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Abstract 
 

Post-traumatic stress disorder is a debilitating psychiatric disorder which can arise after 

experiencing or witnessing a traumatic event. Trauma-based psychotherapy is recommended as 

a first-line treatment and aims to facilitate the processing of the traumatic event using cognitive 

and exposure-based techniques. However, not all patients achieve long-term remission and 

remain symptomatic. This highlights the need for novel treatment strategies to improve the 

efficacy of trauma-based psychotherapies. In this context, transcranial direct current stimulation 

(tDCS) received considerable interest lately. In this doctoral thesis, we aim to gain a better 

understanding into the potential of tDCS to facilitate exposure-based psychotherapy, using the 

fear extinction paradigm in mice as a preclinical model. 

In a first part of this thesis, we elaborate in a technical chapter on how tDCS can be applied in 

mice and provide an overview of distinct experimental procedures. Whereas the described 

procedures intrinsically follow the same methodology, they differ in whether mice are awake 

or under general anesthesia, or whether they can freely move or remain restrained during 

stimulation. We proposed the tDCS procedure in freely moving mice to limit interactions with 

anaesthetic compounds and to avoid restrained stress. While we show that it is feasible to 

conduct tDCS in freely moving, the tDCS procedure and stimulation parameters could be 

further optimized upon experimental needs. Nevertheless, interactions with anaesthetic 

compounds or stress cannot be fully avoided. Moreover, further validation of the freely moving 

tDCS procedure, and direct comparison between the distinct procedures may be useful. 

For the tDCS experiments conducted in this thesis, mice were single housed to avoid cage mates 

to damage the cranial implant. However, single housing of mice is a highly debated topic. In a 

second part of the thesis, we sought to explore whether prolonged single housing of male mice 

affects animal welfare and stress-related behavioral and physiological outcome measures. We 

therefore studied the effects of single housing on exploratory activity, anxiety-like behavior, 

fear memory processing and HPA-axis activity and compared the effects to pair housing or pair 

housing with a cage divider. Interestingly, the results of this study did not provide evidence for 

robust differences in exploratory activity, anxiety and fear memory processing in male mice 

that were single housed, pair housed or pair housed with a cage divider. As such, the results 

suggest no impact of single housing on stress-related behavioral and physiological outcome 
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measures. The latter is an important finding for our tDCS experiments, in which the effects of 

tDCS on similar outcome measures were studied. 

In the last part of the thesis, we scrutinized the potential of tDCS over the prefrontal cortex to 

facilitate exposure-based psychotherapy using the auditory fear extinction paradigm in mice. In 

a first series of experiments, we focused on the effects of a single session of anodal tDCS (0,2 

mA, 20 min) on auditory fear extinction, when performed immediately before or after extinction 

training. In both experimental conditions, no significant effect of anodal tDCS on the short- and 

long-term retention of auditory fear extinction was observed. Moreover, we cannot draw 

conclusions regarding the role of the timing of tDCS relative to extinction training. Since more 

robust and long-lasting effects could be expected with a repeated stimulation protocol, we 

further explored the effects of repeated anodal tDCS (0.2 mA, 20 min, 2x/day). In this second 

series of experiments, we used several protocols of auditory fear conditioning and extinction to 

investigate the boundary conditions under which a facilitation of fear extinction could be 

observed. When the intensity of fear conditioning was high, a significant effect of repeated 

anodal tDCS on the acquisition of extinction and the short-term retention of auditory fear 

extinction was observed. These findings suggest that repeated anodal tDCS can augment the 

acquisition rate and short-term retention of auditory fear extinction in mice. Moreover, under 

the same conditions of conditioning, we found that tDCS may have long-lasting effects on 

generalized fear responses induced by contextual cues. Although these findings are promising, 

the mechanism-of-action underlying these effects should be further scrutinized. 

Altogether, we showed for the first time that repeated anodal tDCS over the prefrontal cortex 

can facilitate auditory fear extinction in mice. Additional studies are necessary to identify the 

stimulation parameters that may yield long-term effects on the retention of fear extinction, to 

explore whether similar results can be obtained in a model of impaired extinction and to 

evaluate the clinical relevance for PTSD treatment.  
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Samenvatting 
 

Posttraumatische stressstoornis is een ernstige psychiatrische stoornis die kan ontstaan na het 

meemaken van een traumatische gebeurtenis. Psychotherapie wordt aanbevolen als 

eerstelijnsbehandeling, maar niet alle patiënten ondervinden een langdurige verbetering van de 

symptomen. Bijgevolg is er nood aan nieuwe behandelstrategieën om de doeltreffendheid van 

psychotherapie te verbeteren. In deze doctoraatsthesis werd onderzocht of transcraniële directe 

stroomstimulatie (tDCS) gebruikt kan worden om het effect van psychotherapie te versterken, 

gebruik makende van een experimenteel muismodel gebaseerd op het uitdoven van een 

aangeleerde vreesrespons, door herhaaldelijke blootstelling aan trauma-gerelateerde cues 

(vreesextinctie). 

In een eerste deel van deze thesis wordt beschreven hoe tDCS kan toegepast worden in muizen. 

Voor ons onderzoek werd een procedure ontwikkeld waarin muizen vrij kunnen bewegen 

tijdens de stimulatie, dit om interacties met een anestheticum en/of stress geïnduceerd door 

immobilisatie te vermijden. We tonen aan dat dit model gebruikt kan worden voor tDCS 

experimenten in muizen, alsook dat de stimulatieparameters aangepast kunnen worden in 

functie van de experimentele behoeften. Desalniettemin kunnen interacties met stress of 

anesthetica niet volledig vermeden worden, en is er ruimte voor bijkomende optimalisatie van 

de procedure. Bovendien kunnen validatie van de procedure en een directe vergelijking met 

andere procedures (bv. muizen onder narcose of geïmmobiliseerd tijdens de stimulatie) nuttig 

zijn. 

Omdat muizen alleen gehuisvest worden tijdens onze experimenten, wordt in een tweede deel 

van de thesis onderzocht of dit een invloed heeft op het welzijn van de muizen en op stress 

gerelateerde (gedrags- en fysiologische) uitkomstvariabelen. In deze studie werd de impact van 

huisvesting op exploratief en angst-gerelateerd gedrag, de HPA-as activiteit en vreesverwerking 

bestudeerd bij mannelijke muizen. De resultaten van deze studie leveren echter geen bewijs 

voor robuuste verschillen in exploratief en angst-gerelateerd gedrag, HPA-as activiteit en 

vreesverwerking tussen de bestudeerde huisvestingsmodaliteiten. Hetgeen suggereert dat het 

afzonderlijk huisvesten van mannelijke muizen geen impact heeft op stress-gerelateerde 

uitkomstvariabelen. Dit laatste is een belangrijke bevinding voor onze tDCS experimenten 

waarin vergelijkbare uitkomstvariabelen worden gebruikt. 
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In het derde deel van deze thesis wordt onderzocht of tDCS vreesextinctie kan versterken bij 

muizen, wanneer de stimulatie elektrode (anode) over de prefrontale cortex wordt geplaatst. 

Daartoe werd in een eerste reeks experimenten bestudeerd of één tDCS sessie (0.2 mA, 20 min) 

vreesextinctie kan versterken, wanneer toegepast onmiddellijk voor of na extinctietraining. Bij 

een enkele sessie van tDCS werd echter geen éénduidig effect op vermindering van de 

aangeleerde vreesrespons vastgesteld. Aangezien meer robuuste en langdurige effecten kunnen 

worden verwacht met een repetitief stimulatieprotocol, werden de effecten van herhaaldelijke 

stimulatie onderzocht in een tweede reeks experimenten. Wanneer tDCS (0.2 mA, 20 min) 

tweemaal per dag voor vijf opeenvolgende dagen werd toegepast, werd vastgesteld dat muizen 

een aangeleerde vreesrespons sneller en meer langdurig konden onderdrukken. Dit effect was 

afhankelijk van de sterkte van de initiële vreesrespons. Bij muizen met een zwakke 

vreesrespons had tDCS geen duidelijk effect, maar bij een sterke vreesrespons resulteerde de 

tDCS behandeling in een significante verbetering van vreesextinctie in vergelijking met de 

controledieren. Bovendien werden onder dezelfde omstandigheden langdurige effecten van 

tDCS geobserveerd op gegeneraliseerde vreesreacties die geïnduceerd worden door contextuele 

signalen. Hoewel deze bevindingen veelbelovend zijn is het noodzakelijk om het 

werkingsmechanisme dat ten grondslag ligt aan deze effecten verder uit te klaren. 

Samengevat tonen de resultaten van deze thesis voor de eerste keer dat tDCS vreesextinctie kan 

versterken bij muizen. Bijkomend onderzoek is echter noodzakelijk om de stimulatieparameters 

te identificeren die aangeleerde vreesresponsen langdurig kunnen helpen onderdrukken en om 

na te gaan of vergelijkbare resultaten kunnen worden verkregen in een model waarbij 

vreesextinctie is verstoord. Nadien kan onderzocht worden of tDCS een therapeutisch voordeel 

kan bieden om het effect van psychotherapie bij patiënten met PTSS te versterken. 
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Prologue 
 

Post-traumatic stress disorder is a debilitating disorder which can arise after experiencing or 

witnessing a traumatic event. Despite the availability of a variety of psychological and 

pharmacological treatments, not all patients benefit from these treatments or relapse over time. 

This highlights the need for novel treatment strategies that may overcome these limitations and 

may fill in the missing gaps in standard health care for PTSD. Therefore, it seems critical to 

better understand the aetiology of symptoms and the underlying neurobiology of PTSD. Over 

the years, our knowledge about the PTSD symptomatology and neurobiology has increased. 

In the first chapter of this thesis, we provide a general introduction about PTSD and the current 

available treatments, such as exposure-based psychotherapy. In the following chapter, we 

introduce Pavlovian fear conditioning and extinction, a widely used paradigm to study the 

underlying neurobiology of PTSD and exposure-based psychological treatments, but also used 

to explore novel treatment strategies. Given novel treatment strategies aim to improve the 

efficacy of exposure-based psychotherapy, it is important to introduce these basic principles. 

During this PhD research, we propose transcranial direct current stimulation as a viable strategy 

to facilitate exposure-based psychotherapy for PTSD. Transcranial direct current stimulation is 

a non-invasive neuromodulation technique based on delivering a weak direct current to a brain 

region of interest via scalp electrodes. A general introduction to this technique and its 

perspectives for PTSD treatment are provided in Chapter III. 

In this thesis, we aim to provide more insights into the potential of transcranial direct current 

stimulation to facilitate exposure-based psychotherapy, using the fear conditioning and 

extinction paradigm in mice as a preclinical model. After a general introduction of the basic 

concepts described above, we provide an overview of the research aims of this PhD research 

(Chapter IV), the experimental conditions and considerations of our experiments in mice 

(Chapter V and VI) and the experimental results of our research (Chapter VI and VII). Finally, 

a wrap-up of the general conclusions and perspectives of our research is provided in Chapter 

VIII. 
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Post-traumatic stress disorder (PTSD) is a severe psychiatric disorder that can arise after 

experiencing or witnessing a TE (Yehuda, 2001; American Psychiatric Association, 2013). 

While up to 70% of the population experience a TE in their lifetime (Figure I 1), approximately 

4% of individuals that experience a TE will be diagnosed with PTSD (Benjet et al., 2016; 

Kessler et al., 2017; Liu et al., 2017; Knipscheer et al., 2020), yielding a lifetime prevalence in 

the range of 1.3 to 8.8% (Atwoli et al., 2015; Bisson et al., 2015; Kilpatrick et al., 2013). 

However, the prevalence rate is higher in women, military veterans and in (post-)conflict areas 

(Kessler et al., 1995; Breslau et al., 1998; Jong et al., 2001; Tolin and Foa, 2006; Fulton et al., 

2015; Mugisha et al., 2015; Goldberg et al., 2016; Charlson et al., 2019; Ng et al., 2020). 

2. Criteria and symptoms of PTSD 

PTSD is classified as a trauma- and stressor-related disorder in the DSM-5 (American 

Psychiatric Association, 2013), which differs from previous versions, where it was classified 

as an anxiety disorder (Watkins et al., 2018). The diagnostic criteria include the direct or 

indirect1 exposure to a TE and the presence of four symptom clusters, including intrusive 

thoughts (nightmares, involuntary memories and flashbacks of the TE), avoidance of reminders 

to the TE (avoidance of places, activities, objects, people or thoughts associated with the event), 

negative changes in mood and cognition associated with the TE (distorted beliefs about oneself 

or the world, emotional numbing, shame or guilt) and alterations in arousal and reactivity 

associated with the TE (hypervigilance, aggression, reckless behavior, problems concentrating 

and sleeping) (American Psychiatric Association, 2013). Patients are diagnosed with PTSD 

when the symptoms are not attributable to another medical condition or a substance 

(medication, substances of abuse) and extend for more than one month, causing clinically 

significant distress and/or functional impairments (American Psychiatric Association, 2013; 

Lancaster et al., 2016; Watkins et al., 2018). The use of DSM-5 criteria is critical for the 

diagnosis and to understand the traumatic event or trauma history, which will be the primary 

focus of therapy (Watkins et al., 2018). 

PTSD is associated with the co-occurrence of mental disorders, such as depression, anxiety and 

substance use disorders (Kessler et al., 1995; Sareen et al., 2007; Sareen, 2014) and an increased 

risk of suicide (Bernal et al., 2007; Sareen et al., 2007; Panagioti et al., 2012; Sareen, 2014). 

Moreover, the overall health condition is often impaired with co-occurrence of physical health 

 
1 1) Witnessing the TE in person, as it occurred to others. 2) Learning of the TE experienced by close family or 
friends. 3) Repeated exposure to aversive details of the TE. 
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Rubin, 2012; Landin-Romero et al., 2018). Whereas EMDR was initially controversial, several 

studies have demonstrated that EMDR is effective in treating PTSD symptoms and improving 

PTSD diagnosis (Wilson et al., 2018), with higher or similar efficacy compared to 

pharmacological or other psychological interventions (Bisson et al., 2007, 2013; Chen et al., 

2014). 

4.1.5 Other psychological interventions  

Other evidence-based trauma-focused psychological interventions noteworthy are brief eclectic 

psychotherapy (BEP), narrative exposure therapy (NET) and written narrative exposure. BEP 

is a manualized psychotherapy, which combines and integrates elements from CBT with 

psychodynamic approaches (Lindauer et al., 2005). The emphasis of the psychodynamic 

approach lies on emotions such as shame and guilt, and the relationship between the patient and 

therapist, and how it may affect the therapeutic process (Gersons et al., 2020). NET is a short-

term and manualized intervention for individuals with PTSD who experienced multiple TEs 

due to war, conflicts and organized violence, and was initially developed for use in low-income 

countries (Robjant and Fazel, 2010). Written narrative exposure is specifically designed to be 

a brief, easy-to-administer, exposure-based intervention during which individuals have to write 

repeatedly about their identified traumatic stressor (Sloan et al., 2013; Thompson-Hollands et 

al., 2019). These alternative therapies have also been recommended as first-line treatments for 

PTSD and have been included in the guidelines of the VA/DoD (Ostacher and Cifu, 2019; 

Martin et al., 2021), given they were found to be effective in reducing PTSD symptoms (Nijdam 

et al., 2012; Sloan et al., 2021). 

Alternatively, several non-trauma-focused psychological interventions are available, such as 

stress inoculation therapy, present-centered therapy and interpersonal therapy. However, non-

trauma focused interventions are not recommended in the first line. They are rather an 

alternative when trauma-focused interventions are poorly tolerated, contra-indicated or not 

available (Bisson et al., 2013; Cusack et al., 2016; Martin et al., 2021). 

4.2 Pharmacological treatment 

While trauma focused psychological interventions are recommended as first-line treatment by 

most guidelines, pharmacological interventions are recommended as second-line (guidelines 

VA/DoD, APA, NICE) (Lee et al., 2016; Courtois et al., 2019; Ostacher and Cifu, 2019; Martin 

et al., 2021). Only the selective serotonin reuptake inhibitors (SSRIs), sertraline and paroxetine, 

are currently approved by the U.S. Food and Drug Administration (FDA) and the European 
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4.4 Promising novel treatment strategies 

As novel treatment strategy, pharmacological enhanced exposure-based psychotherapies 

received considerable interest over the past years (Fitzgerald et al., 2014; Singewald et al., 

2015). A promising candidate in this context is the partial N-Methyl-D-Aspartate (NMDA) 

receptor (NMDAR) agonist D-cycloserine (DCS) (Mataix-Cols et al., 2017; Stojek et al., 2018). 

While the potential of DCS has been shown in preclinical studies (Walker et al., 2002; 

Ledgerwood et al., 2004, 2005; McCallum et al., 2010), small and variable clinical effects of 

DCS enhanced exposure-based psychotherapy have been reported in patients with PTSD (de 

Kleine et al., 2014; Baker et al., 2017; Mataix-Cols et al., 2017). Therefore, further research is 

warranted (e.g. regarding timing of DCS administration) given the limited number of studies 

and the small sample sizes do not allow to draw clear conclusions (Lebois et al., 2019). 

Moreover, it might be possible that DCS is an effective enhancer of exposure-based 

psychotherapy for a subgroup of PTSD individuals (de Kleine et al., 2014). 

Another compound which recently gained attention as an adjunct to leverage the effects of 

psychotherapy is 3,4-methylenedioxymethamphetamine (MDMA)4 (Vermetten and Yehuda, 

2020), a compound which shares properties with classic psychedelics and psychostimulants 

(Holze et al., 2019). Indeed, MDMA is known to acutely improve mood, to induce feelings of 

well-being, to make individuals more extroverted, and to increase emotional responsiveness 

and prosociality (Vollenweider et al., 2001; Hysek et al., 2014; Holze et al., 2019). Interestingly, 

MDMA was found to facilitate fear extinction processing, a model of exposure-based 

psychotherapy, in rodents (see Chapter II) (Young et al., 2015, 2017). Moreover, promising 

results of MDMA-assisted psychotherapy were recently observed in PTSD patients (Mithoefer 

et al., 2018, 2019; Mitchell et al., 2021), with apparent advantages in terms of efficacy and 

safety over existing pharmacotherapy with paroxetine or sertraline (Feduccia et al., 2019). 

Furthermore, the treatment was found effective and well tolerated in patients with severe PTSD, 

associated or not with comorbidities (Mitchell et al., 2021). Recently, the FDA granted MDMA 

a breakthrough therapy designation for the treatment of PTSD (Mithoefer et al., 2019). 

Although this approach seems promising, additional research is warranted regarding the 

effectiveness, safety and long-term benefits of MDMA-assisted psychotherapy, upon 

 
4 MDMA stimulates serotonin and norepinephrine release by reversing the activity of their transporters (Han and 
Gu, 2006). 
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implementation and approval for the treatment of PTSD (Morgan, 2020; Vermetten and 

Yehuda, 2020). 

While these novel treatment strategies, including both pharmacological and non-

pharmacological approaches, remain in their infancy, further preclinical research and well-

designed clinical studies are necessary upon recommendation as a standard treatment for PTSD. 

Moreover, individualized treatment approaches (precision medicine/personalized medicine) 

and identifying why some individuals or populations do not respond to available treatments are 

the wave of the future, to optimally target and improve the treatment outcome for each 

individual patient. In Chapter II, we focus on the concepts of Pavlovian fear conditioning and 

fear extinction, widely used models to study the underlying mechanisms of PTSD and exposure-

based psychotherapy respectively (VanElzakker et al., 2014). Moreover, this model is often 

used in both preclinical and clinical research to identify novel treatment strategies that may 

enhance the efficacy of exposure-based psychotherapy.  
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and the subject will show a conditioned fear response (CR) when the CS is presented in the 

absence of the US. Behavioral or physiological responses can be used to measure or quantify 

the CR. While freezing behavior during CS presentation or the fear potentiated startle reflex are 

typically used behavioral outcome measures in rodents, physiological outcome measures such 

as skin conductance response (SCR), heart rate and fear potentiated startle reflex (eye-blink 

component) are used in humans to measure the CR (VanElzakker et al., 2014; Lonsdorf et al., 

2017; Namkung et al., 2022). 

 

Figure II 1. Graphical representation of the Little Albert experiment of Watson and Rayner. A1-A3. A white 

rat is presented to Albert, who responds with curiosity and tries to touch the animal. Subsequently, presentation of 

the white rat is paired with a loud aversive noise. B1-B3. After pairing the white rat with a loud noise, the rat is 

again presented to Albert, who responds with fear, cries and tries to crawl away from the rat. Reproduced with 

permission from the Annual Review of Neuroscience, Volume 24 © 2001 by Annual Reviews, 

http://www.annualreviews.org (Maren, 2001). 

http://www.annualreviews.org/
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