.0364, η2
p = 0.056) (Figure 7B). The females drank less during some, 

but not all, experiments (sex × concentration: F(2,115) = 3.649, p = 0.029, η2
p = 0.060). This 
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might have been attributed to the smaller weight of the females. However, BW-normalized 

fluid intake was even higher in females than males (sex: F(1,121) = 5.519, p = 0.044, η2
p = 

0.044). 

5.1.2.  Prevention of conditioned freezing 24 h after trauma by post-trauma sucrose 

drinking for 24 h 

When (after 3 days’ prior habituation) 2% sucrose was administered for 24 h after electric 

footshock trauma, the treatment did not influence the time the mice spent freezing during recent 

fear memory testing in the context not in relation to cues (treatment: F(1,36) = 0.522, p = 0.475, 

η2
p = 0.14; context-cue: F(1,36) = 0.118, p = 0.733, η2

p = 0.003; treatment × context-cue: 

F(1,36) = 0.281, p = 0.599, η2
p = 0.008) (Figure 8A). In this case, female sensitivity was 

pronounced (sex: F(1,36) = 14.437, p < 0.001, η2
p = 0.286). The marginal sex × context-cue 

effect (F(1,36) = 4.021, p = 0.052, η2
p = 0.100) suggested that cues enhanced freezing only in 

females. Despite being smaller (sex effect on BW: F(1,36) = 4.300, p = 0.044, η2
p = 0.230), we 

did not detect sex differences in fluid consumption (F(1,36) = 0.097, p = 0.757, η2
p = 0.003) 

and there was no interaction between initial BW and fluid consumption either (r = 0.022, p = 

0.891). The consumed amount of fluid did not correlate with either the context or cue-induced 

freezing, even if it was studied separately for water and sucrose groups. Interestingly, the initial 

BW was negatively correlated with cue-induced, but not context-induced freezing (r = −0.475, 

p = 0.002).  

When 16% sucrose was administered to the mice for 24 h after trauma during recent 

memory testing, freezing was reduced during the context-dependent phase (treatment × context 

cue: F(1,41) = 6.362, p = 0.016, η2
p = 0.134) (Figure 8B). The cue increased freezing compared 

with context only (F(1,41)= 96.432, p < 0.001, η2
p = 0.702), whereas females were more 

sensitive to the sucrose effect (sex × treatment × context-cue: F(1,41) = 4.241, p = 0.046, η2
p = 

0.094). Pearson’s correlation revealed a positive correlation between sucrose (but not water) 

drinking and context-dependent freezing (r = 0.426, p = 0.042); however, freezing did not 

correlate with the initial BW (context: r = −0.043, p = 0.777; cues: r = 0.091, p = 0.553). 
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Figure 8. Effect of sucrose concentration on recent fear memories. Freezing behavior (time%) 24 h post-trauma 

was reduced by 16% (B) and 32% (C), but not 2% (A) sucrose intake. While 16% sucrose attenuated context-

dependent freezing in both sexes, 32% sucrose reduced cue-induced freezing in males only. N per group: water-

male: 2%=7, 16%=13, 32%=8; water-female: 2%=14, 16%=9, 32%=9; sucrose-male: 2%=7, 16%=15, 32%=7; 

sucrose-female: 2%=12, 16%=8, 32%=7. (\*)0.05<p<0.10; \*p<0.05, \*\*p<0.01 vs. C-W; ##p<0.01 vs. male; 

($)0.05<p<0.10, $$p<0.01 context vs. cue. 

 

When the sucrose concentration was increased to 32%, the treatment effect became highly 

significant (F(1,37) = 6.652, p = 0.014, η2
p = 0.074) (Figure 8C). However, the effect of sucrose 

this time was more pronounced in males (sex: F(1,37) = 4.460, p = 0.041, η2
p = 0.137; sex × 

treatment: F(1,37) = 9.715, p = 0.004, η2
p = 0.115). Context-cue differences were also observed 

only in males (sex × context-cue: F(1,37) = 4.313, p = 0.045, η2
p = 0.132), with a more 

pronounced effect on cue-induced freezing. The consumed amount of fluid did not correlate 

with either the context or cue-induced freezing, even if it was studied separately for water and 

sucrose groups. Freezing did not correlate with BW. 

5.1.3. Remote, PTSD-like memories after post-trauma sucrose drinking 

When 16% sucrose was provided as a drink immediately after trauma, freezing in the CFT 

conducted 14 days later was not altered (Figure 9A). The animals spent more time freezing after 

cues than context only (F(1,40) = 9.688, p = 0.003, η2
p = 0.195), and there was a marginal sex 

difference (F(1,40) = 3.937, p = 0.054, η2
p = 0.090), with higher freezing in females. Neither the 

fluid intake nor the initial BW correlated with freezing behaviors. A similar effect was observed 
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after 32% sucrose consumption (Figure 9B). Namely, the cue induced stronger freezing than 

the context alone (F(1,32) = 5.756, p = 0.022, η2
p = 0.152); here, the sex effect was highly 

significant (F(1,32) = 14.935, p < 0.001, η2
p = 0.318), with females spending more time 

freezing. Moreover, we did not detect any effect of 32% sucrose consumption either. 

Figure 9. Influence of different sucrose concentration on remote fear memories resembling post-traumatic stress 

disorder-like behavior. The freezing behavior (time%) of mice 14 days after a trauma was not influenced by 16% 

(A) or 32% (B) sucrose drinking for 24 h right after the trauma. Cue induced more freezing than context alone 

and females were more sensitive to previous trauma. N: water-male 16% 4, 32% 13; water-female 16% 18, 32% 

4; sucrose-male 16% 7, 32% 15; sucrose female 16% 15, 32% 4. $ p < 0.05, $$ p < 0.01 context vs. cue. 

5.1.4. Different timing of 16% sucrose drinking 

 When 16% sucrose was provided for 3 h immediately after trauma, there was no change in 

the time spent freezing 24 h after trauma (Figure 10A). In this case, only the sex effect was 

significant (F(1,29) = 9.065, p = 0.005, η2
p = 0.238), with higher values in females. Freezing 

behavior was negatively correlated with fluid intake (context: r = −0.602, p < 0.01; cue: r = −0.371, 

p = 0.033), which was attributed to sucrose, but not water drinking (correlation was not detectable 

with only water, but with only sucrose drinking). Freezing did not correlate with BW. 

 

 
Figure 10. Influence of 16% sucrose drinking on the appearance of conditioned fear. (A) When the animals 

received 16% sucrose for 3 h right after trauma and were tested at 24 h, only the enhanced female sensitivity was 

detected. (B) When 16% sucrose was given for 24 h right before remote conditioned fear test 14 days after trauma, 

only the sex differences with higher freezing in females were detectable without any effect of the intervention. N: 

water-male 3 h 3, 24 h 10; water-female 3 h 11, 24 h 8; sucrose-male 3 h 6, 24 h 10; sucrose female 3 h 13, 24 h 

9. 
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To cure already-developed fear memories, 16% sucrose was applied for 24 h immediately 

before remote fear memory testing (Figure 10B). This intervention had no effect on freezing 

behavior, and the only observable significant effect was the sex difference (F(1,33) = 9.620, p 

= 0.004, η2
p = 0.226). In this case, both fluid intake (context: r = −0.390, p = 0.017) and BW 

(context: r = −0.332, p = 0.045; cue: r = −0.335, p = 0.042) were negatively correlated with 

freezing.  

5.2. Chemogenetic manipulation of GLUT2 positive cells in the mPFC 

5.2.1. Imunnohistochemical picture of the mPFC 

 

Figure 11. Red fluorescent protein immunohistochemistry in the area of the medial prefrontal cortex (mPFC, 

posterior portion) after Ni-DAB staining. 

 Ni-DAB immunohistochemistry visualizing the RFP protein in the AAV vector injected 

to the mPFC of GLUT2-Cre mice - demonstrated distinct staining pattern across cortical layers, 

primarily in the prelimbic (PrL) regions, with negligible background interference (Figure 11. 

These findings validate the effective targeting of GLUT2-expressing cells of the mPFC region 

without sublayer specificity.  

5.2.2. ASD-like memory: contextual vs cue-evoked fear expression  

During the ASD context test, no significant main effects of mPFC-GLUT2 stimulation 

occurred (F(1,77) = 0.237, p = 0.628; η² ≈ 0.29%) and there was no difference between sexes 

as well (F(1,77) = 0.823, p = 0.367; η² ≈ 1.01%) (Figure 12A). Additionally, no significant 

interactions were observed (all p > 0.10), indicating that acute contextual fear expression was 

largely invariant to mPFC-GLUT2 manipulation and sex-dependent factors at this early time 

point. 

In contrast, analysis of ASD cue-evoked freezing revealed a significant main effect of sex 

(F(1,77) = 4.365, p = 0.040), accounting for approximately 4.99% of the total variance, while 
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no main effects of mPFC-GLUT2 stimulation (F(1,77) = 0.003, p = 0.958; η² ≈ 0.003%) was 

observed (Figure 12B). No significant interaction effects were detected (all p > 0.09). These 

findings indicate that sex selectively modulates cue-associated fear responses during the acute 

phase, whereas contextual fear remains comparatively stable. Post hoc Sidak comparisons did 

not reveal significant differences between control and stimulatory groups within any sex or 

treatment condition (all adjusted p > 0.90), confirming that the observed sex effect reflects a 

global modulation rather than subgroup-specific differences. 

 

Figure 12. (A) Sex and mPFC-GLUT2 manipulation do not alter ASD-like contextual fear memory (B) Sex, but 

not mPFC-GLUT2 manipulation, modulates ASD-like cue fear memory. Group sizes were: stimulatory–female (n 

= 15), stimulatory–male (n = 9), control–female (n = 7), and control–male (n = 10). Two-way ANOVA revealed a 

significant main effect of sex, with higher freezing in females, and no main effect of mPFC manipulation or sex × 

manipulation interaction. Bars represent mean ± SEM 

5.2.3. PTSD-like memory: contextual vs cue-evoked fear expression  

During the PTSD context test, no significant main effects of mPFC-GLUT2 stimulation 

(F(1,77) = 0.007, p = 0.933; η² ≈ 0.009%), or sex (F(1,77) =0.385, p = 0.537; η² ≈ 0.47%) were 

observed and there was no interaction, either (Figure 13A). Analysis of PTSD cue-evoked 

freezing revealed a robust and highly significant main effect of sex (F(1,77) = 12.03, p = 

0.0009), accounting for approximately 13.06% of the total variance, representing the largest 

effect observed across all CFT conditions. In contrast, no significant main effects of mPFC-

GLUT2 stimulation (F(1,77) = 0.508, p = 0.478; η² ≈ 0.55%) was detected, and no significant 

interaction effects were present (all p > 0.12) (Figure 13B). 
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Figure 13. (A) mPFC-GLUT2 manipulation does not alter PTSD-like contextual fear memory (B) Sex-dependent 

expression of PTSD-like cue fear memory independent of mPFC-GLUT2 manipulation. Group sizes were: 

stimulatory–female (n = 15), stimulatory–male (n = 9), control–female (n = 7), and control–male (n = 10). Two-

way ANOVA revealed a significant main effect of sex, with higher freezing in females, and no main effect of mPFC 

manipulation or sex × manipulation interaction. Bars represent mean ± SEM.. 
 

Post hoc analyses confirmed the absence of significant differences between control and 

stimulatory groups within each sex (all adjusted p ≥ 0.81), reinforcing the conclusion that sex 

is the dominant determinant of persistent cue-associated fear memory during the PTSD phase. 

Collectively, these results demonstrate a temporal and stimulus-specific dissociation in fear 

memory modulation. Cue-evoked fear - but not contextual fear - was sensitive to sex.  

5.3. PTSD upside down: The role of gut microbiome (Cohort 3) 

5.3.1. Antibiotic treatment 

5.3.1.1. Chronic antibiotic treatment: general effects 

Three-way ANOVA revealed significant effects of time (days/behavioral experiments), 

treatment, and their interaction on percentage BW changes (Figure 14.). There was a strong 

main effect of days (F(12,442) = 9.28, p < 0.0001; η² = 0.131), indicating pronounced temporal 

modulation of BW across the experimental timeline. A robust main effect of treatment was also 

observed (F(1,442) = 129.7, p < 0.0001; η² = 0.153), demonstrating substantial alterations in 

BW trajectories in AB-treated mice compared with water-treated controls. In contrast, the main 

effect of trauma was not significant (F(1,442) = 0.085, p = 0.7708; η² ≈ 0.0001). Notably, a 

highly significant days × treatment interaction emerged (F(12,442) = 12.71, p < 0.0001; η² = 

0.180), representing the largest effect in the model and indicating that AB-induced BW changes 

were strongly time dependent. AB-treated mice showed an early and marked reduction in BW- 
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Figure 14. Treatment- and time-dependent changes in body weight. Percentage body weight changes (mean ± 

SEM) across treatment days and behavioral testing phases in water- and antibiotic-treated mice with or without 

shock. A three-way ANOVA revealed significant main effects of time and treatment, and a strong time × treatment 

interaction, whereas trauma alone had no significant effect (therefore these groups are not separated, anyhow, 

trauma was introduced only during the last 3 timepoints), indicating dynamic, treatment-driven modulation of 

body weight across the experimental timeline. 

-followed by partial recovery during later treatment days and behavioral testing, whereas water-

treated mice exhibited relatively stable or modestly increased BW. A significant, but smaller 

treatment × trauma interaction was also detected (F(1,442) = 10.55, p = 0.0012; η² = 0.012), 

suggesting a modest modulation of treatment effects by trauma. In contrast, days × trauma and 

three-way interactions were not significant and accounted for negligible variance (η² < 0.01). 

 

Figure 15. Chronic antibiotic treatment does not alter baseline locomotor activity (A) & anxiety-like behavior(B). 

Total distance traveled & % time spend in center zone in the open-field test was comparable between control 

(n=20) and antibiotic-treated mice (n=18) (unpaired t-test, p > 0.05). 
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 Overall, these data indicate that BW dynamics are primarily driven by AB treatment 

and its interaction with time, with medium-to-large effect sizes, while trauma alone has 

minimal impact. 

 As changes in BW might suggest an overall decrease in well-being, impacting also later 

behavioural outcomes, therefore it was imperative to study the general locomotor effect of our 

treatment in the OFT (Figure 15.). As this point to trauma was introduced we compared control 

and antobiotc treated groups by two-tailed t-tests. Total locomotor activity, quantified as total 

distance traveled, did not differ between control and AB-treated groups (t(36) = 1.37, p = 0.178) 

(Figure 15A) , indicating that AB treatment did not alter general exploratory behavior or gross 

motor function.  

Similarly, anxiety-related measures showed no group differences. The percentage of time 

spent in the center zone, a canonical index of anxiety-like behavior, was comparable between 

groups (t(36) = 0.14, p = 0.889) (Figure 15B), as was the percentage of time spent in the 

periphery (t(36) = 0.14, p = 0.887). Consistent with these findings, distance traveled within the 

center zone (t(36) = 1.10, p = 0.277) and distance traveled in the periphery (t(36) = 0.77, p = 

0.447) were not significantly different between control and AB-treated mice (data not shown).  

Collectively, these results demonstrate that chronic AB treatment does not induce baseline 

alterations in anxiety-like behavior or locomotor activity prior to trauma exposure, indicating 

that subsequent differences observed in ASD- and PTSD-like memory paradigms are unlikely 

to be confounded by pre-existing changes in emotional state or exploratory capacity. 

5.3.1.2. ASD-like memory is unaffected by chronic antobiotic treatment 

Freezing behavior during the CFT, reflecting ASD-like memory, was analyzed using a 

as between-subject factors. (Figure 16.). Analysing the ASD-like memory by two-way 

ANOVA (factors trauma and treatment) revealed a pronounced main effect of Trauma, with 

shock exposure significantly increasing freezing behavior (F(1,34) = 21.36, p < 0.0001), 

corresponding to a large effect size (partial η² = 0.39), indicating that trauma accounted for a 

substantial proportion of variance in ASD-like memory expression. In contrast, there was no 

significant main effect of Treatment (F(1,34) = 0.38, p = 0.54; partial η² = 0.01), and the Trauma 

× Treatment interaction was not significant (F(1,34) = 0.38, p = 0.54; partial η² = 0.01), 
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suggesting that AB exposure did not modulate trauma-induced freezing responses 24h after 

footshock. .  

 
Figure 16. Trauma increases ASD-like fear memory independent of antibiotic treatment. Freezing (%) during the 

CFT (CFT) was significantly elevated in shock-exposed mice regardless of treatment. Data are shown as mean ± 

SEM with individual data points. Two-way ANOVA with Tukey’s post hoc test; *** p < 0.001 (main effect of 

Trauma). n = 10 (Non-Shock + Water), 9 (Non-Shock + Antibiotic), 10 (Shock + Water), 9 (Shock + Antibiotic). 

 

Collectively, footshock significantly increase freezing with a large effect size, without 

any effect of previous, prolonged AB treatment 

 

5.3.1.3. Chronic antibiotic cocktail treatment attenuates PTSD-like freezing behavior 

 PTSD-like memory was assessed by freezing behavior (%) during the CFT and 

analyzed using a two-way ANOVA (factors trauma and treatment) (Figure 17.). This analysis 

revealed a significant Trauma × Treatment interaction (F(1,34) = 4.54, p = 0.040), associated 

with a moderate effect size (partial η² = 0.12). Consistent with this interaction, there was also a 

main effect of Trauma (F(1,34) = 7.05, p = 0.012; partial η² = 0.17), as well as a main effect of 

Treatment (F(1,34) = 4.54, p = 0.040; partial η² = 0.12). Tukey’s post hoc multiple comparisons 

demonstrated that shock exposure significantly increased freezing in water-treated animals 

compared with non-shock controls (mean difference = 10.35%, adjusted p = 0.0073), whereas 

this trauma-induced increase was attenuated by AB treatment, with shock-exposed AB-treated  
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Figure 17. Antibiotic treatment attenuates trauma-induced PTSD-like memory. Freezing (%) during the CFT was  

measured in non-shock and shock-exposed mice treated with water or an antibiotic cocktail. Trauma increased 

freezing in water-treated mice, whereas this effect was significantly reduced by antibiotic treatment. Data are 

shown as mean ± SEM with individual data points. Two-way ANOVA with Tukey’s post hoc test; * p < 0.05. n = 

10 (non-shock + Water), 9 (non-shock + Antibiotic), 10 (Shock + Water), 9 (Shock + Antibiotic). 
 

mice exhibiting significantly lower freezing than shock-exposed water-treated mice (mean 

difference = 9.21%, adjusted p = 0.0239). No differences were observed between water- and 

AB-treated groups under non-shock conditions (adjusted p > 0.98).  

All in all, trauma enhanced freezing 14 days later, and AB treatment diminished this 

manifestation.  

5.3.1.4. Gut length as inflammatory marker showed no alteration 

To determine whether traumatic exposure or AB treatment induced gross 

gastrointestinal morphological changes, small intestine length (cm) was analyzed using a two-

way ANOVA (factors trauma and treatment) (Figure 18.). This analysis revealed no significant 

Trauma × Treatment interaction (F(1,34) = 0.049, p = 0.826; partial η² = 0.001), as well as no 

main effect of Trauma (F(1,34) = 0.464, p = 0.501; partial η² = 0.01) and no main effect of 

Treatment (F(1,34) = 1.05, p = 0.313; partial η² = 0.03). These findings indicate that neither 

trauma nor AB-induced microbiome perturbation produces detectable changes in gross small 

intestinal length, suggesting no major inflammatory effect. 
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Figure 18. Small intestine length is unchanged by trauma or antibiotic treatment. Data shown as mean ± SEM; 

two-way ANOVA, p > 0.05. n = 10, 9, 10, 9 per group 

5.3.1.5. Blood glucose level was unchanged  

 

Figure 19. Blood glucose levels are unchanged by trauma or antibiotic treatment. Data shown as mean ± SEM; 

two-way ANOVA, p > 0.05. n = 10, 9, 10, 9 per group. 

To assess whether traumatic exposure or AB treatment influenced systemic metabolic 

state, blood glucose levels (mmol/L) were analyzed using a two-way ANOVA (factors trauma 

and treatment) (Figure 19.). No significant Trauma × Treatment interaction (F(1,34) = 0.13, p 

= 0.724; partial η² = 0.004), main effect of Trauma (F(1,34) = 0.006, p = 0.939; partial η² < 

0.001) or main effect of Treatment (F(1,34) = 0.04, p = 0.840; partial η² = 0.001) was found. 

Thus, systemic glucose homeostasis remains stable both after trauma as well as after AB 

treatment.  
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5.3.1.6. Correlation between measured parameters 

 Early BW loss (T1–T2, T1–T3, T1–T4) showed robust positive correlations with 

anxiety-related behavior in the OFT, as reflected by increased percentage time spent in the 

center (r ≈ 0.49–0.79, p < 0.01–0.001), alongside significant negative correlations with total 

distance traveled (r ≈ −0.29 to −0.48, p < 0.05-0.01). However, BW changes did not correlate 

with freezing at any timepoint studied (all p > 0.05). Interestingly, early and intermediate BW 

loss was consistently associated with reduced small intestine length, with significant negative 

correlations observed across multiple experimental windows (r ≈ −0.41 to −0.55, p < 0.05–

0.001), suggesting persistent gut structural alterations despite recovery of BW. Early BW loss 

was also positively correlated with elevated blood glucose levels (r ≈ 0.35–0.39, p < 0.05), 

supporting sustained metabolic dysregulation. These findings demonstrate that transient BW 

loss precedes and predicts long-lasting alterations in anxiety-like behavior, glucose regulation, 

and intestinal morphology, while remaining uncoupled from fear memory strength, supporting 

a dissociation between metabolic–gut adaptations and mnemonic components of PTSD-like 

behavior. 

5.3.2. Probiotic treatments 

5.3.2.1. General effects: probiotic treatment did not influence locomotion or anxiety 

 

  

Figure 20. Locomotor activity and anxiety-like behavior in the OFT Total distance (m) travelled (A)and time spent 

in the center zone (B) in control (saline, n = 19) and probiotic-treated mice (n = 19) after 14 days of treatment 

and prior to fear conditioning. Bars show mean ± SEM with individual data points. Unpaired t-test, p > 0.05. 

A B 
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To determine whether PB supplementation altered baseline locomotor activity or 

anxiety-like behavior prior to trauma exposure, mice were assessed in the OFT following 14 

days of treatment (Figure 20.).  

Unpaired t-tests revealed no significant differences between PB treated mice (n = 19) and 

saline-treated controls (n = 19) across any measured parameter. Total distance travelled did not 

differ between groups (t(36) = 0.65, p = 0.52), indicating comparable locomotor activity (Figure 

20A).  

Similarly, anxiety-related measures were unaffected by PB treatment, as reflected by % 

time spent in the center zone (t(36) = 0.48, p = 0.64) (Figure 20B). Distance travelled within 

the center (t(36) = 0.28, p = 0.78) and periphery (t(36) = 0.78, p = 0.44) zones also did not 

differ between groups (data not shown).  

Thus, our specific PB cocktail administered for 14 days had no effect on baseline 

anxiety-like behavior or exploratory locomotion, thereby excluding confounding factors. 

5.3.2.2.ASD-like memory was unaffected by PB treatment 

 

Figure 21. ASD-like fear memory following conditioned fear test. Freezing behavior (%) measured 24 h after 

trauma in non-trauma and trauma-exposed mice treated with saline (Control) or probiotic. Bars represent mean 

± SEM with individual data points overlaid (n = 9–10 mice per group). Data were analyzed using two-way ANOVA 

followed by Sidak’s multiple-comparisons test; ***p < 0.001, **p < 0.01, *p < 0.05. 

Analyzing feezing behavior 24h after trauma by two-way ANOVA (factors trauma and 

treatment) revealed a robust main effect of trauma (F(1,34) = 18.76, p = 0.0001, partial η² = 

0.36), indicating a large effect size and confirming successful induction of ASD-like fear 

memory (Figure 21.). However, there was no main effect of treatment (F(1,34) = 0.49, p = 0.49, 

partial η² = 0.01) and no trauma × treatment interaction (F(1,34) = 0.54, p = 0.47, partial η² = 
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0.02), indicating that PB supplementation neither altered overall freezing levels nor moderated 

trauma-induced fear responses. 

5.3.2.3. PTSD-like memory was unaffected by chronic PB treatment 

Freezing behavior during the CFT conducted 14 days after trauma exposure revealed 

by two-way ANOVA (factors trauma and treatment) a significant main effect of trauma (F(1,33) 

= 12.42, p = 0.0013, partial η² = 0.27), without treatment effect (F(1,33) = 0.84, p = 0.37, partial 

η² = 0.03) and trauma × treatment interaction (F(1,33) = 0.57, p = 0.45, partial η² = 0.02), 

suggesting that PB supplementation did not globally modulate long-term freezing behavior or 

interact with trauma-exposure (Figure 22.).  

 

Figure 22. PTSD-like fear memory following conditioned fear test. Freezing behavior (%) measured 14 days after 

trauma in non-trauma and trauma-exposed mice treated with saline (Control) or PB. Bars represent mean ± SEM 

with individual data points overlaid (n = 9–10 mice per group). Data were analyzed using two-way ANOVA 

followed by Tukey’s multiple-comparisons test; ***p < 0.001, **p < 0.01,* p < 0.05. 

5.4. Examining the role of TRPA1 in regulating PTSD through EWcp/UCN1 neurons 

(Cohort 4) 

5.4.1. The genetic lack of TRPA1 does not influence trauma-induced freezing but enhance 

jumping behavior 

When we reintroduced the animals to trauma-related environment 4 weeks after 

footshock they showed exaggerated freezing (main effect of trauma by two-way ANOVA: 

F(1,26) = 914.54, p < 0.0001) independently from genotype (F(1,26) = 0.12, p = 0.73) and 

without interaction between trauma x genotype (F(1,26) = 1.35, p = 0.26) (Figure 23A). 

However, their jumping behavior (as a sign of hyperarousal) was not only influenced by 

previous trauma (F(1,26) = 31.11, p < 0.0001), but also by the genotype (F(1,26) = 4.53, p = 
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0.04) (Figure 23B). Genotype modified the effect of the trauma (F(1,26) = 4.53, p = 0.04). More 

precisely, traumatized Trpa1 KO mice jumped more than respective WTs (p = 0.02). 

 

Figure 23. Effect of electric footshock on the behavioral responses of Trpa1 wild type (WT) and (knockout) KO 

mice 4 weeks later. Shock increased freezing without genotype influence (A), while jumping was influenced both 

by trauma and genotpye (B). Circles demonstrate individual values. Two-way ANOVA followed by Tukey’s post-

hoc test was conducted; *p < 0.05; ***p < 0.001; n = 9-11/group. PTSD: posttraumatic stress disorder. 

 

5.4.2. Lack of TRPA1 did not modulate the effect of clonidine treatment on the behavioral 

responses and serum CORT levels in a PTSD model 

Clonidine administration significantly increased the duration of freezing (F(1,36) = 

12.95, p = 0.001), which was apparent in WT (p = 0.045), but not in KO mice (p = 0.11) (Figure 

24A). However, major genotype difference was not detected (F(1,36) = 2.68, p = 0.11) and 

there was no interation between treatment x genotype as well (F(1,36) = 0.14, p = 0.72). 

By contrast, we found considerable genotype differences in the jumping (F(1,34) = 

12.66, p = 0.001) both in the vehicle (p = 0.02) and clonidine treated groups (p = 0.02) (Figure 

24B). Clonidine administration decreased the jumping rate (F(1,34) = 5.32, p = 0.03) without 

significant post hoc differences or influencing the genotype effect (F (1,34) = 0.02, p = 0.90). 

Plasma CORT values at the end of CFT did not reveal any group differences (treatment: 

F(1,39) = 0.20, p = 0.66; genotype: F(1,39) = 0.13, p = 0.72; treatment x genotype interaction: 

F(1,39) = 1.02, p = 0.32) (Figure 24C). 
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Figure 24. Effect of clonidine pretreatment (0.05 mg/kg/10mL; i.p.) on the freezing (A) and jumping (B) behavior 

during conditioned fear test, as well as on the serum corticosterone (CORT) levels (C) in traumatized Trpa1 wild 

type (WT) and knockout (KO) animals. Circles demonstrate individual values. Two-way ANOVA followed by 

Tukey’s post-hoc test was conducted; *p < 0.05; n = 9-11/group. PTSD: posttraumatic stress disorder. 

 

5.4.3. The genetic lack of TRPA1 is associated with a greater increase of LC/TH 

immunoreactivity after trauma  

Trauma increased the TH immunopositivity in the LC of both genotypes (F(1,26) = 

40.07, p < 0.0001) (Figure 25). Although the main genotype effect was also significant (F (1,26) 

= 13.13, p = 0.0012), but this genotype difference became apparent only after trauma and was 

not detected among control, non-trauma conditions (trauma x genotype interaction: F(1,26) = 

5.50, p = 0.03). 
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Figure 25. Effect of electric footshock on the tyrosine hydroxylase (TH) immunoreactivity of noradrenergic cells 

in the locus coeruleus (LC) of Trpa1 wild type (WT) and knockout (KO) mice. Columns represent the average of 

the specific signal density of TH immunoreactivity per group (A). Circles demonstrate individual values. Two-way 

ANOVA followed by Tukey’s post-hoc test was conducted; *p < 0.05, **p < 0.01, ***p < 0.001; n = 7-8/group. 

Representative confocal images of the TH (red) immunostaining (B). Scale bars: 25 µm. a.u.: arbitrary unit. 
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5.5. Meta-analysis: Metabolic biomarker alterations in preclinical PTSD models 

Figure 26. PICO schematic summarizing study eligibility 

Our aim was to identify metabolic biomarkers linked to PTSD, with the expectation that in 

the future they can serve as therapeutic targets. We registered our ongoing metaanalysis in 

Prospero (https://www.crd.york.ac.uk/PROSPERO/view/CRD420251230662).  

The eligibility criteria is summarized on Figure 26.  

 

Figure 27. PRISMA flow diagram illustrating the study selection process for the systematic review and meta-

analysis of metabolic biomarker alterations in preclinical PTSD models 

https://www.crd.york.ac.uk/PROSPERO/view/CRD420251230662
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After further evaluation the following 8 was selected based upon available datasets for 

quantitative analysis (Table 4.). 

Table 4. Quantitative synthesis dataset derived from the systematic review, including preclinical rodent studies of 

PTSD-like stress paradigms with extractable metabolic biomarker data. 

The ongoing meta-analysis synthesizes quantitative evidence from preclinical rodent 

studies employing validated PTSD-like stress paradigms that reported extractable numerical 

data for metabolic biomarkers (Figure 28.). The current dataset permits standardized effect size 

estimation and indicates consistent alterations across key biological domains, including HPA-

axis–related measures (notably corticosterone), energy metabolism (glucose and insulin 

regulation), and oxidative stress markers. Quantitative signals are most robust in studies 

utilizing single prolonged stress and predator-based stress models, supporting their 

reproducibility and suitability for meta-analytic evaluation.  
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Figure 28. Preclinical rodent evidence demonstrates that traumatic stress drives a conserved, system-wide 

metabolic reprogramming linking HPA-axis dysregulation, impaired energy metabolism, oxidative stress, and 

inflammation providing a direct mechanistic bridge to metabolic and inflammatory biomarkers observed in human 

PTSD 
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6. Discussion  

6.1. Cohort 1 

Our primary finding was that the consumption of 16% sucrose for 24 h post-trauma reduced 

context-dependent fear memory in both sexes after 24 h (ASD-like) but not after 14 days 

(PTSD-like). With similar timing, the higher, 32% concentration was effective only in males. 

Our results have a medium effect size and are consistent with previous rat studies (M. A. 

Conoscenti et al., 2017b, 2019; Liu et al., 2022) as well as with the anxiolytic effect of sucrose 

consumption, as observed with up to 15% sucrose in a chronic stress model in male mice (Liu 

et al., 2022), and in a human study examining real-world sugar intake (Di Polito et al., 2023). 

Thus, it may have biological significance. The ineffectiveness of 2% sucrose, in contrast to 

16% or 32% sucrose, suggests that low-dose sugar, representing a pleasurable solution with 

rather low calories, might not be enough to modify the effect of trauma.  

Previous studies have suggested the need for excessive, high-calorie sugar intake to 

influence emotional and cognitive processes (Bell et al., 2000; M. A. Conoscenti et al., 2017b, 

2019; Reichelt et al., 2014; Şimşek et al., 2014). However, in contrast to a previous study on 

Sprague-Dawley rats (M. A. Conoscenti et al., 2017b), in our study using C57Bl/6 mice, a 

shorter period (3 h) was not effective in preventing ASD-like behavioral alterations. Thus, even 

after a short trauma (in our case, ~2 sec), prolonged intake from a high-calorie intake might be 

necessary. We can exclude osmolarity-induced changes (among others, different stomach 

distension), as the 16% and 32% solutions were similarly effective.  

A possible explanation for the observed effects might be the more subdued HPA axis 

activation. In line with the comfort food theory, prolonged high-calorie intake, reflected in 

increased fat storage, is able to diminish CRH expression, the hypothalamic component of the 

stress axis, leading to reduced stress feeling (Bell et al., 2000; Dallman et al., 2005; Ulrich-Lai 

et al., 2007). Although there is no equivocal increase in stress hormone levels (A. R. Lawrence 

et al., 2024), HPA axis dysregulation is definitely present in PTSD (S. Lawrence & Scofield, 

2024), which might benefit from high-calorie intake, similar to chronic stress situations (Liu et 

al., 2022).  

In line with HPA axis dysfunction, high-calorie intake might affect emotional appraisal of 

the situation, providing a sense of relief and pleasure (Arce et al., 2010; Michopoulos et al., 

2012a). Moreover, the stimulation of the reward and motivation pathways may provide 

immediate gratification and reduce the perception of stress, and thus, might further help in 

coping with trauma (Vollmer et al., 2016). However, when high-calorie intake (i.e., 25% 
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sucrose) starts during early development (i.e., 3 weeks of age), it might have a negative impact 

on hippocampal neurogenesis and memory formation (Maniam et al., 2015). Furthermore, 

consuming too much sugar is increasingly viewed as a risk factor for many chronic diseases 

such as obesity and dental caries and can even alter hippocampal and amygdala function, key 

brain regions involved in fear processing (Kendig, 2014; Lamichhane et al., 2024). Thus, high-

calorie food might be good for you immediately after a traumatic event; however, its 

consumption should be limited to a moderate period. 

As the literature is quite inconsistent regarding the nature of HPA axis dysfunction in PTSD 

(Speer et al., 2019), we were looking for an alternative explanation of how high-calorie intake 

might influence trauma-induced freezing (Table 5.). Dietary sucrose may change the 

microbiota composition of the gut (Carmody et al., 2015), which can lead to neuroinflammation 

and neurotransmitter imbalance (Iannone et al., 2019). Previous research has shown that certain 

changes in the gut microbiome can worsen PTSD symptoms by increasing inflammation and 

altering neuroactive metabolites (Ke et al., 2023). In contrast, microbiota-modifying prebiotic 

interventions may be helpful in a subset of individuals with PTSD (Voigt et al., 2024). We 

might assume that our intervention led to a desirable shift in microbiota composition, providing 

food for helpful taxa; however, further evidence is needed in this regard. Hyperglycemia is 

often associated with increased oxidative stress and inflammation (Weinberg Sibony et al., 

2024). In contrast, when glucose supply is limited and/or in cases of excessive metabolic needs 

(e.g., strong stressors), glucose is essential for the production of nicotinamide adenine 

dinucleotide phosphate (NADPH), an important endogenous antioxidant, via the pentose 

phosphate pathway (Cherkas et al., 2020). Thus, glucose is a major antioxidant immediately 

after trauma. We may assume that no single mechanism is solely responsible for the acute 

beneficial effects of high-calorie intake; rather, it is the interplay between multiple factors.  

Table 5. Summary of the possible mechanism. 

Mechanism Impact of High Calorie on ASD 

Meets the increased energy demand Stabilizes metabolic responses, reduces acute stress 

HPA axis dampener Provides negative feedback to the HPA, thus, reducing 

glucocorticoid secretion 

Emotional–cognitive regulator Alters emotional appraisal of the situation, provides 

psychological comfort, reduces anxiety by stimulating 

reward and motivation 

Has beneficial impact on the gut 

microbiome 

Shifts microbiota composition to reduce 

neuroinflammation 

Antioxidant NADPH production via the pentose phosphate pathway 
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 In the first experiment, we confirmed that in C57Bl/6 mice, previous habituation to 

sugar drinking had no profound effect on the assessment of fear responses. Interestingly, mice 

drank more sucrose than tap water, with the highest consumption from the 16% compared to 

both 2% and 32% sucrose. Our data confirmed previous observations of the 16% sucrose 

preference of C57Bl/6 mice (Bachmanov et al., 2001). 

Both sexes performed almost equally in terms of the effects of high-calorie fluids on 

ASD and PTSD symptoms. Notably, female mice appeared to be more sensitive to trauma, as 

in six out of eight experiments, the sex effect was significant, and in the remaining two 

experiments, sex influenced the effect of treatment. This is in accordance with the higher 

prevalence of PTSD in females (Haering et al., 2024) as well as their increased stress hormone 

levels and stress sensitivity attributed to gonadal hormones (Heck & Handa, 2019). The 

observation that females exhibited heightened sensitivity to the 16% sucrose treatment, whereas 

males demonstrated increased sensitivity to 32% sucrose, may suggest sex-specific differences 

in stress coping and reward processing. Previous studies in rats suggested that circulating 

estrogen may lower detectability thresholds for sweet stimuli (Curtis et al., 2005), supported 

by a human study, indicating that males prefer higher stimulus levels, whereas women show 

less preference for very high sweetness (Hayes & Duffy, 2008). Variations in hormonal levels, 

metabolic processes, or neural circuitry may account for these sex differences, which in turn 

affect PTSD-like fear responses. 

Our interventions (3 × 4 h habituation and/or sucrose consumption for a maximum of 24 h) 

had no effect on BW changes. Although the expected sex differences were observable females 

being smaller, BW correlated with freezing only in two series, suggesting that the increased 

trauma sensitivity of female mice is not due to their smaller weight. Indeed, no literature data 

were found on the correlation between initial BW and freezing, despite clear evidence that in 

rats, trauma induced smaller weight gain with enhanced freezing compared with non-

traumatized animals (Greenwood et al., 2014). Similarly, the amount of fluid consumed after 

trauma had no clear correlation with freezing behavior (positive, negative, and no correlation 

detected). We might have expected a negative correlation, as FC was reported to reduce reward-

seeking behavior and consuming sweet solutions might be considered as a reward (A. Chu et 

al., 2024; Shumake & Monfils, 2015). Thus, our assumption was that the higher the freezing 

(reflecting stronger FC), the lower the amount of sucrose consumed. Interestingly, only 16% 

sucrose consumption showed any correlation with freezing, further confirming that this 

concentration was preferred by this mouse strain. Lower than 16% might not provide enough 

energy, while higher concentrations might be osmotically more demanding, stressful, and 
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therefore more aversive than rewarding. Thus, there is a fine balance between the harmful and 

beneficial effects of high calorie intake (e.g., pro- and antioxidative effects (Cherkas et al., 

2020)), with an optimum at this concentration. 

6.2. Cohort 2 

In an attempt to reveal brain mechanism behind the positive effect of high calory intake, 

chemogenetic manipulation of mPFC-GLUT2 positive cells were conducted. Despite our 

expectation, when we manipulated the memory consolidation during and right after trauma 

(i.e., the CNO was given 30 min before trauma), the stimulation of mPFC-GLUT2 cells were 

ineffective. However, it is in line with prior studies showing that GLUT2–specific contributions 

to stress phenotypes can be subtle, context-dependent, or behaviorally silent in simple readouts 

such as freezing (Tovote et al., 2015). Nevertheless, we cannot close out the possibility, that 

manipulating these mPFC-GLUT2 cells at different timepoint (e.g., right after trauma or before 

reminder testing) would be effective. 

We could detect higher freezing response in females than males during the cue-induced 

response both 24h (ASD-like) and 14 days (PTSD-like) after trauma. This was consistent with 

our previous observation with higher stress reactivity of females (explanation see earlier). This 

finding is highly relevant considering epidemiological data showing higher PTSD prevalence 

and altered symptom profiles in females (Kessler & others, 2017), as well as preclinical 

evidence indicating sex-specific stress responsivity and fear generalization (Lebron-Milad & 

Milad, 2012). Our data extend this framework by demonstrating that sex-dependent modulation 

of fear memory becomes more pronounced with time, emphasizing the importance of 

incorporating sex as a biological variable in chronic stress and PTSD models. 

However, in contrast to Cohort 1. where 60-80% freezing time was observed, here the 

freezing was a bit lower (50-60%). This might be due to the genetic background of the mice. 

Although GLUT2-Cre strain was also on C57Bl/6 background, but it is an inbread strain, with 

a possible genetic shift. The altered sensitivity was also reflected by the fact that in this Cohort 

2. the cue clearly enhanced freezing, while in Cohort 1. the mice were not that sensitive to cue 

presentation. Thus, our results support a functional dissociation between contextual and cue-

based fear systems. Cue-evoked fear was consistently more sensitive to sex-dependent 

modulation. This observation is consistent with extensive literature demonstrating that 

contextual fear relies heavily on hippocampal-dependent representations, whereas cue-based 

fear is primarily mediated by amygdala-centered circuits that may be differentially modulated 
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by sex hormones and stress-related signaling pathways (Janak & Tye, 2015; Maren et al., 2013). 

The persistence of sex effects specifically in cue-evoked PTSD-like memory may therefore 

reflect sex-biased plasticity within amygdala-related circuits, which have been shown to exhibit 

sex-dependent structural, molecular, and functional differences following stress exposure 

(Bangasser & Valentino, 2014; Shansky & Woolley, 2016). 

 All in all, the effectiveness of sugar drinking suggest metabolic involvement in the 

development of PTSD, however, we failed to confirm central glucose monitoring in the mPFC 

as a major target area. Therefore our attention turned to the periphery, and next we influenced 

the gut microbiome composition.  

6.3. Cohort 3  

6.3.1. Antibiotic cocktail manipulation  

We demonstrated that transient but intensive manipulation of the gut microbiota using 

a broad-spectrum AB cocktail selectively attenuated PTSD-like fear memory expression in 

mice, while sparing acute stress-related memory processes. This dissociation suggests that gut 

microbiota perturbation preferentially modulates mechanisms underlying long-term fear 

consolidation or retrieval rather than initial fear encoding, a distinction that has been 

emphasized in translational models of PTSD (Liberzon & Abelson, 2016; Yehuda & LeDoux, 

2007). 

Importantly, the behavioral specificity observed here argues against nonspecific effects 

of ABs on locomotion, emotion, or general health. Although AB treatment initially decreased 

the BW, but it was normalized at the end of the experimental period and had no impact on 

locomotory or anxiety-like parameters observable in OFT. Thus, we can conclude that 

microbiome manipulation does not act as a primary anxiolytic or cognitive enhancer but rather 

interacts with stress-sensitive neural circuits to shape pathological fear expression (Cryan & 

Dinan, 2012; Foster, McVey Neufeld, et al., 2017; Foster, Rinaman, et al., 2017). 

Our data was coherent with several reports on beneficial effect of AB treatment through 

its anti-inflammatory properties. Thoroughly AB promoted behavioral resilience (Heinz et al., 

2021; Yarullina et al., 2024) and normalized exaggerated fear responses (Hardin et al., 2009). 

AB-induced microbiota depletion alters microbial-derived metabolites, immune signaling, and 

vagal afferent communication, all of which converge on corticolimbic circuits central to fear 

memory processing (Cryan & Dinan, 2012). Previous studies have shown that germ-free or 

AB-treated mice exhibit altered amygdala excitability, hippocampal synaptic plasticity, and 
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PFC regulation critically involved in fear generalization and extinction (Hoban et al., 2016). 

Within this framework, the reduction in PTSD-like freezing observed here may reflect 

diminished amygdala-driven fear output and/or enhanced top-down inhibitory control from 

mPFC during remote memory retrieval. The temporal specificity distinguishing ASD-like from 

PTSD-like memory effects further supports a systems-consolidation account. Acute fear 

memory depends primarily on rapid synaptic plasticity within the amygdala and hippocampus, 

whereas remote fear memory increasingly relies on distributed cortical networks and 

neuroimmune signaling pathways (Liberzon & Abelson, 2016). Perturbation of gut microbiota 

during the peri-traumatic window may bias this longer-term reorganization, thereby reducing 

the persistence or contextual generalization of traumatic memory.  

Metabolic and physiological measures further support the behavioral specificity of these 

findings. Although transient BW changes occurred during treatment and following trauma, 

correlations between BW dynamics and freezing behavior were weak or absent. This 

dissociation argues against metabolic distress or sickness behavior as primary drivers of the 

observed fear-memory phenotype and instead supports a neurobehavioral mechanism mediated 

by gut-brain signaling (Cryan & Dinan, 2012). 

Although we did not analyse the possible pathways leading to altered neuronal function 

during antibiotic treatment the following mechanisms might be possible (most probably 

through changed microbiome composition): i) Impaired colon epithelial integrity (Guo et al., 

2021). Although “leaky gut” is generally associated with negative health outcomes, such as 

chronic inflammation, it might open the body for specific therapies or an acute barrier breach 

can activate repair mechanisms, such as increased production of mucin, tightening junctions, 

and activating anti-inflammatory responses to repair the damage (Luissint et al., 2016). ii) 

Altered fatty acid, includoing SCFAs production (Marosvölgyi et al., 2024b). Together with the 

leacky gut these products may reach the brain in higher concentration. Especially butyrate 

offers significant mental health benefits by reducing neuroinflammation, strengthening the 

blood-brain barrier, and enhancing neuroplasticity via brain brain derived neurotrophic factor 

(BDNF) upregulation (Mansuy-Aubert & Ravussin, 2023). iii) Changes in the gut might 

modulate vagal activity. Electrical stimulation of the vagus might be used for PTSD therapy 

(Powers et al., 2025), confirming this possible connection.  

From a translational standpoint, these results are particularly relevant given growing 

clinical evidence linking PTSD with gut dysbiosis, immune activation, and metabolic 
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dysfunction. Altered inflammatory markers and microbial profiles have been reported in PTSD 

patients, suggesting that peripheral biological systems may contribute to symptom persistence. 

The present findings provide causal preclinical evidence that gut microbiota manipulation can 

directly influence trauma-related memory expression, thereby strengthening the rationale for 

microbiome-informed adjunctive interventions in PTSD. 

However, several limitations should be acknowledged. While behavioral effects were 

robust, direct microbiome profiling and neurobiological readouts - such as cytokine levels, 

synaptic markers, or circuit-level activity - were not incorporated and will be essential for 

mechanistic clarification. The unchanged intestinal length is only an indirect marker of missing 

inflammation. Additionally, in this experiment we did not addressed sex as variable. Moreover, 

the CD1 mice strain might not be a good choice either, as – despite a more robust trauma (see 

7 shock instead of 1) – the freezing was around 20%, which might cover any significant 

diminishing effect. Additonally, sweetener was used to make AB solution more palatable, and 

controls got tap water to drink. Moreover, the AB treatment was completed at the time of 

trauma, thus, the animals was AB-free for 24h in case ASD-like, while 14 days in case of PTSD-

like behaviour, which make recolonization in later case possible. Nevertheless, while ABs 

provide a powerful experimental tool, translation to clinical contexts will require refinement 

toward targeted microbial, dietary, or metabolic interventions. 

6.3.2. Probiotic cocktail manipulation  

Next we used a PB cocktail, which previously effectively ameliorated autistic-like 

social disturbances in rats (Mintál et al., 2022). Despite our expectations, our PB treatment was 

ineffective both on ASD-like and PTSD-like symptoms.  

 Nevertheless, the model was working, as footshock exposure reliably increased the time 

animals spent freezing both 24h (ASD-like) as well as 14 days (PTSD-like) after trauma. 

Moreover, OFT performance was not influenced by PB treatment either; neither the anxiety-

like parameter (center-zone exploration) nor the locomotor parameter (total distance traveled) 

differed between groups. It was important to distinguish conditioned fear memory and baseline 

anxiety-like behavior, which rely on overlapping but non-identical neural substrates (Tovote et 

al., 2015). The OFT behavioural outcomes confirm that the FC-related behaviour was not 

confounded by other factors, thus, can be reliably interpreted.  

 While prior studies have reported PB associated reductions in stress-induced anxiety or 

depressive-like behavior (Bercik et al., 2011; Bravo et al., 2011), our data suggest that FC-



59 

 

based memory systems - particularly those dependent on amygdala hippocampal circuits - may 

be comparatively resistant to microbiota-driven modulation at the behavioral level. This aligns 

with emerging views that PB effects are domain- and circuit-specific, rather than globally 

anxiolytic or mnemonic (Dinan & Cryan, 2017). We might assume that microbiota influences 

on PTSD-related phenotypes may emerge at non-behavioral levels, such as metabolic 

regulation, neuroimmune signaling, synaptic plasticity, or stress-hormone dynamics (Huo et 

al., 2017; Pearson-Leary et al., 2020), which might be manifested at other homeostatic level 

(e.g. nerve conductance velocity, thereby reaction time (Maymandinejad et al., 2025)). 

All in all, we cannot close out the possibility that other PB combination could have been 

effective. Moreover, the stress-free treatment method in cockies might add a further dietary 

product, which can influence the outcome. Further control studies are needed in this regard. 

This inconclusiveness turned our attention to another system, the TRPA1 receptors. 

6.4. Cohort 4  

The Trpa1 deletion had no effect on trauma-induced freezing, but exaggerated jumping 

behavior, as a sign of hyperarousal. These effects were reproducible. Despite previously 

reported positive impact on some PTSD symptoms of clonidine, in our hands manipulating the 

α2-adrenergic system aggravated the freezing, one of the most frequently used outcome 

measures of PTSD (Török et al., 2019b). However, clonidine had positive, protective effect on 

jumping behavior, which does not seem to be transmitted via the HPA axis. 

Our data indicate the involvement of hyperactive LC-noradrenergic system in the 

manifestation of PTSD. Importantly, literature implies that the regulatory role of the LC-

noradrenergic system in fear memory consolidation depends on the prevailing level of arousal 

and stress: among high stress conditions its activation facilitates fear memory maintenance, 

while under low stress level it promotes fear extinction (Giustino et al., 2020; Giustino & 

Maren, 2018; Maren, 2022). We assume that the role of TRPA1 ion channels become important 

under high stress conditions (i.e. after trauma), where it moderates the TH enzyme expression 

in LC. Therefore, its genetic deletion can contribute to enhanced jumping behavior observable 

in traumatized KO mice (Figure 23.) and positive correlation between jumping and LC/TH. 

Absolutely, the connection of jumping and noradrenergic system is supported by the 

diminishing effect of clonidine administration (Figure 24.). Jumping might be a sign of 

hyperarousal (Borkar & Fadok, 2021; Furuyama et al., 2023, 2024; Riccardi et al., 2024), and 

clonidine is often used for the treatment of this symptom (Ziegenhorn et al., 2023). 
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Our prior research revealed significantly decreased trauma-induced immobility in KO 

mice compared to the WTs using the single prolonged stress (SPS) protocol of PTSD (Konkoly, 

Kormos, Gaszner, Correia, Berta, Biró-Süto, et al., 2022). One possible explanation is the 

different stress-level of the two models: the footshock paradigm is a strong unescapable 

psychological stressor (Török et al., 2019b), while the SPS model is based upon mild stressors 

over a longer period (Ganon-Elazar & Akirav, 2012; Perrine et al., 2016; Yamamoto et al., 

2008). Therefore, we suspect that TRPA1 might be important in fine-tuning the behavior to 

trauma intensity. The increased jumping rate of KO animals in footshock trauma model was 

found before (Konkoly et al., 2025), suggesting the involvement of TRPA1 channel in 

hyperarousal. However, this effect is not mediated by the adrenergic system (see ineffectiveness 

of clonidine). Literature indicates that clonidine may decrease the locomotor activity through 

presynaptic α2-receptor agonism among others in the LC, which may induce anxiolytic and 

sedative effects by the reduced central noradrenergic outflow (Bamgbade et al., 2022; Capasso 

& Loizzo, 2001; Maj et al., 1972; Parale & Kulkarni, 1986; Wickramasekara et al., 2020). Thus, 

we suspect that the elevated freezing behavior of clonidine treated mice represents rather a 

decreased locomotion than a PTSD-like freezing behavior. It is supported by its jumping 

reducing effect as well (see negative correlation between freezing and jumping during Exp 4.2; 

r=-0.580, p=0.014). 

 Though the effect of clonidine on the function of HPA axis is debated depending on the 

dose and route of administration (Bugajski, 1984; Bugajski & Gadek, 1984; Lanes et al., 1983) 

a recent study showed that i.p. clonidine treatment may increase the CORT secretion 

(Wickramasekara et al., 2020). However, in our case we could not find treatment or genotype 

difference, which let us conclude that clonidine-mediated effects may be independent of the 

HPA axis activation. Although we cannot close out confounding technical details as the effect 

of i.p. injection approx. 40 min before measurement, as well as isoflurane anesthesia during 

sampling. Moreover, it is obvious that clonidine might have affected the catecholaminergic 

system, including LC.  Indeed, local clonidinergic manipulation of the LC influence the activity 

of LC and hippocampus, important PTSD-related brain areas (Mair et al., 2005). Additionally, 

clonidine-induced sleep was also connected to its LC effect (De Sarro et al., 1987). On the other 

hand conditioned fear activate the LC measured either by c-fos (Ishida et al., 2002), calcium 

signal (Wilmot et al., 2024) or serotonin release (Kaehler et al., 2000). All in all, we might 

assume some clonidine related effects beyond our scope. 
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6.5. Metaanalysis 

Via summarizing available literature on a wide range of metabolic disturbances in 

preclinical rodent models we aim to identify 4 gaps (Figure 29.): 

❖ Mechanistic Integration: Our study will establish metabolic dysregulation as a core 

biological feature of PTSD, linking HPA-axis dysfunction to downstream metabolic, 

oxidative, and inflammatory alterations. 

❖ Translational Biomarker Identification: Metabolic biomarkers showing consistent 

effects across rodent PTSD models represent promising candidates for translation into 

human PTSD diagnostics and treatment monitoring. 

❖ Model-to-Human Bridging: The convergence of findings across validated animal 

models supports their relevance for understanding human PTSD pathophysiology and 

for guiding hypothesis-driven clinical studies. 

❖ Therapeutic Implications: Targeting metabolic and inflammatory pathways may 

offer novel adjunctive treatment strategies beyond symptom-focused interventions in 

PTSD.  

 

Figure 29. Purpose of the Metaanalysis 
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7. Summary of the results   

 

Cohort 1: Our results support the short-term anecdotic psychological benefits of high-calorie 

intake in humans, which is an easy method for temporary emotional relief. Unfortunately, this 

intervention is unlikely to have a sustainable therapeutic effect on PTSD. Moreover, individual 

differences might exist in the optimal dose/concentration, which should be considered. Overall, 

these results emphasize the complexity of the relationship among sucrose consumption, sex 

differences, and memory recall in response to trauma, warranting further exploration of the 

mechanisms underlying these effects. 

Cohort 2: In search for a mechanism we failed to prove (by chemogenetic manipulation) that 

the mPFC-GLUT2 positive glucose monitorising cells would be the major regulators of the 

sucrose-mediated effects.  

Cohort 3: Long term (28 days) pretrauma AB in the drinking water was beneficial, effectively 

reduced PTSD-like freezing behavior. Despite initial BW reduction, this treatment did not 

influced locomotion or anxiety-like behaviour in OFT, thus, excluding confounds. Our specific 

PB cocktail was not effective (neither on locomotion, nor on anxiety, as well as on ASD- and 

PTSD-like behaviour).  

Cohort 4: TRPA1 may be involved in stress adaptation during PTSD via controlling 

noradrenergic - most probably not through the α2-adrenergic - receptors. We suppose that 

TRPA1 activation may contribute to the recovery following strong traumatic stresses, therefore 

may be a novel drug target in the future therapy of PTSD. 

Metaanalysis: We will identify metabolic biomarkers linked to PTSD in preclinical rodent 

model using divergent animal models, with the expectation that in the future they can serve as 

therapeutic targets. 
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8. Novel findings 

1. The study showed the positive effect of moderately high calorie intake in a rodent preclinical 

model of PTSD. However, this cannot form the basis of long-term human therapy so simply, 

because of other side effects.  

2. The role of mPFC neurons with GLUT2 transporters remains unclear, and chemogenetic 

manipulation of these neurons did not clearly support their role in the development of PTSD 

behavioural patterns. 

3. Long-acting antibiotic pretreatment may have a beneficial effect in reducing freezing 

behaviour in a mouse model of PTSD without causing sustained body loss. However, the used 

PB cure was ineffective in this form in the PTSD mouse model.  

4. TRPA1 may play a role in stress regulation and the development of stress-induced PTSD, 

suggesting a new therapeutic approach.  

5. A meta-analysis has opened new potential treatment pathways to help us in future 

conceptualization of the disease treatment.  
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9. General summary 

 This Ph.D. thesis investigated metabolic and sensory mechanisms influencing stress 

responses in a mouse footshock model of Post Traumatic Stress Disorder (PTSD). The work 

focused on how nutritional factors, neural glucose sensing, microbiome-related interventions, 

and sensory ion channels contribute to trauma-related behaviors. 

 The results demonstrated that metabolic interventions can modulate stress-related 

responses, although their effects are highly context-dependent. Short-term sucrose 

consumption after trauma produced transient psychological benefits, supporting the idea that 

high-calorie intake may temporarily alleviate stress. However, sucrose did not provide long-

term protection against trauma-induced freezing behavior. The findings also revealed sex-

dependent differences and potential individual variability in the effects of sucrose on traumatic 

memory recall. 

To investigate the underlying neural mechanisms, the study examined the role of GLUT2-

expressing glucose-monitoring neurons in the medial prefrontal cortex (mPFC) using 

chemogenetic approaches. Although the experiments did not identify a major regulatory role 

for these neurons, they contributed to understanding the relationship between central glucose 

sensing and stress adaptation. 

The thesis also explored microbiome-targeted preventive strategies. Long-term antibiotic 

treatment before trauma exposure significantly reduced PTSD-like freezing behavior without 

affecting locomotion or anxiety-like behavior, suggesting a potential role of the gut microbiome 

in trauma susceptibility. In contrast, probiotic treatment did not produce measurable behavioral 

effects. 

In addition, the work investigated the role of the sensory ion channel TRPA1 in stress 

adaptation. The findings suggest that TRPA1 may facilitate recovery from severe stress through 

modulation of noradrenergic signaling pathways, potentially independently of α2-adrenergic 

receptor mechanisms. 

Finally, a meta-analysis across multiple rodent models aimed to identify metabolic biomarkers 

associated with PTSD-like states. 

 Overall, the thesis provides new insights into the interactions among metabolism, 

microbiome composition, neural signaling, and sensory pathways in stress-related disorders, 

potentially supporting the development of future therapeutic strategies for PTSD. 
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Abstract

People often turn to sweet foods for comfort during times of stress, as energy imbalance is
implicated in several neuropsychiatric disorders including post-traumatic stress disorder
(PTSD). Although acute sucrose consumption may improve cognitive capabilities, its long-
term effectiveness has been debated. Objectives: In a widely used mouse model, we
examined the effect of sucrose drinking on conditioned fear-induced freezing (as a model
of PTSD), with emphasis on the concentrations and timing of the intervention as well as
sex differences. We aimed to develop a low-cost, widely accessible therapeutic option.
Methods: A short electric foot shock was used for trauma, and freezing was detected
24 h (mimicking acute stress disorder, ASD) or 14 days (PTSD-like symptoms) later in
the trauma context and with trauma cues. Results: First, we confirmed that our trauma
increased freezing, independent of previous habituation to sucrose drinking. Next, we
confirmed that 16% and 32%, but not 2% sucrose drinking for 24 h (but not 3 h) immediately
after trauma, diminished freezing behavior the next day. However, the same intervention
did not influence behavior 14 days later. Moreover, we could not find any curative effect of
24 h of 16% sucrose consumption before testing remote fear memory 14 days after trauma.
Conclusions: Consuming a high-calorie solution immediately following trauma for 24 h
may influence ASD but does not necessarily alter the development of PTSD symptoms.
Here, we offer a new perspective on energy regulation in neuropsychiatric disorders.

Keywords: post-traumatic stress disorder; acute stress disorder; metabolic disorder;
sucrose; fear memory; freezing

1. Introduction
Throughout history and across cultures, people have turned to sweet foods for comfort

during stressful times. Sugar-rich foods have long been associated with psychological
relief by offering a piece of candy to calm a distressed child to indulge in chocolate after a
difficult day. This notion is so deeply ingrained in popular culture that even in Harry Potter,
Professor Lupin famously gives Harry chocolate after a Dementor attack, highlighting the
almost universal belief in the comforting properties of sweets [1]. However, the belief that
sugar intake may offer acute benefits in individuals experiencing post-traumatic stress
disorder (PTSD) warrants further investigation into its therapeutic potential.

PTSD can potentially affect individuals worldwide, as people from any country or
cultural background may be at risk of developing this disorder. Persistent traumatic
memories, frequently accompanied by extreme fear and anxiety, are one of the defining
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symptoms of PTSD [2]. Thus, effective therapies for PTSD must concentrate on influencing
the generation and consolidation of fear memories [3]. Two-thirds of people in Europe
have experienced at least one traumatic event during their lifetime, and 1–3% of persons in
Europe or roughly 7.7 million people have developed PTSD and are currently experiencing
symptoms [4]. With variances in trauma exposure, such as war and battle events or natural
disasters, cultural influences, and healthcare support, the prevalence of PTSD varies greatly
between European nations [5]. Nevertheless, the COVID-19 pandemic increased the risk of
PTSD across Europe; approximately 30% of the population had symptoms consistent with
PTSD [6–8]. This was an unprecedented challenge for mental health services [9]. Thus, it is
reasonable to look for a simple and inexpensive solution, especially for prevention.

Novel PTSD treatment strategies may be developed based on experimental fear mem-
ory studies [10,11]; the conditioned fear test (CFT) is one of the best-known and widely
accepted animal models of this disorder [12–14]. The brain is one of the most energy-
demanding organs, as approximately 20% of the calories consumed are devoted to it, with
the lion’s share provided in the form of glucose [15]. Acute mental stress increases brain
energy needs [16]. In contrast, brain energy metabolism actively regulates synaptic trans-
mission and activity [17]. Chronic stress may jeopardize homeostatic energy balance [15].
Therefore, stress-related psychiatric conditions, including PTSD, are considered metabolic
disorders [18]. Investigating the relationship between carbohydrate intake and the mitiga-
tion of trauma-related behaviors, particularly freezing behavior, in a mouse model of PTSD
may illuminate potential diet-based interventions that could alleviate symptoms [19]. This
understanding may reveal a practical, accessible, and non-pharmaceutical treatment that
promotes positive mental health outcomes following trauma exposure [20].

On the other hand, in recent decades, sugar consumption has increased dramatically,
leading to an increased prevalence of obesity and diabetes. Commonly referred to as table
sugar, sucrose is a disaccharide composed of glucose and fructose monosaccharides and is
used as a sweetener in many different foods and beverages [21]. It has a definite positive
acute cognitive impact owing to its ability to alter neurotransmitter systems, including those
involved in the development of fear memories [22–25]. An American group found that
40% glucose, but not fructose, drinking immediately after trauma was helpful in preventing
the development of PTSD-like symptoms in rats [20,26]. They even confirmed blood
glucose and liver glycogen elevation and lower corticosterone stress hormone elevation
after glucose consumption [20]. However, they used a tail shock–restraint combination
and tested the animals 24 h after trauma in an active avoidance paradigm. Both the timing
(24 h is more an acute stress disorder (ASD) than PTSD) and the test (active avoidance
is a learning parameter) were questionable for modelling PTSD. Moreover, an Argentine
group reported that 10% sucrose drinking in juvenile, but not adult rats, impaired fear
memory extinction [27] and recognition memory [28] in adulthood. Thus, it has a negative,
rather than a positive, long-term effect. Additionally, a meta-analysis of 1259 participants
found no positive effect of acute carbohydrate consumption on any aspect of mood at
any time-point studied [29]. However, relatively short periods (immediate (0–30 min),
short-term (31–60 min), and long-term (61+ min) effects) without stress were examined.

Here, we aimed to clarify whether sucrose consumption might effectively prevent
or treat PTSD-like symptoms. Most previous studies have been conducted in rats. How-
ever, to reveal the mechanism, transgenic mice would be useful (e.g., a mouse strain
containing Cre enzyme in their glucose transporter 2-positive cells, marking the brain
glucose sensors [30,31]). Therefore, in addition to generalizations, it is very important
to study the effects of sugar consumption in mouse models. Since the transgenic strains
were created mostly based on a C57BL/6 background, this strain was the subject of our
study. In the experiments leading to the formulation of the comfort food theory (i.e., su-
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crose can diminish our stress axis during chronic stress, similar to corticosterone) [32],
30% sucrose was used [33,34], with a similar high calorie content as in previous PTSD-
related studies (40%) [20,26]. In contrast, anhedonic animals avoid drinking 1% sucrose [35];
however, after chronic social isolation, they might even prefer 32% sucrose compared to
group-housed rats [36]. Moreover, there seems to be a peak at 16% sucrose preference in
C57BL/6 mice [37]. Therefore, we provided 2–16–32% sucrose immediately after trauma
(prevention) or (in some selected cases) before testing 2 weeks later (treatment). We focused
our investigation on the freezing response, as it is a central and widely acknowledged
outcome of CFTs. This response serves as an indicator of defensive behaviors that are
notably modified in animal models of PTSD [13,14,38]. Although PTSD is more prevalent
in women [39], most studies were conducted on male subjects. Thus, we also addressed
sex differences.

2. Materials and Methods
2.1. Animals

Adult C57Bl/6 mice of both sexes from our local colony (Pécs University, Pécs, Hun-
gary; original breeding pairs were purchased from Charles River Laboratory, Budapest,
Hungary) were used in a balanced design. The mice (242) were separated 2–3 days be-
fore the experiments to follow individual fluid consumption. This separation also helped
minimize potential confounders, such as the different number of animals in one cage.
Additionally, all animals were on the same shelf level. The sample size was based on our
previous study using fear conditioning (FC) [40]. The animals were kept in a standard
environment (21 ± 1 ◦C, 12 h light/dark cycle with lights on at 9 p.m.) and had access to
food (standard laboratory chow; Charles River, Hungary) and water ad libitum. Behavioral
examinations were conducted at the beginning of the dark, active phase under red light, as
rodents are nocturnal animals. The animals were randomly assigned to different groups to
ensure that treatments were equally distributed between sexes, and animals of approxi-
mately the same weight were assigned to different groups. Therefore, automated software
was not used for randomization.

2.2. Experiment Design

Based on previous studies, we used 2%, 16%, and 32% sucrose solutions (20, 160, or
320 g sugar in 1000 mL tap water at room temperature). Although a high sucrose concentra-
tion can provide energy, the high osmolality of the solution can render it aversive. Therefore,
habituation to this fluid is necessary (Figure 1). Previously, habituation was followed by a
longer washout period before trauma occurred [20,26]. To shorten the examination period,
we first tested whether 3 days’ sucrose habituation (4 h per day, between 9 and 13 h) can
influence the effect of trauma on later freezing behavior, as the major measure of PTSD-like
symptoms [13,14], started shortly (4 h) after the last habituation.

Figure 1. Schematic representation of experimental design. Abbreviations: ASD: acute stress disorder;
CFT: conditioned fear test; FC: fear conditioning; PTSD: post-traumatic stress disorder.
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During all experiments, the mice were traumatized (fear conditioning, FC) 4 h after
sucrose habituation in a footshock chamber (Ugo Basile, Gemonio, Italy), then immediately
afterwards they were provided either with tap water or different concentrations of sucrose
for 24 h/3 h. The animals were returned to the trauma-related context 24 h (recent fear
memory)/14 days (remote fear memory) after footshock (conditioned fear test, CFT). In a
set of experiments, sucrose solution was provided before the fear conditioning test for 24 h
(possible curative effect in contrast to the possible preventive effect, when sucrose drinking
started immediately after trauma). A separate set of animals was used for all experiments.
Because we had two test chambers, two animals were tested at the same time.

Experiment 1. Effect of habituation. Three groups were compared: non-traumatized
controls drinking water during the whole experiment (animals spent the same time in the
shock chamber as the traumatized group without trauma), traumatized animals drinking
water during the whole experiment, and traumatized mice drinking 16% sucrose for 3 days
(daily 4 h) before trauma (habituation) but given water to drink after trauma. CFT was
conducted 24 h after FC. Sex differences were also assessed in this study. N = 8/group.

As trauma effectively increased freezing, and habituation had no effect on this param-
eter, we omitted the non-shock group and used this short habituation.

Experiment 2. Prevention of conditioned freezing 24 h after trauma (ASD-like). Ani-
mals were allowed to drink 2%, 16%, or 32% sucrose solution or tap water (controls) for
24 h immediately after trauma, and CFT was conducted 24 h after FC. N = 7–15/group.

Experiment 3. Prevention of conditioned freezing 14 days after trauma (PTSD-like).
Animals were allowed to drink 16% or 32% sucrose solution or tap water (controls) for
24 h immediately after trauma, and CFT was conducted 14 days after FC. We omitted
2% sucrose because it had no previous effect. N = 7–18/group.

Experiment 4. Timing of 16% sucrose. As 16% sucrose, administered for 24 h im-
mediately after trauma, was effective in preventing ASD-like freezing in both sexes, we
examined whether the first 3 h, suggested by Conoscenti et al. [26], was sufficient to pro-
duce the same effect. Thus, Experiment 2 was repeated with 3 h of 16% sucrose drinking
in comparison with water drinking. Additionally, we tested whether 16% right before
remote CFT can “cure” the PTSD-like behavior. Thus, in this case, 16% sucrose or tap water
(controls) was provided for 24 h before the CFT, 14 days after trauma. N = 6–13/group.

2.3. Fear Conditioning (FC)

The mice were put into the plastic FC chamber (internal size: 25.5 (d) × 25.5 (w) × 36 (h) cm;
Ugo Basile, Gemonio, Italy) through a circular front door. The chamber was housed in
sound-attenuating cabinets with white noise (60–70 dB) and was equipped with infrared-
sensitive cameras. The behavior was recorded on a laptop using ANY-Maze software
(version 7.0; Stoelting Co., Wood Dale, IL, USA). After a 5 min habituation period, a 10 s
neutral tone at 3000 Hz and 85 dB was introduced, together with an increase in the light
intensity (from 50% to 100%) (together referred to later as cues). During the last 2 s of the
cues, a footshock (1.50 mA) was also applied to all stimuli (auditory–visual and footshock),
which terminated together. After a further 5 min consolidation period in the FC chamber,
the experiment was concluded, and the mice were gently transferred back into their home
cages. The box was cleared with tap water and 20% ethanol.

2.4. Conditioning Fear Tests (CFTs)

Animals were reintroduced into the FC chamber after 24 h (recent fear memories
indicative of ASD-like behavior) and 14 days (remote fear memories suggestive of PTSD-
like behavior). We used the same background and cleaning materials as those used in the
FC phase. None of the mice were traumatized at this time; however, the cues were applied.
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Thus, the first 300 s was context-dependent behavior, whereas the last 310 s was cue-related
fear memory. All behaviors were blindly analyzed using ANY-Maze software (see earlier).

2.5. Statistical Analysis

The data were analyzed by StatSoft 10.0, using mixed ANOVA (sex, sucrose as between-
subject factors and context-cue, or day of fluid measurement as repeated factors). The
effect size was also calculated (partial eta squared: η2

p) and interpreted as small = 0.01,
medium = 0.06, and large = 0.14, according to Cohen [41]. Post hoc comparisons were
made using Tukey’s HSD test. Pearson’s correlation was used to search for interactions
between the factors. The data were tested for normal distribution and homogeneity of
variance and are presented as mean ± SEM. Statistical p-value was set at p < 0.05.

3. Results
3.1. Sucrose Habituation

First, we confirmed that our intervention could traumatize the animals, as dur-
ing CFT their freezing behavior increased compared to non-shocked controls (differ-
ence between the three treatment groups: F(2,18) = 29.871, p < 0.001, η2

p = 0.768;
Figure 2A). Thus, they remembered the trauma. However, the animals remembered
the cue better than the context alone (context cue: F(1,18) = 5.036, p = 0.038, η2

p = 0.219;
group × context cue: F(2,18) = 4.426, p = 0.027, η2

p = 0.330), and sex also influenced freez-
ing (sex × group × context cue: F(2,18) = 4.504, p = 0.026, η2

p = 0.334). Females spent
a greater percentage of time freezing than males, signifying a higher fear response. Al-
though freezing did not correlate with initial body weight, cue-induced freezing was
positively correlated with fluid intake (day 1: r = 0.393, p = 0.057; day 2: r = 0.551, p = 0.005;
day 3: r = 0.5964, p = 0.002). As sucrose habituation had no effect on the trauma-induced
freezing increase, the non-traumatized group was later not involved.

Figure 2. Habituation to high-calorie sucrose drinking. (A) Twenty-four hours later trauma increased
freezing both in the context as well as after introducing auditory and visual cues. Females were
more sensitive to trauma. (B) The animals preferred sucrose above water and drank more from
16% sucrose solution than from any other fluid. In general females drank less than males. Abbre-
viation: C-W-m: control, non-traumatized, water drinking, male; C-W-f: control, non-traumatized,
water drinking, female; T-W-m: traumatized, water drinking, male; T-W-f: traumatized, water drink-
ing, female; T-S16-m: traumatized, 16% sucrose drinking, male; T-S16-f: traumatized, 16% sucrose
drinking, female; N = 4/group for Figure 2A; for Figure 2B N: water-male 2% 7, 16% 13, 32% 9;
water-female 2% 14, 16% 9, 32% 11; sucrose-male 2% 7, 16% 15, 32% 7; sucrose female 2% 12, 16% 8,
32% 15. (*) 0.05 < p < 0.10, * p < 0.05, ** p < 0.01 vs. respective C-W; $ p < 0.05, $$ p < 0.01 vs. context
(Figure 2A) or 2 and 32% sucrose, male (Figure 2B).

When we measured fluid consumption for 24 h after trauma, three-way ANOVA revealed
that the animals drank 16% sucrose more than any other fluid (concentration: F(2,115) = 7.660,
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p < 0.001, η2
p = 0.118; Tukey HSD post hoc: 16% p < 0.001 vs. 2% and 32%), and all mice drank

more sucrose than water (fluid type: F(1,115) = 368.899, p < 0.001, η2
p = 0.762), which was not as

pronounced in the 2% sucrose drinking group (sex × concentration × fluid type: F(2,115) = 3.411,
p = 0.0364, η2

p = 0.056) (Figure 2B). The females drank less during some, but not all, experi-
ments (sex × concentration: F(2,115) = 3.649, p = 0.029, η2

p = 0.060). This might have been
attributed to the smaller weight of the females. However, body weight-normalized fluid
intake was even higher in females than males (sex: F(1,121) = 5.519, p = 0.044, η2

p = 0.044).

3.2. Prevention of Conditioned Freezing 24 h After Trauma by Post-trauma Sucrose Drinking for 24 h

When (after 3 days’ prior habituation) 2% sucrose was administered for 24 h af-
ter electric footshock trauma, the treatment did not influence the time the mice spent
freezing during recent fear memory testing in the context not in relation to cues
(treatment: F(1,36) = 0.522, p = 0.475, η2

p = 0.14; context-cue: F(1,36) = 0.118, p = 0.733,
η2

p = 0.003; treatment × context-cue: F(1,36) = 0.281, p = 0.599, η2
p = 0.008) (Figure 3A). In

this case, female sensitivity was pronounced (sex: F(1,36) = 14.437, p < 0.001, η2
p = 0.286).

The marginal sex × context-cue effect (F(1,36) = 4.021, p = 0.052, η2
p = 0.100) suggested

that cues enhanced freezing only in females. Despite being smaller (sex effect on body
weight: F(1,36) = 4.300, p = 0.044, η2

p = 0.230), we did not detect sex differences in fluid
consumption (F(1,36) = 0.097, p = 0.757, η2

p = 0.003) and there was no interaction between
initial body weight and fluid consumption either (r = 0.022, p = 0.891). The consumed
amount of fluid did not correlate with either the context or cue-induced freezing, even if it
was studied separately for water and sucrose groups. Interestingly, the initial body weight
was negatively correlated with cue-induced, but not context-induced freezing (r = −0.475,
p = 0.002).

 

Figure 3. Influence of different sucrose concentrations on recent fear memories resembling acute
stress disorder-like behavior. The freezing behavior (time%) of mice 24 h after a trauma was re-
duced by 16% (B) and 32% (C), but not 2% (A) sucrose drinking between the trauma and condi-
tioned fear testing. The 16% sucrose was similarly effective in both sexes, however, only during
the first 5 min (context-dependent phase). While 32% sucrose was effective in males only, the ef-
fectiveness was more pronounced on cue-induced freezing. N: water-male 2% 7, 16% 13, 32% 8;
water-female 2% 14, 16% 9, 32% 9; sucrose-male 2% 7, 16% 15, 32% 7; sucrose female 2% 12, 16% 8,
32% 7. (*) 0.05 < p < 0.10; * p < 0.05, ** p < 0.05 vs. respective C-W; ## p < 0.01 vs. respective male;
($) 0.05 < p < 0.10, $$ p < 0.01 context vs. cue.
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When 16% sucrose was administered to the mice for 24 h after trauma dur-
ing recent memory testing, freezing was reduced during the context-dependent
phase (treatment × context cue: F(1,41) = 6.362, p = 0.016, η2

p = 0.134) (Figure 3B,
Supplementary Table S1). The cue increased freezing compared with context only
(F(1,41)= 96.432, p < 0.001, η2

p = 0.702), whereas females were more sensitive to the sucrose
effect (sex × treatment × context-cue: F(1,41) = 4.241, p = 0.046, η2

p = 0.094). Pearson’s
correlation revealed a positive correlation between sucrose (but not water) drinking and
context-dependent freezing (r = 0.426, p = 0.042); however, freezing did not correlate with
the initial body weight (context: r = −0.043, p = 0.777; cues: r = 0.091, p = 0.553).

When the sucrose concentration was increased to 32%, the treatment effect became
highly significant (F(1,37) = 6.652, p = 0.014, η2

p = 0.074) (Figure 3C). However, the effect of
sucrose this time was more pronounced in males (sex: F(1,37) = 4.460, p = 0.041, η2

p = 0.137;
sex × treatment: F(1,37) = 9.715, p = 0.004, η2

p = 0.115). Context-cue differences were also
observed only in males (sex × context-cue: F(1,37) = 4.313, p = 0.045, η2

p = 0.132), with a
more pronounced effect on cue-induced freezing. The consumed amount of fluid did not
correlate with either the context or cue-induced freezing, even if it was studied separately
for water and sucrose groups. Freezing did not correlate with body weight.

3.3. Remote, PTSD-like Memories After Post-trauma Sucrose Drinking

When 16% sucrose was provided as a drink immediately after trauma, freezing in the
CFT conducted 14 days later was not altered (Figure 4A). The animals spent more time
freezing after cues than context only (F(1,40) = 9.688, p = 0.003, η2

p = 0.195), and there was a
marginal sex difference (F(1,40) = 3.937, p = 0.054, η2

p = 0.090), with higher freezing in females.
Neither the fluid intake nor the initial body weight correlated with freezing behaviors.

Figure 4. Influence of different sucrose concentration on remote fear memories resembling post-
traumatic stress disorder-like behavior. The freezing behavior (time%) of mice 14 days after a trauma
was not influenced by 16% (A) or 32% (B) sucrose drinking for 24 h right after the trauma. Cue
induced more freezing than context alone and females were more sensitive to previous trauma.
N: water-male 16% 4, 32% 13; water-female 16% 18, 32% 4; sucrose-male 16% 7, 32% 15; sucrose
female 16% 15, 32% 4. $ p < 0.05, $$ p < 0.01 context vs. cue.

A similar effect was observed after 32% sucrose consumption (Figure 4B). Namely, the
cue induced stronger freezing than the context alone (F(1,32) = 5.756, p = 0.022, η2

p = 0.152);
here, the sex effect was highly significant (F(1,32) = 14.935, p < 0.001, η2

p = 0.318), with
females spending more time freezing. Moreover, we did not detect any effect of 32% sucrose
consumption either.

3.4. Different Timing of 16% Sucrose Drinking

When 16% sucrose was provided for 3 h immediately after trauma, there was no
change in the time spent freezing 24 h after trauma (Figure 5A). In this case, only the
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sex effect was significant (F(1,29) = 9.065, p = 0.005, η2
p = 0.238), with higher values in

females. Freezing behavior was negatively correlated with fluid intake (context: r = −0.602,
p < 0.01; cue: r = −0.371, p = 0.033), which was attributed to sucrose, but not water drinking
(correlation was not detectable with only water, but with only sucrose drinking). Freezing
did not correlate with body weight.

Figure 5. Influence of 16% sucrose drinking on the appearance of conditioned fear. (A) When the
animals received 16% sucrose for 3 h right after trauma and were tested at 24 h, only the enhanced
female sensitivity was detected. (B) When 16% sucrose was given for 24 h right before remote
conditioned fear test 14 days after trauma, only the sex differences with higher freezing in females
were detectable without any effect of the intervention. N: water-male 3 h 3, 24 h 10; water-female
3 h 11, 24 h 8; sucrose-male 3 h 6, 24 h 10; sucrose female 3 h 13, 24 h 9.

In an attempt to cure already-developed fear memories, 16% sucrose was applied for
24 h immediately before remote fear memory testing (Figure 5B). This intervention had no
effect on freezing behavior, and the only observable significant effect was the sex difference
(F(1,33) = 9.620, p = 0.004, η2

p = 0.226). In this case, both fluid intake (context: r = −0.390,
p = 0.017) and body weight (context: r = −0.332, p = 0.045; cue: r = −0.335, p = 0.042) were
negatively correlated with freezing.

4. Discussion
Our primary finding was that the consumption of 16% sucrose for 24 h post-trauma

reduced context-dependent fear memory in both sexes after 24 h (ASD-like) but not after
14 days (PTSD-like). With similar timing, the higher, 32% concentration was effective only
in males. Our results have a medium effect size and are consistent with previous rodent
investigations [20,26,42] as well as with the anxiolytic effect of sucrose consumption, as
observed with up to 15% sucrose in a chronic stress model in male mice [42], and in a human
study examining real-world sugar intake [43]. Thus, it may have biological significance.
The ineffectiveness of 2% sucrose, in contrast to 16% or 32% sucrose, suggests that low-dose
sugar, representing a pleasurable solution with rather low calories, might not be enough
to modify the effect of trauma. Previous studies have suggested the need for excessive,
high-calorie sugar intake to influence emotional and cognitive processes [20,26,33,44,45].
However, in contrast to a previous study on Sprague-Dawley rats [26], in our study using
C57Bl/6 mice, a shorter period (3 h) was not effective in preventing ASD-like behavioral
alterations. Thus, even after a short trauma (in our case, ~10 min), prolonged intake from
a high-calorie intake might be necessary. We can exclude osmolarity-induced changes
(among others, different stomach distension), as the 16% and 32% solutions were similarly
effective. A possible explanation for the observed effects might be the more subdued
hypothalamic–pituitary–adrenocortical (HPA) axis activation. In line with the comfort food
theory, prolonged high-calorie intake, reflected in increased fat storage, is able to diminish
corticotropin-releasing hormone expression, the hypothalamic component of the stress axis,
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leading to reduced stress feeling [32–34,46]. Although there is no equivocal increase in
stress hormone levels [47], HPA axis dysregulation is definitely present in PTSD [48], which
might benefit from high-calorie intake, similar to chronic stress situations [42]. In line with
HPA axis dysfunction, high-calorie intake might affect emotional appraisal of the situation,
providing a sense of relief and pleasure [49,50]. Moreover, the stimulation of the reward
and motivation pathways may provide immediate gratification and reduce the perception
of stress, and thus, might further help in coping with trauma [51]. However, when high-
calorie intake (i.e., 25% sucrose) starts during early development (i.e., 3 weeks of age), it
might have a negative impact on hippocampal neurogenesis and memory formation [52].
Furthermore, consuming too much sugar is increasingly viewed as a risk factor for many
chronic diseases such as obesity and dental caries and can even alter hippocampal and
amygdala function, key brain regions involved in fear processing [53,54]. Thus, high-calorie
food might be good for you immediately after a traumatic event; however, its consumption
should be limited to a moderate period.

As the literature is quite inconsistent regarding the nature of HPA axis dysfunction in
PTSD [55], we were looking for an alternative explanation of how high-calorie intake might
influence trauma-induced freezing. Dietary sucrose may change the microbiota composition
of the gut [56], which can lead to neuroinflammation and neurotransmitter imbalance [57].
Previous research has shown that certain changes in the gut microbiome can worsen PTSD
symptoms by increasing inflammation and altering neuroactive metabolites [58]. In contrast,
microbiota-modifying prebiotic interventions may be helpful in a subset of individuals with
PTSD [59]. We might assume that our intervention led to a desirable shift in microbiota
composition, providing food for helpful taxa; however, further evidence is needed in this
regard. Hyperglycemia is often associated with increased oxidative stress and inflamma-
tion [60]. In contrast, when glucose supply is limited and/or in cases of excessive metabolic
needs (e.g., strong stressors), glucose is essential for the production of nicotinamide adenine
dinucleotide phosphate (NADPH), an important endogenous antioxidant, via the pentose
phosphate pathway [61]. Thus, glucose is a major antioxidant immediately after trauma. We
may assume that no single mechanism is solely responsible for the acute beneficial effects of
high-calorie intake; rather, it is the interplay between multiple factors. Table 1 summarizes the
possible mechanisms from previous studies.

Table 1. Summary of the possible mechanism.

Mechanism Impact of High Calorie on ASD References

Meets the increased energy demand Stabilizes metabolic responses, reduces
acute stress [20,26,33,44,45]

HPA axis dampener Provides negative feedback to the HPA, thus,
reducing glucocorticoid secretion [32,34,62]

Emotional–cognitive regulator
Alters emotional appraisal of the situation,

provides psychological comfort, reduces anxiety
by stimulating reward and motivation

[42,49–51]

Has beneficial impact on the gut microbiome Shifts microbiota composition to
reduce neuroinflammation [59]

Antioxidant NADPH production via the pentose
phosphate pathway [61]

In the first experiment, we confirmed that in C57Bl/6 mice, previous habituation to
sugar drinking to enhance their compliance had no profound effect on the assessment of
fear responses. Interestingly, mice drank more sucrose than tap water, with the highest
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consumption from the 16% compared to both 2% and 32% sucrose. Our data confirmed
previous observations of the 16% sucrose preference of C57Bl/6 mice [37].

Both sexes performed almost equally in terms of the effects of high-calorie fluids on
ASD and PTSD symptoms. Notably, female mice appeared to be more sensitive to trauma,
as in six out of eight experiments, the sex effect was significant, and in the remaining
two experiments, sex influenced the effect of treatment. This is in accordance with the
higher prevalence of PTSD in females [39] as well as their increased stress hormone levels
and stress sensitivity attributed to gonadal hormones [63]. The observation that females
exhibited heightened sensitivity to the 16% sucrose treatment, whereas males demonstrated
increased sensitivity to 32% sucrose, may suggest sex-specific differences in stress coping
and reward processing. Previous studies in rats suggested that circulating estrogen may
lower detectability thresholds for sweet stimuli [64], supported by a human study, indicat-
ing that males prefer higher stimulus levels, whereas women show less preference for very
high sweetness [65]. Variations in hormonal levels, metabolic processes, or neural circuitry
may account for these sex differences, which in turn affect PTSD-like fear responses.

Our interventions (3 × 4 h habituation and/or sucrose consumption for a maximum
of 24 h) had no effect on body weight changes. Although the expected sex differences were
observable females being smaller, body weight correlated with freezing only in two series,
suggesting that the increased trauma sensitivity of female mice is not due to their smaller
weight. Indeed, no literature data were found on the correlation between initial body weight
and freezing, despite clear evidence that in rats, trauma induced smaller weight gain with
enhanced freezing compared with non-traumatized animals [66]. Similarly, the amount
of fluid consumed after trauma had no clear correlation with freezing behavior (positive,
negative, and no correlation detected). We might have expected a negative correlation, as
fear conditioning was reported to reduce reward-seeking behavior and consuming sweet
solutions might be considered as a reward [67,68]. Thus, our assumption was that the
higher the freezing (reflecting stronger fear conditioning), the lower the amount of sucrose
consumed. Interestingly, only 16% sucrose consumption showed any correlation with
freezing, further confirming that this concentration was preferred by this mouse strain.
Lower than 16% might not provide enough energy, while higher concentrations might be
osmotically more demanding, stressful, and therefore more aversive than rewarding. Thus,
there is a fine balance between the harmful and beneficial effects of high calorie intake (e.g.,
pro- and antioxidative effects [61]), with an optimum at this concentration.

4.1. Strengths of Our Project

Many studies predominantly used male mice, despite the higher prevalence of PTSD
in females [69]. Our approach addresses this gap by utilizing a short, well-defined trauma
model with commercially available equipment to ensure greater reliability and reproducibil-
ity. Additionally, by working with laboratory animals under well-controlled conditions, we
can minimize the variability observed in human populations, such as differences in genetic
background, environmental factors, and nutrition, further supporting reliability.

The gut microbiome, a key player in glucose uptake, shares a high degree of similarity
between mice and humans [70], strengthening the translational value of our study. Impor-
tantly, we not only investigated ASD-like changes, but also examined a later time point
after trauma, which may correspond to PTSD in humans. This aligns with the DSM-5-TR
criteria, which emphasize the prolonged presence of symptoms as a defining characteristic
of PTSD [71].
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4.2. Limitations

Although footshock and other electroshock methods are widely used in animal mod-
els, they are relatively uncommon causes of PTSD in humans. Additionally, while fear
conditioning in animals occurs over a matter of minutes, human trauma can range from a
moment to an extended period, spanning several weeks.

Our study primarily focused on freezing behaviour as an indicator of memory re-
tention; however, PTSD encompasses a broader spectrum of symptoms beyond this mea-
sure [12,72]. Furthermore, the habituation period ended four hours before trauma exposure,
which may have influenced the outcomes. Moreover, animals were isolated before testing
to follow and control their individual fluid intake, which can be considered an additional
stress factor. Indeed, prolonged (minimum of 6 weeks) social isolation may alter freezing
behavior in mice, with some authors reporting an increase [73], while others report a
decrease [74], and no difference was found after 3–4 weeks [38]. Thus, we believe that the
short (less than one week) isolation in our case did not significantly modify the observed
changes. Nonetheless, all animals, including those subjected to later water consumption,
were habituated to sucrose and housed individually, minimizing the likelihood of group
differences arising from these factors.

5. Conclusions
Our results support the short-term anecdotic psychological benefits of high-calorie

intake in humans, which is an easy method for temporary emotional relief. Unfortunately,
this intervention is unlikely to have a sustainable therapeutic effect in PTSD. Moreover,
individual differences might exist in the optimal dose/concentration, which should be
considered. Overall, these results emphasize the complexity of the relationship among
sucrose consumption, sex differences, and memory recall in response to trauma, warranting
further exploration of the mechanisms underlying these effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines13092233/s1, Table S1: Raw data for 16% sucrose
drinking (posttrauma, 24h). The 5. column contains time spent in freezing during context presentation
(in %), while the 6. column contains time spent freezing to tone-light cues (in %).
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Highlights

What are the main findings?

• Genetic deletion of Trpa1 exaggerated TH level in the LC and reduced astrogliosis in
PVN in a foot shock-induced mouse model of PTSD.

• Genetic deletion of Trpa1 did not influence the effects of clonidine treatment on PTSD-
related behavior.

What are the implications of the main findings?

• TRPA1 ion channel may support stress adaptation in PTSD through LC and PVN.
• This effect is not α2-adrenoceptor-mediated.

Abstract

Background: Posttraumatic stress disorder (PTSD) is a mental illness in which central
stress-regulating regions, including locus coeruleus (LC) and paraventricular nucleus of
hypothalamus (PVN), play key roles. Clonidine, a central sympatholytic drug, can inhibit
LC activity and reduce PTSD-related symptoms, suggesting noradrenergic involvement.
Glia-driven immune mechanisms may link LC activity to PVN responses. Since TRPA1
ion channel is implicated in both neuroinflammation and stress adaptation, we aimed to
determine whether its presence modulates the function of brain structures contributing to
PTSD-related alteration in central stress adaptation. Methods: Foot shock PTSD model was
applied to Trpa1 wild-type (WT) and knockout (KO) mice, and outcomes were assessed four
weeks later. Immunohistochemistry was used to evaluate tyrosine hydroxylase (TH) levels
in the LC and glial activation in the PVN. Behavioral effects of clonidine and circulating cor-
ticosterone levels were also examined. Results: Stress increased LC/TH immunoreactivity
and PVN glial activation. Trpa1 deletion exaggerated LC/TH responses but reduced PVN
astrocyte activation. Clonidine increased freezing and decreased jumping (a hyperarousal
marker). KO mice showed enhanced jumping and did not respond to clonidine. Corticos-
terone levels remained unchanged. Conclusions: TRPA1 may support stress adaptation in
PTSD by regulating LC noradrenergic output and PVN neuroinflammation, independently
of α2-adrenergic signaling.
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1. Introduction
Transient receptor potential ankyrin 1 (TRPA1) is a non-selective cation channel in-

volved in diverse patho (physiological) processes of the nervous system including pain
sensation and neurodegeneration [1–3]. Trpa1 is expressed in several stress sensitive brain
regions, such as the piriform cortex, olfactory bulb, hypothalamus and dorsal raphe nu-
cleus [4–6]. Its highest mRNA level was found in the urocortinergic neurons of the centrally
projecting Edinger-Westphal nucleus (EWcp), an important hub of stress adaptation [7–10].
The downregulation of Trpa1 mRNA was observed both in the EWcp neurons of mice
upon chronic stress, and in the EWcp samples of human suicide victims [11]. In addition,
altered stress responses were revealed in Trpa1 gene-deficient mice using diverse stress
models [11,12], further supporting the role of this ion channel in stress adaptation.

Posttraumatic stress disorder (PTSD) is a mental illness induced by traumatic events
leading to disturbed stress adaptation. The symptoms involve intrusive memories, flash-
backs and nightmares remembering the inducing trauma. Generalized anxiety, hyper-
arousal and severe depression are also commonly associated with PTSD, resulting in social
deprivation and precipitating, ultimately, in problems at work and in private life [13,14].

The locus coeruleus (LC) and the paraventricular nucleus of the hypothalamus (PVN)
are key brain structures of stress adaptation, and their role is also extensively studied in
the pathomechanism of PTSD [15–18]. LC, the center of the sympatho-adrenomedullary
(SAM) system, contains primarily noradrenergic neurons, which are the major regulators
of Cannon’s “fight or flight” response together with the adrenal medulla [19,20]. LC is
involved in numerous other psychophysiological functions (e.g., arousal, memory forma-
tion, pain processing, behavioral flexibility), each of them severely affected by PTSD [20,21].
LC is well positioned to affect PVN function through noradrenergic projections via α2-
receptors [22,23]. PVN is the central component of the hypothalamic–pituitary–adrenal
(HPA) axis, which is also activated upon stress, leading to the secretion of corticotropin-
releasing hormone (CRH). CRH stimulates the anterior pituitary to release adrenocorti-
cotropic hormone, which finally induces the synthesis and secretion of glucocorticoids from
the adrenal cortex. Glucocorticoids such as cortisol in humans or corticosterone (CORT) in
mice act on various target organs to promote adaptation to stressful situations (e.g., diabeto-
genic effect, increased metabolism, influence on cognitive functions) and parallelly inhibit
further activation of the HPA axis [24,25]. Interestingly, the reduced HPA axis and increased
SAM system activity is characteristic for PTSD [15,16], accompanied by elevated CRH levels
and catecholamine mobilization, as well as decreased glucocorticoid levels [17,18]. These
processes may contribute to the development of vegetative symptoms and hyperarousal,
typical signs of PTSD; the lacking anti-inflammatory effect of glucocorticoids may maintain
the neuroinflammation [17,18,26].

Indeed, neuroinflammation is the most widely studied process in the pathomechanism
of PTSD. Acute severe or chronic stress can directly activate microglia and astrocytes in the
central nervous system. These glial cells produce proinflammatory cytokines contributing
to the development of neuroinflammation. These glial processes can be influenced by α-
adrenergic receptors [27,28]; it is highly plausible that LC-derived noradrenaline modulates
PVN glia (particularly astrocytes). On the other hand, the glia cells of the PVN modulate
its neuronal output and sympathetic/endocrine function [29–31]. Interestingly, TRPA1

https://doi.org/10.3390/cells15050428

https://doi.org/10.3390/cells15050428


Cells 2026, 15, 428 3 of 21

ion channels were previously found on astrocytes [32–36] and some of the inflammatory
mediators (e.g., unsaturated fatty acids, H2O2) can activate them [2,37,38]. Additionally,
the increased cytokine levels may maintain the stress response via promoting the secretion
of CRH from the hypothalamus [17,18].

Treatment strategies of PTSD include cognitive psychotherapy, as well as symptomatic
treatment using antidepressants for mood disorders and sympatholytic agents such as
clonidine (α2 -adrenergic receptor agonist) for vegetative symptoms, nightmares and
hyperarousal [39–42]. Since the therapeutic options described above do not provide
causal therapy, it is justified to explore new molecular mechanisms that could provide
promising targets.

We hypothesized that the presence of TRPA1 ion channels modulates the function
of key brain structures—such as LC and PVN involved in stress adaptation—and PTSD-
like behavior is regulated via this. The noradrenergic outflow plays a pivotal role in the
interplay between these centers via α2-mediated mechanisms, and we assumed that TRPA1
may indirectly affect this interaction. To test these hypotheses (i) we investigated the
regulatory impact of TRPA1 channel on the noradrenergic cells of LC and on the connected
neuroinflammatory responses in the PVN using an electric foot shock model of PTSD and
a Trpa1 knockout (KO) mice line; then, (ii) the subsequent question was the involvement
of α2-adrenoceptors in the process, which was studied by clonidine treatment, behavioral
tests and serum CORT outcomes.

2. Materials and Methods
2.1. Animals

The studies were carried out on 3–4 months old male Trpa1+/+ (WT) and Trpa1−/− (KO)
mice obtained from Prof. P. Geppetti (University of Florence, Italy) originally generated by
Bautista et al. [43]. Animals were bred on C57BL/6J background and crossed back after
10 generations. Offspring were genotyped for Trpa1 gene by PCR (sequences of primers:
ASM2: ATC ACC TAC CAG TAA GTT CAT; ASP2: AGC TGC ATG TGT GAA TTA AAT).

Involvement of females from all stages of estrous cycles and/or after ovariectomy
with and without hormone replacement would dramatically increase the number of groups
involved. Thus, due to ethical, financial and infrastructural considerations we used
only males. Animals were kept in standard polycarbonate cages (330 × 160 × 130 mm,
5–7 mice/cage or 330 × 100 × 130 mm, 2–5 mice/cage) in a temperature (20–24 ◦C) and hu-
midity (50–60%) controlled 12–12 h light–dark cycle environment (lights on at 6 a.m.) at the
Department of Pharmacology and Pharmacotherapy of the University of Pécs. Ad libitum
standard rodent chow (LT/n, Szinbád LLC., Gödöllő, Hungary) and tap water were pro-
vided for the mice. Besides the presence of littermates, paper rolls were placed into the
cages to enrich the environment. Microbiological monitoring was performed annually
(FELASA “S”). All trials were carried out during the light phase of animals between 9 a.m.
and 14 a.m.

All experiments were approved by the Animal Welfare Committee of the University
of Pécs and by the National Scientific Ethical Committee on Animal Experimentation in
Hungary (permission No: BA02/2000-46/2024), in agreement with the directive of the
European Communities Council in 1986, and with the Law of XXCIII in 1998 on Animal
Care and Use in Hungary. During the experiments, every effort was made to minimize the
number and suffering of the animals. The authors complied with the ARRIVE guidelines.

2.2. Experimental Design

Experiment I investigated the regulatory impact of TRPA1 ion channel on stress-
related brain areas involved in the pathomechanism of PTSD (Figure 1A–C). Half of Trpa1
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WT and KO mice was exposed to the foot shock protocol (fear conditioning, FC), while
the other half of the two genotypes were used as non-stressed controls. After, FC animals
were placed back in their original cages for 4 weeks. Then, conditioned fear test (CFT) was
applied followed by brain sample collection.

 

Figure 1. Schematic representation of the experimental settings. (A) In Experiment I, stressed Trpa1
wild type (WT) and knockout (KO) mice were exposed to electric foot shock, while the controls were
placed into the shocking chamber without delivery of shock (fear conditioning, FC). (B) Number
of animals in Experiment I. (C) Time course of Experiment I: 4 weeks after FC all animals were
placed back in shocking chamber without further foot shock (conditioned fear test, CFT). Mice were
sacrificed 24 h later by transcardial perfusion and brain samples were collected for morphological
analysis. (D) Time course of Experiment II: during FC each experimental group was exposed to foot
shock. After 4 weeks, half of WT and KO animals were pretreated with clonidine (0.05 mg/kg; i.p.),
while the other half received saline. Subsequently, 30 min after the i.p. injection, CFT (without foot
shock) was performed followed by blood sampling from the tail within 5 min. (E) Number of animals
in the groups of Experiment II.

Experiment II analyzed the effect of TRPA1 ion channel on the behavioral responses
and serum CORT levels upon the clonidine treatment (Figure 1D,E). All mice underwent
FC with foot shock. After 4 weeks resting, half of the WT and KO animals were pretreated
intraperitoneally (i.p.) with clonidine (0.05 mg/kg), while the other half received i.p. saline
(vehicle); a subsequent CFT was performed 30 min later followed immediately by blood
sampling within 5 min. Tail blood samples were collected from a cut under brief isoflurane
anesthesia and local heating into heparinized hematocrit capillaries.

2.3. Behavioral Tests
2.3.1. Fear Conditioning (FC)

The mice were put into the plastic FC chamber (internal size: 25.5 (d) × 25.5 (w) ×
36 (h) cm; Ugo Basile, Gemonio, Italy) through a circular front door [44] (Figure 1A). The
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chamber was housed in sound-attenuating cabinets with white noise (60–70 dB) and was
equipped with infrared-sensitive cameras. After a stimulus-free habituation period of 150 s,
seven 1 s long foot shocks (1.4 mA) with random intervals (40–60 s) were applied together
with a 10 s tone (3000 Hz, 85 dB) and increased light intensity to enhance aversiveness.
The shock was delivered at the end of the tone/light and co-terminated with that in each
case. After 660 s the mice were gently transferred back into their home cages. The box was
cleared with tap water and 20% ethanol. Non-stressed control animals were placed into the
same chamber without delivering foot shock.

2.3.2. Conditioned Fear Test (CFT)

Animals were reintroduced for 660 s into the FC chamber 4 weeks after the original
stress. We used the same background and cleaning materials as those used during the FC
phase. Here, none of the mice underwent foot shock; after the habituation period, only
the above-mentioned tone and light stimuli were applied in each animal seven times with
random intervals. Thus, the first 150 s (baseline) represented the context-dependent, while
the stimulus periods showed the cue-related conditioned fear response with interstimulus
intervals (ISI) between the cues (context dependency with carry-over effects). The behavior
was video recorded and scored later by an experimenter blinded to the treatment groups
using computer-based event-recorder software (Solomon coder; version: 17.03.22). We
assessed the duration of freezing (time spent immobility for more than one second) [45–47]
and the frequency of jumping representing an active escape attempt from the threatening
situation [47–50] both associated with PTSD. We measured both the total amount of the
listed behavioral parameters over the 11 min period of CFT, and we also separately analyzed
the contextual and the cued fear reactions.

2.4. Perfusion and Brain Sample Collection

To exclude the effect of acute stress on the neuromorphological results, perfusion
and brain sample collection were performed 24 h after CFT in Exp. I. Mice were deeply
anesthetized by i.p. urethane injection (2.4 g/kg) and transcardially perfused with 20 mL
ice-cold 0.1 mol/L phosphate-buffered saline (PBS, pH: 7.4). This was followed by fixation
with 150 mL of 4% paraformaldehyde (PFA) solution in Millonig buffer (pH 7.4) for 15 min.
Subsequently, brains were removed and collected into PFA for 72 h postfixation at 4 ◦C,
then samples were coronally sectioned using a Leica VT1000 S vibratome (Leica Biosystems,
Wetzlar, Germany). Three series of 30 µm sections were collected and stored in PBS
containing sodium-azide (0.01%) at 4 ◦C. For long term storage at −20 ◦C, slices were
transferred into antifreeze solution (20% ethylene glycol, 30% glycerol and 0.1 mol/L
sodium-phosphate buffer). Brain sections containing the LC (from Bregma −5.34 mm to
−5.80 mm) or PVN (from Bregma −0.58 mm to −1.22 mm) were used for histological
evaluation [51].

2.5. Immunohistochemistry
2.5.1. Tyrosine Hydroxylase (TH) Immunohistochemistry in Locus Coeruleus (LC)

Sections were first washed for 2 × 15 min with PBS and treated with citrate solution
at 90 ◦C for 10 min. After cooling and washing the samples, 0.5% Triton X-100 (Sigma
Chemical, Zwijndrecht, The Netherlands) in PBS was applied for 30 min followed by
blocking of non-specific binding sites with 2% normal donkey serum (NDS) in PBS. Then,
sections were incubated overnight at room temperature (RT) with a solution containing
polyclonal rabbit anti-TH antibody (Abcam, Cambridge, UK, Cat. No.: ab6211) diluted to
1:4000 in PBS with 2% NDS. After 2 × 15 min washes in PBS, sections were incubated with
Cy3-conjugated donkey anti-rabbit secondary antibody (Jackson, West Grove, PA, USA,
Cat. No: 711-165-152) in 1:500 PBS with 2% NDS for 3 h at RT. After washing the samples,
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sections were mounted on gelatine-coated glass slides, then covered with glycerol-PBS (1:1)
and stored at −20 ◦C until confocal microscopy. All samples were stained in one session.

2.5.2. Immunohistochemistry on Glial Markers in the Paraventricular Nucleus of the
Hypothalamus (PVN)

Glia cells were visualized by double immunostaining using markers specific for
astrocytes (glial fibrillary acidic protein; GFAP) and for microglia (ionized calcium binding
adaptor molecule 1, IBA1). The pretreatment of sections and the non-specific binding site
blocking was carried out as described in Section 2.5.1. Then, monoclonal mouse anti-GFAP
(Novocastra, Newcastle upon Tyne, UK, Cat. No.: NCL-GFAP-GA5) and polyclonal rabbit
anti-IBA1 (Fuji-Wako, Osaka, Japan, Cat. No.: 019-19741) primary antibodies both diluted
to 1:2000 with 2% NDS were used overnight at RT. After washing, Cy3-conjugated donkey
anti-mouse (Jackson, Cat. No.: 715-165-150) and Alexa 488-conjugated donkey anti-rabbit
(Jackson, Cat. No.: 711-005-152) secondary antibodies both in 1:500 dilution with 2% NDS
were applied for 3 h at RT. Sections were mounted, covered and stored according to the
protocol mentioned above. All samples were stained in one session.

2.6. Image Analysis

Olympus Fluoview FV-1000 laser scanning confocal microscope (Olympus Europa,
Hamburg, Germany) and FluoView FV image acquisition software system (Olympus
Europa, Hamburg, Germany) were used for imaging. Digital images were acquired by
sequential scanning in analog mode for the corresponding fluorophores to avoid false
positive signal resulting from the slight overlap of emission spectra and to reliably quantify
the fluorescent signal. The confocal aperture was set to 80 µm. The analog sequential
scanning was performed using a 40× objective lens (NA: 0.75). An optical thickness of
3.5 µm was indicated by the software and the resolution was set to 1024 × 1024 pixel.
The excitation time was set to 4 µs per pixel. Alexa Fluor 488 was excited at 488 nm
and Cy3 at 543 nm. We assigned the virtual color green for Alexa Fluor 488 and red for
Cy3. The same microscope settings were used for imaging on all samples deriving from a
particular experiment.

The morphometry of LC was performed on non-edited pictures using ImageJ software
(version 1.52a) by an experimenter who was blind to the experimental conditions. The
intensity of TH-immunofluorescence was measured in all cells visible in the 3.5 µm thick
cross-sectional images if the plane of sectioning contained the cell nucleus, (ca. 10–30 cell
bodies per LC samples). The region of interest was marked out manually including only the
cytoplasmic areas of neurons. The specific signal density (SSD) was determined in arbitrary
units (a.u.) and corrected for the background signal. The average of SSDs was calculated in
each section. The calculation was performed in four sections per animal, and the average
of these four values represented the SSD of one mouse, which was finally subjected to the
statistical assessment.

In case of glia activation, we determined the number and the activation score of
astrocytes and microglia in the total area of PVN cross-sections with a thickness of 3.5 µm
using GFAP and IBA1 immunostaining. We analyzed 60–120 cells per section for astrocytes
and 10–20 cells per section for microglia and 4 slices per animal. The degree of glia
activation in each counted cell was ranked from 1 (resting) to 5 (severe reactive gliosis) [52].
The main analyzed parameters were the form and enlargement of cell bodies and the
complexity and thickness of processes. The glia cells were analyzed on four sections per
animal, and the average of the individual scores of each glia cells on the four sections
represented the activation score of the mouse.
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2.7. Corticosterone Level by Radioimmunoassay

Blood samples were centrifuged at 3000 rpm for 5 min, then plasma was stored at
−20 ◦C until further analysis. Corticosterone levels were analyzed from 10 µL sample
using a specific antibody developed by the Institute of Experimental Medicine (Budapest,
Hungary) [53]. The intra-assay coefficients of variation were 7.5% and 4.7%, respectively.
All samples from a particular experiment were analyzed in one session.

2.8. Statistical Analysis

Data were analyzed by two-way analysis of variance (ANOVA, variables: stress and
genotype in Experiment I, as well as treatment and genotype in Experiment II) and repeated
measures ANOVA (within-subjects factor: cue presentation), both followed by Tukey’s
post hoc test (StatSoft 13.5.0, Tulsa, OK, USA). All datasets showed normal distribution
(Kolmogorov–Smirnov) and homogenous variance (Levene). Pearson’s correlation was
also conducted. p < 0.05 was considered statistically significant. Data are presented as
mean ± SEM. The results of post hoc test are represented in the Figures.

3. Results
3.1. The Genetic Lack of TRPA1 Does Not Influence Stress-Induced Freezing but Enhance
Jumping Behavior

Investigating the behavioral responses during the FC phase, increased freezing
was detected in both stressed groups compared to the controls (Fstress (1,26) = 1774.46,
p < 0.0001; both pWT and pKO = 0.0002), but neither the main effect of the genotype
(Fgenotype (1,26) = 1.84, p = 0.19, pcontrol = 0.75; pshock = 0.79) nor an interaction was revealed
(Finteraction (1,26) = 0.01, p = 0.92). Similarly, shock-induced jumping behavior in both groups
(Fstress (1,26) = 842.27, p < 0.0001; both pWT and pKO = 0.0002) without genotype differ-
ences (Fgenotype (1,26) = 0.04, p = 0.85, pcontrol = 1.00; pshock = 0.99; Finteraction (1,26) = 0.04,
p = 0.85).

When we reintroduced the animals to the stress-related environment four weeks
later, they still showed exaggerated total freezing time (Fstress (1,26) = 914.54, p < 0.0001;
both pWT and pKO = 0.0002) independently from genotype (Fgenotype (1,26) = 0.12, p = 0.73,
pcontrol = 0.94; pshock = 0.69; Finteraction (1,26) = 1.35, p = 0.26) (Figure 2A). Further analy-
sis confirmed the elevation of both contextual (including the baseline and the ISIs) and
cued freezing behavior in stressed groups compared to the controls (Fstress (1,26) = 663.12,
p < 0.0001; in each comparison both pWT and pKO < 0.0001) without the main effect of
the genotype (Fgenotype (1,26) = 0.02, p = 0.89; Fstress*genotype (1,26) = 0.69, p = 0.41). Cue
presentation decreased the freezing behavior of both stressed groups compared to the
baseline and to the ISI values over the entire experiment (Fcue presentation (14,364) = 3.50,
p < 0.0001, Fstress*cue presentation (14,364) = 6.55, p < 0.0001), whose effect was not influenced
by the genotype (Fgenotype*cue presentation (14,364) = 1.21, p = 0.26; Fstress*genotype*cue presentation

(14,364) = 0.98, p = 0.48) (Figure 2B).
However, the total amount of jumping behavior (as a sign of hyperarousal) was not

only influenced by previous stress (Fstress (1,26) = 31.11, p < 0.0001; pWT = 0.09, while
pKO = 0.0002), but also by the genotype (Fgenotype (1,26) = 4.53, p = 0.04; Finteraction (1,26) = 4.53,
p = 0.04). More precisely, shocked Trpa1 KO mice jumped more than their WT counter-
parts (pcontrol = 1.00; pshock = 0.02) (Figure 2C). Interestingly, shocked animals showed
a higher jumping rate compared to the controls only until the end of the second cue
(Fstress (1,26) = 28.86, p < 0.0001; Fcue presentation (14,364) = 6.45, p < 0.0001; during Cue1:
pWT < 0.0001 and pKO = 0.004, while during the baseline and Cue2 pKO < 0.0001), followed
by a rapid decline (Fstress*cue presentation (14,364) = 6.45, p < 0.0001). Here, the stress-induced
jumping response was also influenced by the genotype (Fgenotype (1,26) = 4.26, p = 0.049), as
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shocked KOs showed a higher jumping rate during the baseline (p = 0.02) and the second
cue presentation (p = 0.002) compared to the WT counterparts (Fstress*genotype (1,26) = 4.67,
p = 0.04), with a tendency for interaction between the genotype and cue presentation as well
(Fgenotype*cue presentation (14,364) = 1.71, p = 0.051; Fstress*genotype*cue presentation (14,364) = 1.71,
p = 0.051) (Figure 2D).

Additionally, Pearson’s test revealed that freezing positively correlated with jumping
behavior (r = +0.678, p < 0.001).

Figure 2. Effect of electric foot shock on the behavioral responses of Trpa1 wild type (WT) and
(knockout) KO mice 4 weeks later. Shock increased freezing without genotype influence, while
jumping was influenced both by stress and genotype. (A,C) Bar charts represent the summarized
behavioral responses over the 11 min period of the conditioned fear test. Circles demonstrate
individual values. Two-way ANOVA followed by Tukey’s post hoc test was conducted; * p < 0.05;
*** p < 0.001; n = 7–8/group. (B,D) Line graphs represent the changes in behavioral responses over
cue presentation. Repeated measures ANOVA was conducted, followed by Tukey’s post hoc test.
Colored star (*) symbols were used for showing significant differences between control and shocked
animals (blue * between WT groups, red * between KO groups). Hashtags (#) demonstrate significant
differences within the same group over cue presentation (teal # within shocked WT and orange
# within shocked KO). Cross (×) symbols represent the significant differences between WT and
KO shocked animals. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; # p < 0.05, ## p < 0.01,
### p < 0.001, #### p < 0.0001; × p < 0.05, ×× p < 0.01; n = 7–8/group. PTSD: posttraumatic stress
disorder. ISI: interstimulus interval.

3.2. The Genetic Lack of TRPA1 Is Associated with a Greater Increase in LC/TH Immunoreactivity
After Foot Shock

Stress increased the TH immunopositivity in the LC of both genotypes (Fstress (1,26) = 40.07,
p < 0.0001; pWT = 0.04, pKO = 0.0002) (Figure 3). Although the main genotype effect was
also significant (Fgenotype (1,26) = 13.13, p = 0.0012, pcontrol = 0.82; pshock = 0.0011), but this
genotype difference became apparent only after foot shock and was not detected among
control, non-stressed conditions (Finteraction (1,26) = 5.50, p = 0.03).
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Figure 3. Effect of electric foot shock on the tyrosine hydroxylase (TH) immunoreactivity of noradren-
ergic cells in the locus coeruleus (LC) of Trpa1 wild type (WT) and knockout (KO) mice. (A) Columns
represent the average of the specific signal density of TH immunoreactivity per group. Circles
demonstrate individual values. Two-way ANOVA followed by Tukey’s post hoc test was conducted;
* p < 0.05, ** p < 0.01, *** p < 0.001; n = 7–8/group. (B) Representative confocal images of the TH (red)
immunostaining. Scale bars: 25 µm. a.u.: arbitrary unit.
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3.3. The Lack of TRPA1 Diminished the Astrocyte Activation in the PVN Without Interfering with
the Microglia Response in the Mouse Model of PTSD

Stress increased the number of astrocytes in the PVN (Fstress (1,26) = 4.50, p = 0.04)
(Figure 4A,C). However, this effect was not visible during post hoc comparisons (pWT = 0.41
and pKO = 0.49) and was independent from the genotype (Fgenotype (1,26) = 0.01, p = 0.92;
pcontrol = 1.00 and pshock = 1.00; Finteraction (1,26) = 0.01, p = 0.92).

Figure 4. Effect of electric foot shock on the astrocyte activation in the paraventricular nucleus of
hypothalamus (PVN) in wild type (WT) and knockout (KO) animals using glial fibrillary acidic protein
(GFAP) immunostaining. Columns represent (A) the number of glial cells and (B) average of the
astrocyte activation score. Circles demonstrate individual values. Two-way ANOVA was conducted,
followed by Tukey’s post hoc test; ** p < 0.01; *** p < 0.001 n = 7–8/group. (C) Representative confocal
images of the GFAP (red) immunostaining. Dashed lines mark the borders of PVN. 3rd refers to the
third ventricle. Scale bars: 25 µm. a.u.: arbitrary unit.

In addition to the number, the activation of astrocytes was also increased in the PVN
of shocked mice (Fstress (1,26) = 17.86, p = 0.0003), which was mainly due to an elevation in
the WTs (pWT = 0.0005 and pKO = 0.60) (Figure 4B,C). The significant main genotype effect
(Fgenotype (1,26) = 8.49, p = 0.007) was apparent after stress, but not in control, non-shocked
individuals (Finteraction (1,26) = 5.99, p = 0.02; pcontrol = 0.99, pshock = 0.004).
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In contrast to the astrocytes, we did not find any changes in the number (Fstress (1,26) = 3.46,
p = 0.07, pWT = 0.96 and pKO = 0.16; Fgenotype (1,26) = 1.75, p = 0.20; pcontrol = 0.31 and
pshock = 1.00; Finteraction (1,26) = 1.41, p = 0.25) (Figure 5A,C) or scoring (Fstress (1,26) = 0.04,
p = 0.85, pWT = 0.86 and pKO = 0.96; Fgenotype (1,26) = 0.54, p = 0.47, pcontrol = 1.00 and
pshock = 0.66; Finteraction (1,26) = 0.83, p = 0.37) (Figure 5B,C) of the microglial cells in
the PVN.

Figure 5. Effect of electric foot shock on the microglia activation in the paraventricular nucleus of
hypothalamus (PVN) in wild type (WT) and knockout (KO) animals using ionized calcium binding
adaptor molecule 1 (IBA1) immunofluorescence. Columns represent (A) the average of the microglia
number and (B) activation score. Circles demonstrate individual values. Two-way ANOVA followed
by Tukey’s post hoc test was conducted; n = 7–8/group. (C) Representative confocal images of the
IBA1 (green) immunostaining. Dashed lines mark the borders of PVN. 3rd refers to the third ventricle.
Scale bars: 25 µm. a.u.: arbitrary unit.
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3.4. Correlation Between Behavioral and Morphological Measures

There was a significant positive correlation between LC/TH immunopositivity and
both observed behaviors (freezing: r = +0.716, p < 0.001; jumping: r = +0.518, p = 0.003),
suggesting the involvement of LC in the development of PTSD-like behavior. However, we
did not detect any significant correlation between LC and PVN measures.

3.5. Lack of TRPA1 Did Not Modulate the Effect of Clonidine Treatment on the Behavioral
Responses and Serum CORT Levels in a PTSD Model

Clonidine administration significantly increased the total duration of freezing
(Ftreatment (1,36) = 12.95, p = 0.001), which was apparent in WT (pWT = 0.045), but
not in KO mice (pKO = 0.11). However, major genotype difference was not detected
(Fgenotype (1,36) = 2.68, p = 0.11; pvehicle = 0.82, pclonidine = 0.47; Finteraction (1,36) = 0.14,
p = 0.72) (Figure 6A). Further analysis of contextual and cued freezing did not reveal signif-
icant differences between the vehicle- and clonidine-treated animals (Ftreatment (1,36) = 2.38,
p = 0.13) or between the two genotypes (Fgenotype (1,36) = 3.98, p = 0.054; Ftreatment*genotype

(1,36) = 1.10, p = 0.30). Though cue presentation decreased the freezing response in each
group compared to the baseline and to the ISI values almost throughout the entire experi-
ment (Fcue presentation (14,504) = 18.64, p < 0.0001), but the treatment or the genotype did not
influence this effect (Ftreatment*cue presentation (14,504) = 0.92, p = 0.54; Fgenotype*cue presentation

(14,504) = 1.22, p = 0.25; Ftreatment*genotype*cue presentation (14,504) = 0.93, p = 0.52). (Figure 6B).

 
Figure 6. Effect of clonidine pretreatment (0.05 mg/kg; i.p.) on freezing and jumping behavior during
conditioned fear test, as well as on serum corticosterone (CORT) levels in shocked Trpa1 wild type
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(WT) and knockout (KO) animals. (A,C) Bar charts represent the summarized behavioral responses
over the 11 min period of the conditioned fear test and (E) the plasma CORT levels. Circles demon-
strate individual values. Two-way ANOVA followed by Tukey’s post hoc test was conducted; * p < 0.05;
n = 9–11/group. (B,D) Line graphs represent the changes in behavioral responses over cue presenta-
tion. Repeated measures ANOVA followed by Tukey’s post hoc test was conducted. Colored hashtag
(#) symbols demonstrate significant differences within the same group over cue presentation (red #
within vehicle-treated KO, teal # within clonidine-treated WT and orange # within clonidine-treated
KO). Cross (×) symbol represents the significant difference between vehicle-treated WT and KO
animals during the fourth cue presentation. # p < 0.05; ## p < 0.01; ### p < 0.001, #### p < 0.0001;
× p < 0.05; n = 9–11/group. PTSD: posttraumatic stress disorder. ISI: interstimulus interval.

By contrast, we found considerable genotype differences in the total amount of jump-
ing (Fgenotype (1,34) = 12.66, p = 0.001) both in the vehicle- (pvehicle = 0.02) and clonidine-
treated groups (pclonidine = 0.02). Clonidine administration decreased the jumping rate
(Ftreatment (1,34) = 5.32, p = 0.03) without significant post hoc differences (pWT = 0.14 and
pKO = 0.09) or influencing the genotype effect (Finteraction (1,34) = 0.02, p = 0.90) (Figure 6C).
The cue presentation increased the jumping response (Fcue presentation (14,504) = 18.32,
p < 0.0001), whose effect was influenced by the genotype (Fgenotype (1,36) = 7.25, p = 0.011;
Fgenotype*cue presentation (14,504) = 3.12, p < 0.001). More precisely, cue-induced changes in
the jumping were observable only in the KOs over the entire experiment, leading to a
significant difference between vehicle-treated WT and KO mice during the fourth Cue pre-
sentation (pvehicle = 0.049). Though a tendency for reduced jumping was observable in the
clonidine-treated mice compared to the vehicle groups (Ftreatment (1,36) = 3.52, p = 0.07), no
significant differences were revealed between the treatment groups, and this effect was not
influenced by the genotype (Ftreatment*genotype (1,36) = 0.14, p = 0.71) or the cue presentation
(Ftreatment*cue presentation (14,504) = 0.72, p = 0.76; Ftreatment*genotype*cue presentation (14,504) = 1.11,
p = 0.35) (Figure 6D).

Plasma CORT values at the end of CFT did not reveal any group differences
(Ftreatment (1,39) = 0.20, p = 0.66; pWT = 0.98 pKO = 0.73; Fgenotype (1,39) = 0.13, p = 0.72;
pvehicle = 0.97 pclonidine = 0.75; Finteraction (1,39) = 1.02, p = 0.32) (Figure 6E).

4. Discussion
Behavioral analysis revealed that foot shock increased freezing and jumping during

the FC phase. However, there were no genotype differences, suggesting that the subse-
quent changes might not be due to altered sensation of the KO animals. In the CFT, the
Trpa1 deletion had no effect on shock-induced freezing but exaggerated jumping behav-
ior, as a sign of hyperarousal. These effects were reproducible. The behavioral changes
correlated positively with LC/TH immunopositivity. The shock-induced aggravation in
LC/TH levels was accompanied by astrocyte activation in the PVN, without microglial
activation. The Trpa1 deletion enhanced shock-induced LC/TH elevation and reduced
the astrocyte activation. Despite the previously reported positive impact on some PTSD
symptoms of clonidine, in our study, manipulating the α2-adrenergic system aggravated
the freezing—one of the most frequently used outcome measures of PTSD [45]. However,
clonidine had a positive, protective effect on jumping behavior, which does not seem to be
transmitted via the HPA axis.

The rate limiting step of noradrenaline biosynthesis is mediated by TH. Thus, the reg-
ulation of this enzyme in the LC is an important mechanism upon stress adaptation [54,55].
In line with our findings, elevated TH expression both at the mRNA and protein level
was reported upon both single prolonged stress (SPS) and electric foot shock models of
PTSD [55–57]. These data indicate the involvement of the hyperactive LC-noradrenergic
system in the manifestation of PTSD. Importantly, the literature implies that noradrenergic
signaling of the LC is deeply implicated in the auditory cued fear conditioning [40,58,59].
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The regulatory role of the LC-noradrenergic system in fear memory consolidation depends
on the prevailing level of arousal and stress: among high stress conditions its activation
facilitates the consolidation and maintenance of cued fear memory, while under low stress
levels it promotes fear extinction [40,60,61]. We assume that the role of TRPA1 ion channels
become important under high stress conditions (i.e., after foot shock), where it moderates
the TH enzyme expression in LC (Figure 3). Therefore, its genetic deletion can contribute to
enhanced cue-induced jumping behavior observable in stressed KO mice (Figures 2 and 6)
probably via strengthening the noradrenergic outflow from LC as confirmed by positive
correlation between jumping and LC/TH. Indeed, the connection between jumping and the
noradrenergic system is supported by the diminishing effect of clonidine administration as
well (Figure 6). Jumping might be a sign of hyperarousal [47–50,62], and clonidine is often
used for the treatment of this symptom [63].

The observed genotype difference in LC/TH is contradictory in light of the fact that
we did not find Trpa1 mRNA in the LC using a highly sensitive RNAscope technique [64].
It is unclear by what mechanism the TRPA1 ion channel would modulate the function of
noradrenergic system. One possible explanation is the regulation of LC-input areas. It is
well known that the PVN is reciprocally connected with the LC providing positive feedback
loops between CRH and noradrenaline [21,40,55,61,65–68]. TRPA1 might contribute to
neuroinflammation [69], especially though modulation of the astrocytes [70–72] that are also
supported by the lower astrocyte activation in our KO mice (Figure 4). As astrocytes might
have anti-inflammatory potential [73,74] and resolve neuroinflammation in the delayed
phases of chronic stress [75–77], we might assume that their lower activation in the PVN
of KO mice can increase local neuroinflammation. This neuroinflammation may elevate
the CRH release from the PVN [17,18,25], which may stimulate LC/TH synthesis in KO. In
support, Xie et al. reported that astrocyte activation of the hippocampus may reduce the
fear responses in PTSD [78]. A further possible mechanism might be mediated through the
EWcp. Indeed, we previously demonstrated the high abundance of Trpa1 mRNA in this
nucleus, as well as the role of EWcp in modulating the stress response (see Introduction).
We might assume that the lacking Trpa1 from the EWcp alter the interpretation of the foot
shock, which changes the reactivity of the whole brain, including the LC. This is in line
with the James-Lange theory of emotions [79], which states that the reaction of the whole
body shapes our emotions, which may manifest itself in divergent activity of different
brain areas.

In line with the reciprocal connection, LC may regulate PVN function via neuroin-
flammation (see Introduction). The previously described cFOS activation in PVN neurons
following foot shock suggested its integrative role in FC [80–82]. Not only was the role
of its neuropeptides (e.g., CRH, oxytocin) described among a wide range of stress condi-
tions [10,83–89], but there are also studies supporting the role of their glia cells in acute and
chronic stress situations [85,88–93], with limited data in conditioned fear and PTSD [81].
To our best knowledge, our current study is the first describing the activation of astrocytes
in the PVN following foot shock.

The literature data suggest that astrocytes express TRPA1 ion channels (see earlier), and
the mediators of oxidative stress produced excessively in PTSD [17,94–99] may stimulate
TRPA1 [2,37,38] leading to astrocyte activation. Thus, we assume that the TRPA1-mediated
astrocyte activation in the PVN of WT mice may play a role in the restoration of neu-
roendocrine and behavioral functions following stress, while the lacking TRPA1 in KOs
accompanied by lacking astrocyte activation may delay recovery. Indeed, our prior study
revealed both the exhaustion of CORT secretion and the impaired fear extinction with
prolonged fear responses in cases of Trpa1 gene-deficiency [100].
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In contrast, microglia of the PVN did not seem to be involved in the presently observed
PTSD-related alterations. Interestingly, a prior study reported microglial hyper-ramification
and increased soma perimeter in the PVN following contextual FC [81]. Since microglia re-
sponses depend on the modality of stressor and the genetic background of animals [81,101],
this contradiction may be explained by the different experimental protocols and the diverse
strain of mice. However, our previous experiments showed alterations in the microglial
morphology of Trpa1 KO mice within several other brain regions implicated in the PTSD
pathomechanism (central nucleus of amygdala, hippocampus, medial prefrontal cortex)
suggesting the role of this ion channel in microglia-mediated processes upon conditioned
fear [100]. Indeed, similar region-specific differences in stress-induced microglia responses
have already been reported [102].

Our prior research revealed significantly decreased shock-induced immobility in KO
mice compared to the WTs using the SPS protocol of PTSD [12]. One possible explanation is
the different stress-level of the two models: the foot shock paradigm is a strong unescapable
psychological stressor [45], while the SPS model is based upon mild stressors over a longer
period [103–105]. Therefore, we suspect that TRPA1 might be important in fine-tuning the
behavior to the intensity of stress. The increased jumping rate of KO animals in the foot
shock model was found before [100], suggesting the involvement of TRPA1 channel in
hyperarousal. However, this effect is not exclusively mediated by the adrenergic system
(see ineffectiveness of clonidine). The literature indicates that clonidine may decrease
the locomotor activity through presynaptic α2-receptor agonism among others in the LC,
which may induce anxiolytic and sedative effects by the reduced central noradrenergic
outflow [106–110]. Thus, we suspect that the elevated freezing behavior of clonidine-treated
mice represents a decreased locomotion rather than a PTSD-like freezing behavior. This is
supported by its jumping reducing effect as well (see reciprocal changes in cued freezing
and jumping response, as well as negative correlation between freezing and jumping during
Exp II; r = −0.580, p = 0.014).

Though the effect of clonidine on the function of HPA axis is debated depending on
the dose and route of administration [111–113], a recent study showed that i.p. clonidine
treatment may increase the CORT secretion [109]. However, in our case we could not find
treatment or genotype difference, which let us to conclude that clonidine-mediated effects
may be independent of the HPA axis activation. However, we cannot rule out confounding
technical details such as the effect of i.p. injection approx. 40 min before measurement, as
well as isoflurane anesthesia during sampling.

This study has several limitations. The selected stress paradigm may constrain transla-
tional relevance, while reliance on a single stressor reduces generalizability. Developmental
compensation in knockout animals cannot be ruled out. Immunostaining analyses were
semiquantitative, and only a limited subset of network components was assessed at discrete
time points. Moreover, the observed associations are correlational; functional manipula-
tions are needed to establish causality.

5. Conclusions
TRPA1 may be involved in stress adaptation during PTSD-related conditioned, espe-

cially in cued, fear responses via controlling noradrenergic output from the LC and the
neuroinflammation in stress-sensitive brain areas like PVN, most probably not through the
α2-adrenergic receptors. We suppose that TRPA1 activation may contribute to the recovery
following strong stresses and, therefore, may be a novel drug target in the future therapy
of PTSD.
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Abbreviations
The following abbreviations are used in this manuscript:

ANOVA analysis of variance
a.u. arbitrary unit
CFT conditioned fear test
CORT corticosterone
CRH corticotropin-releasing hormone
EWcp centrally projecting Edinger-Westphal nucleus
FC fear conditioning
GFAP glial fibrillary acidic protein
HPA hypothalamic–pituitary–adrenal
IBA1 ionized calcium binding adaptor molecule 1
IL-1 interleukin-1
IL-6 interleukin-6
i.p. intraperitoneal(ly)
ISI interstimulus interval
KO knockout
LC locus coeruleus
NDS normal donkey serum
PBS phosphate-buffered saline
PFA paraformaldehyde
PTSD posttraumatic stress disorder
PVN paraventricular nucleus of hypothalamus
RT room temperature
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SAM sympatho-adrenomedullary
SPS single prolonged stress
SSD specific signal density
TH tyrosine hydroxylase
Trpa1 transient receptor potential ankyrin 1 gene
TRPA1 transient receptor potential ankyrin 1 ion channel
TNF-α tumor necrosis factor-α
UCN1 urocortin 1
WT wild type
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Construct and face validity of a new model for the three-hit theory of depression using PACAP mutant mice on CD1 background.
Neuroscience 2017, 354, 11–29. [CrossRef]

11. Kormos, V.; Kecskés, A.; Farkas, J.; Gaszner, T.; Csernus, V.; Alomari, A.; Hegedüs, D.; Renner, É.; Palkovits, M.; Zelena, D.;
et al. Peptidergic neurons of the Edinger-Westphal nucleus express TRPA1 ion channel that is downregulated both upon chronic
variable mild stress in male mice and in humans who died by suicide. J. Psychiatry Neurosci. 2022, 47, E162–E175. [CrossRef]

12. Konkoly, J.; Kormos, V.; Gaszner, B.; Correia, P.; Berta, G.; Biró-Sütő, T.; Zelena, D.; Pintér, E. Transient receptor potential ankyrin
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