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Summary 

Wiebke Theilmann 

Response and resistance in a rat depression model 

With a lifetime prevalence of 16%, major depressive disorder (MDD) belongs to the most 

common diseases in industrial nations. MDD is accompanied by various types of symptoms 

including depressed mood, insomnia, weight changes and anxiety, hand the profile and 

severity of the present symptoms may vary considerably across depressive patients. 

Approximately 60-70% of the patients receive remission with standard antidepressant drugs, 

but a large proportion of people suffering from MDD are resistant to pharmacological 

treatments. The electroconvulsive therapy (ECT) is one of the most effective treatments for 

depression and a further treatment option for pharmacoresistant depressive patients. However, 

it remains urgently necessary to develop novel and more efficient antidepressant treatments, 

as well as prognostic and predictive biomarkers. Of special importance for preclinical 

research are valid animal models for depression and its therapies.  

The overall objective of this thesis was to establish a valid rat model for pharmacoresistant 

MDD and to investigate the role of the brain derived neurotrophic factor (Bdnf) as a potential 

biomarker for treatment resistance. The model of pharmacoresistance was adopted to show 

response to electroconvulsive stimulation (ECS, the animal model of ECT), diminished or 

non-response to chronic antidepressant drug treatment, and should allow an individualized 

evaluation of depressive-like symptoms.  

To achieve this goal, we first improved the common ECS method, to generate a valid base for 

the pharmacoresistance model. The change from the traditional auricular ECS to the newly 

established cortical ECS mode increased construct validity of the ECS model and diminished 

the occurrence of adverse side effects specific for the traditional model. In a second step, we 

exposed rats to chronic mild stress (CMS) for several weeks to induce a depression-like state, 

which resulted in the appearance of different depression- and anxiety associated symptoms. 

However, not all animals responded to the same extend to CMS manifested in occurrence of 

divergent symptoms, and subgroups of rats seemed to be stress-resistance. Moreover, 

intrastrain specific variations in stress vulnerability became apparent when comparing 

substrains of male Wistar rats purchased from different breeders (Harlan, Janvier, Charles 

River). Rats from Charles River showed the strongest behavioral stress response, whereas rats 
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from Janvier exhibited an increased resilience to stress. According to this, breeder differences 

were found to be reflected in expression and epigenetic regulation of the adaptor protein p11. 

The divergent stress coping could be explained by genetic differences as well as breeder 

specific rearing conditions.  

To enable an individualized assessment of depressive-like behavior we designed an evaluation 

tool on the basis of human depression diagnostic tools, which valued the occurrence of the 

depression- and anxiety-related symptoms for the selection of treatment responders or non-

responders. With this we could demonstrate non-response to chronic treatment with the 

selective serotonin reuptake inhibitor citalopram, as well as response to cortical ECS but not 

to auricular ECS. Response rates of cortical ECS (30%) are comparable of the lowest 

response rates of ECT in depressive patients, which vary study dependent from 35-80%.  

The pharmacoresistant depression model in combination with the diagnostic tool, seem to be 

appropriate for a valid selection of ECS responders and non-responders to investigate 

promising biomarkers and novel treatment strategies. The observed differences in stress 

vulnerability and response to ECS, as well as the presence of various depression- and anxiety-

related symptoms highlight the need for an individualized approach to evaluate and interpret 

collected behavioral data more validly. 

Therapy resistance or response was not associated with altered epigenetic regulation and 

protein expression of Bdnf in prefrontal cortex, hippocampus and blood, probably due to 

small number of sample size.  
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Zusammenfassung 

Wiebke Theilmann 

Response und Resistenz in einem Depressionsmodell der Ratte 

Mit einer Lebenszeitprävalenz von 16% gehören depressive Störungen zu den häufigsten 

Volkskrankheiten. Depressionen können mit einer Vielzahl von Symptomen wie depressiver 

Stimmung, Schlafstörungen, Gewichtsänderungen oder Angst einhergehen. Dabei können das 

Profil sowie der Schweregrad der vorhanden Symptome sehr stark zwischen den einzelnen 

Betroffenen variieren. Unter einer Standard-Pharmakotherapie mit Antidepressiva erzielen 

etwa 60-70% der Behandelten Remission. Trotzdem ist ein großer Teil der Betroffenen 

pharmakoresistent. Die Elektrokrampftherapie (EKT) gilt als effektivstes Therapieverfahren 

bei Depressionen und kann eine weitere Behandlungsoption für pharmakoresistente Patienten 

sein. Trotzdem ist es dringend notwendig, neue und effizientere Antidepressiva, sowie 

prognostische und prädiktive Biomarker zu entwickeln. Von besonderer Wichtigkeit für die 

präklinische Forschung und Entwicklung verbesserter Therapiemethoden sind valide 

Tiermodelle für Depressionen und ihre Therapien.  

Das Ziel der vorliegenden Arbeit war die Etablierung eines validen Rattenmodells für 

pharmakoresistente Depressionen, sowie die Untersuchung der Rolle des brain derived 

neurotrophic factors (Bdnf) als putativer Biomarker für Behandlungsresistenz. Das 

Pharmakoresistenzmodell sollte sich durch Response auf elektrokonvulsive Stimulation 

(EKS, dem Tiermodell der EKT), sowie durch Nonresponse auf eine chronische 

Antidepressivabehandlung auszeichnen und eine individualisierte Beurteilung von 

depressions-assoziierten Symptomen ermöglichen. 

Zunächst wurde die herkömmliche EKS-Methode verbessert, um eine valide Grundlage für 

das Pharmakoresistenzmodell zu schaffen. Mit dem Wechsel von der traditionellen, 

transaurikularen EKS zu der neu etablierten transkortikalen EKS wurden sowohl die 

Konstruktvalidität des EKS-Modells gesteigert als auch das Auftreten von 

modellspezifischen, negativen Nebeneffekten reduziert. Im Weiteren wurden die Ratten 

mehrere Wochen andauerndem, chronisch mildem Stress (CMS) ausgesetzt, um einen 

depressionsartigen Zustand zu induzieren. Die chronische Stressbehandlung erzeugte 

unterschiedliche depressions- und angstassoziierte Symptome. Jedoch reagierte nicht jedes 
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Tier im selben Ausmaß auf CMS, was sich durch das Auftreten verschiedenartiger 

Symptomprofile oder Stressresistenz manifestierte. 

Überdies hinaus wurden Variationen in der Stressvulnerabilität zwischen verschiedenen 

männlichen Wistar-Ratten, welche von unterschiedlichen Züchtern (Harlan, Janvier, Charles 

River) bezogen wurden, festgestellt. Tiere von Charles River wiesen die stärkste Stress-

Response auf, während Ratten von Janvier vermehrt stressresilient waren. Züchterspezifische 

Unterschiede haben sich auch auf Ebene der mRNA-Expression von p11 und dessen 

epigenetischer Regulation wiedergespiegelt. Die Züchterunterschiede können sowohl auf 

genetische Unterschiede als auch auf unterschiedliche Zuchtbedingungen zurückgeführt 

werden. 

Für die individuelle Bewertung des depressionsartigen Verhaltens wurde ein Diagnose-Tool 

auf Basis der klinischen Diagnoseinstrumente entwickelt. Das Diagnose-Tool berücksichtigt 

das Auftreten von mehreren depressions- und angstassoziierten Symptomen für die Selektion 

von Behandlungs-Respondern und Nonrespondern. Mit Hilfe des Tools konnte die 

Nonresponse auf eine chronische Behandlung mit dem selektiven Serotonin-

Wiederaufnahmehemmer Citalopram und die aurikulare EKS, sowie die Response auf 

kortikale EKS demonstriert werden. Die Response-Raten auf die kortikale EKS liegen mit 

30% leicht unter den 35-80% Responseraten von depressiven Patienten auf EKT. 

Das Depressionsmodell mit dem Diagnoseinstrument bietet demnach die Möglichkeit einer 

validen Selektion von EKS Respondern und Nonrespondern, um vielversprechende 

Biomarker und neue Behandlungsmethoden zu untersuchen. Die beobachteten Unterschiede 

in der Stressvulnerabilität und Behandlungsresponse, sowie das Auftreten von 

verschiedenartigen depressions- und angstassoziierten Symptomen verdeutlichen die 

Notwendigkeit eines individualisierten Ansatzes, um das Verhalten von Versuchstieren 

valider zu interpretieren und auswerten zu können. 

Es konnte keine Korrelation zwischen Therapieresistenz oder -response und einer veränderten 

epigenetischen Regulation oder Proteinexpression von Bdnf im präfrontalen Kortex, 

Hippocampus und im Blut festgestellt werden, welches auch auf die kleinen Gruppengrößen 

zurückzuführen sein kann. 
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1. Introduction 

Approximately 30% of people suffering from major depressive disorder (MDD) do not 

achieve remission with standard antidepressant drugs (Fava, 2003). Electroconvulsive therapy 

(ECT), which is considered to be the most effective treatment for MDD is a further treatment 

option for treatment resistant patients (Petrides et al., 2001; Sackeim et al., 2008). However, 

the high number of pharmacoresistant patients with MDD underlines the urgency to discover 

next generation antidepressants with better efficacy and tolerability. Special scientific interest 

arouses the concept of personalized medicine. For the individual, appropriate therapy of 

patients established biomarkers that can predict response to treatment are essential. An 

important prerequisite for the understanding of pathophysiological mechanisms of treatment 

resistance, identification of biomarkers for therapy response and development of novel 

treatment options are valid preclinical models for treatment-resistant depression, which are 

highly predictive of clinical success. 

The aim of my thesis is to propose a model for treatment-resistant depression with high 

predictive validity and to investigate possible biomarkers that predict response to 

antidepressant therapies. 

The realization of this project includes the following steps: 

Establishment of an ECS method in rats with increased construct validity (Study I) 

The novel depression model of pharmacoresistance should be resistant to common available 

antidepressant drugs, but sensitive to electroconvulsive stimulation (ECS), which is the 

widely used animal model of ECT. The commonly used model for ECT in rodents, the 

auricular ECS, does not meet the demand for high construct validity. While human patients 

are stimulated via surface electrodes, fixed above the cortex, rats receive ECS via ear clip or 

corneal electrodes. However, the site of application of the electrical stimulus has been shown 

to have a crucial impact on seizure type and biochemical changes (Browning and Nelson, 

1985; Ferraro et al., 1990). Within the scope of this thesis, an ECS method in rats was 

established that resembles clinical ECT more realistic and enhances the validity of the model.  
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Investigation of breeder differences with respect to vulnerability to chronic mild stress 

(Study II) 

In the course of the study breeder differences in vulnerability to CMS became apparent. The 

observation evolved into the further partial aspect of the thesis, which is the comparison of 

CMS susceptibility of male Wistar rats from three different breeders. 

Establishment of an animal model of treatment-resistant depression with increased 

predictive validity (Study III) 

We combined the highly validated chronic mild stress model for depression with a new 

established diagnostic assessment instrument to generate a screening tool that is predictive of 

clinical outcomes and antidepressant drug potency and safety. The assessment instrument 

should resemble human depression diagnostic tools. The model should be resistant to the 

antidepressant drug citalopram but responsive to the new established ECS method. 

Examine the potential efficiency of brain derived neurotrophic factor (Bdnf) as a 

suitable biomarker for diagnosis and prognosis of depressive disorders (Study III) 

Bdnf is a neurotrophin known to be involved in differentiation, survival and plasticity of 

neurons, and is considered to be implicated in the pathophysiology of MDD (Nestler et al., 

2002a). Possible epigenetic mechanism could contribute to the response or resistance to 

antidepressant therapy. Therefore, DNA methylation analysis of Bdnf exon IV promoter in the 

hippocampus, prefrontal cortex and blood should be performed. Moreover, it is to evaluate 

whether changes in Bdnf methylation levels are reflected at the protein level. 
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2. Review of literature 

2.1 Depression – General remarks 

Major depressive disorder (MDD) is one of the most common psychiatric disorders, 

accompanied by a broad range of physical, psychological and behavioral impairments. 

According to the American Diagnostic and Statistical Manual of Mental Disorders, 4
th

edition (DSM-IV) (American Psychiatric Association, 1994), MDD is characterized by at 

least one depressive episode, during which an individual suffer five or more depressive 

symptoms for at least two weeks. Depressive core symptoms are depressed mood and 

anhedonia (inability to experience pleasure in activities that usually would be enjoyed). 

Further, symptoms include significant changes in appetite, disturbed sleeping patterns, 

psychomotor retardation or agitation, reduced energy levels, feelings of guilt and 

worthlessness, reduced concentration and decision making.  

MDD is the second leading cause of disability worldwide and one of the major contributors to 

the global burden of disease (Ferrari et al., 2013). The life-time prevalence is reported to be 

about 16% (Kessler et al., 2003); women are affected twice as often as men (Jacobi et al., 

2004). MDD is linked with an increased risk of suicide (Harris and Barraclough, 1997) and 

comorbid with other psychiatric diseases like panic- and anxiety-disorders (Gorman and 

Coplan, 1996; Hirschfeld, 2001) or addiction (Regier et al., 1990). Moreover, there is a strong 

association between MDD and coronary heart diseases (Ziegelstein, 2001) or type 2 diabetes 

(Knol et al., 2006). 

2.2 Etiology and pathology of depression 

Due to the clinical complexity of MDD it has been difficult to elucidate its ethiopathology. 

Several hypotheses that include an interplay of genes and environment, immunological, 

endocrine and metabolic alterations or changes in plasticity have been formulated during 

recent years but there is still tremendous lack of knowledge about depression and its therapy 

(Krishnan and Nestler, 2008).  

In the following, focus will be placed on four hypotheses. First, the monoamine hypothesis is 

mentioned, because all major available antidepressant drugs alter monoaminergic 

transmission. Then, focus is placed on stress induced neuroendocrinological changes, because 

a stress based animal model of depression is used in this study. Moreover, the neurogenesis 

hypothesis is emphasized, because the putative biomarker Bdnf examined in this work 
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belongs to the neurotrophin family. Finally, gene-environment interactions are considered, 

which are important for the aspect of personalized medicine. 

2.2.1 Monoamine hypotheses 

In 1965, Schildkraut proposed the first biochemical hypotheses of depression, the monoamine 

hypotheses. Schildkraut postulated that depression is caused by a functional impairment of the 

neurotransmission in certain sites of the brain mediated by noradrenalin (NA), serotonin (5-

HT) and dopamine (DA) (Coppen, 1967; Schildkraut, 1965). The wide impact of monoamine 

in the regulation of emotions and mood in humans was evidenced in a variety of studies 

(Bunney and Davis, 1965; Kapur and Mann, 1992; Schildkraut, 1965; Young and Leyton, 

2002). All major, clinical used antidepressants have mechanisms of action involving 

monoaminergic neurotransmission (Berton and Nestler, 2006), however, no direct support for 

the monoamine hypothesis has arisen from clinical studies. Most antidepressants induce rapid 

increases in monoamine neurotransmission, while their mood-elevating effects require several 

weeks of medical treatment. Therefore, it is assumed that the rapid increase of monoamines 

produce secondary changes in plasticity that takes a longer period and play a more primary 

role in depression (Krishnan and Nestler, 2011). 

2.2.2 Neuroendocrine hypotheses 

It is widely accepted and supported by scientific evidence that stress exposure is a crucial 

factor in the etiopathology of MDD (Caspi et al., 2003; McEwen, 2001; Nestler et al., 2002b). 

The hypothalamic-pituitary-adrenal (HPA) axis is particularly important for the regulation 

and control of stress response. The HPA axis is linked with the central nervous system and 

endocrine system, and controls the release of steroid hormones, which elevates blood glucose, 

heart rate and blood pressure (O'Connor et al., 2000). A hyperactivity or impaired feedback 

regulation of the HPA axis are suspected for patients with depression. Evidence is offered by 

several studies showing increased levels of cortisol (Rubin et al., 1987) and corticotrophin 

releasing hormone in people suffering from depressive disorders, which can be normalized by 

antidepressant therapy (Nemeroff et al., 1991; Nemeroff et al., 1984). 
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2.2.3 Neurogenesis  

Neurogenesis is a process that includes the formation of new neurons from progenitor cells or 

neural stem cells. In 1965, Altman and Das were the first describing the existence of 

neurogenesis in the adult mammalian brain (Altman and Das, 1965), which occurs 

predominantly in the subgranular layer of the hippocampal dentate gyrus (SGZ) and in the 

subventricular zone of the lateral ventricles (SVZ). The new neurons integrate into the mature 

neuronal circuitry and contribute to the structural and functional plasticity of the system 

(Batista et al., 2014), i.e. the ability of neurons and neural elements to adapt in response to 

extrinsic signals including enriched environment, physical exercise, hormones and stress, and 

intrinsic signal such as neurotrophins (Wainwright and Galea, 2013).  

Volumetric changes and morphological deficits such as poor dendritic arborization or reduced 

number of neurons  in the hippocampus and parts of the forebrain in depressed patients and in 

animals after chronic stress exposure (Gould et al., 1997; Sapolsky, 1996; Sheline et al., 

1999) contributed to the hypotheses that depression might be associated with reduced 

neurogenesis (Duman et al., 1997). Moreover, antidepressant medication and in particular 

ECT increase neurogenesis in the adult hippocampus (Madsen et al., 2000; Malberg et al., 

2000; Scott et al., 2000).  

2.2.4 Genetic, environmental and epigenetic factors in the development of depression 

Contribution of genes to the development of MDD has been estimated as 40-50% (Fava and 

Kendler, 2000), which makes MDD a highly heritable disorder but genetic association studies 

could not detect consistent genetic risk variants (Lopez-Leon et al., 2008; Wray et al., 2012) 

or “depression vulnerability genes” (Nestler et al., 2002a). Moreover, nongenetic 

environmental factors like the experience of stressful life events or emotional trauma are 

thought to trigger the initiation of depressive episodes (Kessler, 1997). The perception of 

stress activates a variety of neuronal circuits, among others the HPA axis, that target 

numerous limbic brain regions, such as the prefrontal cortex, hippocampus, amygdala and 

nucleus accumbens (Vialou et al., 2013).  

Different transcriptional and functional changes of limbic brain regions linked to stress 

response could be identified in patients that suffer from depression (Cisler et al., 2013; 

Sequeira et al., 2007). Stress is, for instance, a robust negative regulator of adult neurogenesis 

(Duman and Monteggia, 2006). However, there is an enormous inter-individual variability in 

the stress vulnerability (Ellis et al., 2006) and it is noteworthy that women are twice as 
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susceptible to MDD as man (Jacobi et al., 2004). In consequence of missing success of 

traditional genetics or environmental factors alone to elucidate MDD, research has focused on 

the interaction of environmental and social risk factors and genetic predisposition, affecting 

the individual susceptibility or resilience to develop MDD (Caspi et al., 2003; Kendler et al., 

2005), as well as the possible potential to antidepressant treatment (Uher, 2011). In the last 

years, a third set of aetiological influences became more and more a focus of interest. 

Epigenetic alterations (see 2.5.7) are supposed to contribute as non-environmental and non-

genetic factors to the susceptibility to MDD (Mill and Petronis, 2007). The understanding of 

the interplay of those three factors – genetics, environment and epigenetics - is a necessary 

foundation to promote sustainable development of a personalized medicine.   

2.3 Treatment of depression 

A combination of psychotherapy and pharmacological treatment is often the first line 

treatment for MDD. Besides, somatic therapies such as electroconvulsive therapy (ECT), deep 

brain stimulation or vagus nerve stimulation are available. The present work focuses on 

antidepressant drug therapy and the emergence of resistance to pharmacotherapy, as well as 

ECT. Special attention is paid on the practicability of the human ECT procedure, since the 

ECS method for rats, which should be established in the framework of this thesis, should 

model the human ECT setting realistically. 

2.3.1 Antidepressant drugs 

Pharmacotherapy of depressive disorders started around 60 years ago with the serendipitous 

discovery of monoamine oxidase inhibitors (MAOIs) and the tricyclic antidepressants (TCAs) 

(Crane, 1957; Kuhn, 1957; Loomer et al., 1957). All major, clinically used, antidepressants 

have mechanisms of action involving monoaminergic neurotransmission (Berton and Nestler, 

2006). TCAs act by inhibition of serotonin or noradrenalin transporters and thereby prolong 

the action time of the monoamines in the synaptic cleft (Frazer, 1997). The 

monoamineoxidase (MAO) is an enzyme important for the degradation of serotonin, 

noradrenalin, adrenalin and dopamine. Thus, MAOIs increase the monoamine level. TCAs are 

often accompanied by anticholinergic and antihistaminergic effects and MAOIs can cause 

hypertoxic crisis. Therefore, MAOIs and TCAs were replaced by second generation 

antidepressants including the selective serotonin reuptake inhibitors (SSRI) and, to a lesser 

extent, selective noradrenalin reuptake inhibitors (SNRI) or selective serotonin, noradrenalin 
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reuptake inhibitors (SSNRI) and others. The second generation antidepressant drugs do not 

interact with other neuroreceptor systems, leading to increased safety and tolerability. But 

they are not completely free from adverse side effects. Most troubling side effects of SSRIs 

are sexual dysfunction, weight changes and sleep disturbances (Ferguson, 2001). Common to 

all major antidepressant drugs is the fact that the mood-elevating effects of the treatment are 

only seen after prolonged administration (2-3 weeks to even months), and that the patient’s 

individual response to a specific drug varies widely.  

2.3.2 Pharmacoresistance in MDD 

There is still discussion over the consistent definition, but treatment-resistant depression is 

typically considered as failing to achieve remission after two or more adequate treatments 

with different classes of antidepressant drugs (Berlim and Turecki, 2007). Approximately 

30% of depressed patients are described as treatment-resistant (Fava, 2003). The high number 

of non-responders and high placebo response rates (Brunoni et al., 2009) led to the 

assumption that only one subtype of depression is being treated with the common 

antidepressants, the “monoamine responders” (Krishnan and Nestler, 2011). This underlines 

the importance to develop and discover next generation antidepressants with better efficacy 

and tolerability. In addition, it highlights the need for biomarkers that predict clinical 

treatment success to provide customized therapies, which consider the background of the 

patient concerning genetic, epigenetic and environmental factors. 

2.3.3 Electroconvulsive therapy 

2.3.3.1 General aspects of ECT 

Introduced by Cerletti and Bini 1938, electroconvulsive therapy (ECT) is one of the oldest 

and most effective treatments of severe or pharmacoresistant MDD (Endler, 1988). 

Originally, ECT was performed as a treatment for schizophrenia, but the effectiveness for 

depressive patients was already established in 1941 (Hemphill and Walter, 1941). In 

Germany, ECT is a first line-treatment for patients suffering from severe manic depressive 

disorders and serious suicidal behavior. Moreover, ECT is considered to be a second-line 

therapy for patients with pharmacoresistant affective disorders. Approximately 4000 patients 

are treated annually in Germany, most common with indication for treatment-

resistant depression (Pfaff et al., 2013). Worldwide, about one million patients receive ECT 
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per year (Prudic et al., 2001). Up to 35-80% (Petrides et al., 2001; Sackeim et al., 2008) of 

pharmacoresistant patients receive remission but the mechanism of action has still not been 

clarified.  

2.3.3.2 Clinical practice of ECT 

Basis of ECT is the induction of generalized seizures with electrical current. The electrical 

current is applied via two surface electrodes, which can be placed at different positions on the 

scalp. Nowadays treatments are performed under anesthesia and muscle relaxants. ECT is 

recommended two or three times per week on non-consecutive days for altogether up to six 

weeks (Kellner, 1995). The most common side effects following ECT are retrograde and 

anterograde amnesia and postictal disorientation. Usually amnesia is time limited and 

improves during the first weeks after ECT (Sackeim et al., 1993).  

ECT efficiency and the appearance of negative side effects depend on several parameters such 

as the ECT device, electrode placement, stimulus dose and choice of anesthesia (Sackeim et 

al., 2008).  

There are several ECT devices available, which can either differ in the waveform of the 

stimulus (sine wave vs. rectangular pulse) or whether they deliver constant voltage, constant 

current or constant energy (Abrams, 2002). The traditional sine wave devices are considered 

obsolete because they release lots of electricity below the threshold required to induce seizure 

activity, which does not enhance clinical outcome but increase the risk of cognitive side 

effects (Weiner et al., 1986b). Modern brief pulse ECT devices were developed in the late 

1970s (Payne and Prudic, 2009). They produce trains of brief rectangular pulses with 

alternating current direction. Studies comparing brief pulse versus sine wave detect no 

statistically significant difference in clinical response, but a more advantageous side effect 

profile with rectangular brief pulse stimulation (Weaver et al., 1977; Weiner et al., 1986a). 

Generalized seizure activity is only triggered when the stimulus dosage is strong enough to 

exceed the seizure threshold (Sackeim, 1999). The seizure threshold is usually defined as the 

minimal electrical stimulus dose that is sufficient to produce a generalized epileptic seizure at 

the first ECT session (Abrams, 2002).  The stimulus dosage depends on sex, age and electrode 

placement (Beale et al., 1994; Farah and McCall, 1993; Sackeim et al., 1991). Once initial 

seizure threshold is estimated a current of 1.5-2.0 times suprathreshold for bilateral ECT and 

5-8 times the seizure threshold for unilateral ECT is considered to reveal the best balance of 

clinical successful ECT and cognitive side effects (Andrade, 2010).  
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A generalized seizure duration of less than 15 sec is considered to be insufficient (American 

Psychiatric Association et al., 2001). Therefore, anesthetics used for general anesthesia should 

not possess anticonvulsant effects affecting seizure threshold and duration. The barbiturate 

methohexital was long time considered to be the “gold standard”, because it has minimal 

anticonvulsant effects while providing rapid induction and short duration. However, lacking 

commercial availability of methohexital has led to the use of other anesthetics such as 

propofol, thiopental, etomidate or ketamine (Zahavi and Dannon, 2014). 

The electric stimulus can either be applied bilaterally with electrodes placed on both temples 

(bitemporal) or on the forehead (bifrontal) or unilaterally with one electrode fixed on the 

temple and the other at the back of the head (Fig. 1).  The appropriate electrode positioning 

depends on the balance of treatment efficacy and the production of cognitive side effects. 

Right unilateral ECT is considered to be moderately less effective than bilateral ECT, but it 

induces fewer cognitive side effects (Kellner et al., 2010; Sackeim et al., 2008). Therefore, 

unilateral ECT is often the first line method.  

�

�

�

�

2.3.3.3 Possible mechanism of action of ECT 

The exact mode of action of ECT is still unknown, although several physiological and 

neurobiological alterations were detected in clinical and preclinical studies. Next to 

electroencephalographic and motor seizure activity, ECT evokes an acute cardiovascular 

response, an increase in cerebral oxygen consumption, intracranial pressure and blood flow 

(Ding and White, 2002). Relevant neurobiological alterations associated with antidepressant 

Fig. 1 Common electrode placements for ECT. (modified from Lehtinen, 2007) 

Bitemporal and bifrontal electrode positioning is generally most effective. Unilateral electrode placement to 

the nondominant hemisphere is associated with less aversive side effects.  
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effects comprise effects on neurotransmitter systems, endocrinological pathways and 

neurogenesis (Scott et al., 2000; Whalley et al., 1987; Yoshida et al., 1998). 

2.4 Animal models 

The modeling of human psychiatric diseases in animals is extremely challenging due to the 

heterogenic symptom profile, the subjective nature of many symptoms, and the lack of 

biomarkers or objective diagnostic assays (Nestler and Hyman, 2010). Usually, animal 

models are evaluated by fulfilling a number of validity criteria to be relevant for studying 

human pathology. 

2.4.1 Validity 

Scientific validation of an animal model is a tool to analyze the plausibility and consistency of 

a model, and to optimize its confidence. “Validity can be defined as the agreement between a 

test score or measure and the quality it is believed to measure.” (Kaplan and Saccuzzo, 2013). 

Usually the validity of animal models of depression is assessed according to Willner (1984), 

who proposed three types of validity based on previous work of McKinney and Bunney 

(1969): construct validity, face validity and predictive validity.

Face validity assesses how descriptive and phenotypically similar symptoms noticed in 

animals resemble those in human patients. It also implies the similarity in physiological and 

behavioral response to antidepressant treatment.  

Construct validity evaluates the theoretical rationale of a model. This requires that the 

modeled behavioral and biological features are homologous in both animal model and human 

disease, that they can be interpreted clearly, and that there is a theoretical and empirical 

relationship of the modeled condition and the depressive disorder. The construct validity is 

considered to be the most important category (Sarter and Bruno, 2003). However, in practice, 

the construct validity is difficult to evaluate, taken into account the complexity of depressive 

disorders concerning symptom profiles and the incomplete knowledge about the 

pathophysiology.  

Predictive validity refers to the ability of the model to respond to the same extent to 

therapeutic treatments as humans. A valid model should be sensitive to clinically effective 

antidepressant treatments but not to non-effective treatments. 
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2.4.2 Animal models of depression 

Animal models of depression were designed for several purposes. They can be used as a test 

to screen novel antidepressant drugs, as a tool for characterizing neurobiological, behavioral 

and etiopathological aspects of MDD or for investigating the mechanism of action of 

pharmacotherapy (McKinney, 1984; Willner, 1984). There is a high number of available rat 

depression models, such as genetic models, those induced pharmacologically or based on 

social or environmental stress, and each has its specific advantages or limitations concerning 

validity (Nestler et al., 2002a; Willner, 1997). A lot of models share the principle to evaluate 

experimentally induced defeat or despair, although this comprises rather a physiological or 

adaptive aspect of human behavior than a pathological condition. Moreover, rats confronted 

to stress produce often anxiety-like behavior that is hardly distinguishable from depression-

like behavior, especially since both behavior types respond to antidepressants (Krishnan and 

Nestler, 2011).  

2.4.2.1 Model of acute stress – The Porsolt forced swim test 

The Porsolt forced swim test (FST) (Porsolt et al., 1977) is the most widely used acute test to 

screen antidepressant activity. In the FST, a rat or mice is placed into an inescapable cylinder 

filled with water. After an initial period of swimming, diving and climbing, the animal usually 

adopts an immobile posture. Immobility is interpreted to reflect a passive-coping strategy or 

behavioral despair and is reversed by the acute administration of almost all antidepressant 

drugs (Krishnan and Nestler, 2011). The acute drug effectiveness is one major point of 

criticism of the FST because the pharmacotherapy of depression in humans usually requires 

chronic drug treatment for several weeks to obtain a full response. To achieve face validity, 

depression models should respond to chronic drug administration (Willner and Mitchell, 

2002). Further criticism relates to the interpretation of immobility. Next to behavioral despair, 

immobility can be taken as unwillingness to waste energy and maintain effort in an 

inescapable condition (Arai et al., 2000; Holmes, 2003). Then, immobility could be 

considered as a successful coping strategy and not as passive-coping (West, 1990).  

In the present studies, the forced swim test was used to screen acute antidepressant effects of 

the established ECS method. Due to the fact that forced swimming is less suitable to induce 

chronic depressive-like behavior, the highly validated chronic mild stress (CMS) model for 

depression was chosen to induce affective impairments in rats that akin symptoms observed in 

human MDD. 
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2.4.2.2 Models of chronic stress – The chronic mild stress procedure 

In humans, experience of stress is considered to have a direct or indirect causal and robust 

association with MDD (Anisman and Zacharko, 1982; Brown, 1993; Kessler, 1997). 

The first depression model based on chronic stress was developed by Katz (Katz et al., 1981). 

Rats exposed over 21 days to a variety of severe environmental stressors such as electrical 

shock, heat stress or shaker stress, develop a core symptom of human depression, anhedonia. 

The hedonic deficit is reflected in a decreased consumption of sweet solution and reversed by 

MAOIs and TCAs. For ethical reasons and to resemble closer the human situation, Willner 

and his group replaced some of the harsh stressors by milder ones such as soiled cage stress, 

reversed light dark cycle, paired housing etc, and prolonged the stress exposure up to 3 

months (Willner, 1991; Willner, 1997; Willner et al., 1987). In addition to anhedonia, CMS 

causes a variety of behavioral changes that are similar to symptoms observed in human 

depression including diminished exploration activity (Gorka et al., 1996), disturbances in 

sleep architecture (Gronli et al., 2004; Moreau et al., 1995) and circadian rhythm (Gorka et 

al., 1996), weight changes (Willner et al., 1996) and decreased sexual behavior (D'Aquila et 

al., 1994). Furthermore, chronic stress affects sympathic cardiac regulation (Grippo et al., 

2003; Grippo et al., 2002), leads to increased production of cytokines (Castanon et al., 2002) 

and alters the HPA axis activity (Ayensu et al., 1995). In addition alterations in neuronal 

processes could be detected after CMS. Neurogenesis and Bdnf levels in the hippocampus are 

decreased after a chronic stress procedure (Gronli et al., 2006; Jayatissa et al., 2006; Nibuya et 

al., 1999; Toth et al., 2008). The CMS model is sensitive to chronic antidepressant drug 

treatment, but not to acute pharmacotherapy. All classes of clinically-effective antidepressant 

drugs including TCAs (Moreau et al., 1992; Papp et al., 1996; Willner et al., 1987), MAOs 

(Moreau et al., 1993; Papp et al., 1996)), SSRIs (Muscat et al. 1992, Willner 1997) as well as 

ECS (Henningsen et al., 2013) reverse effectively anhedonic-like behavior in the CMS model. 

The CMS model offers a unique combination of face, construct and predictive validity, but it 

has some major drawbacks. The CMS paradigm is difficult to establish, and the reliability and 

reproducibility differ across laboratories (Willner, 1997). Partly, this could be explained by a 

limited elaborateness of the sucrose consumption test, which could not have sufficient 

relevance to select anhedonic and non-anhedonic animals within a stressed group. However, 

Moreau and colleagues reported CMS-induced anhedonic-like effects by measuring the 

reduction of intracranial self stimulation behavior (Moreau et al., 1992) and the curative 

effects of antidepressant drugs and ECS (Moreau et al., 1995). Another criticism focuses on 
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CMS-induced behavioral changes such as locomotor activity, anxiety and exploration, which 

have proved to be inconsistent (Matthews et al., 1995; Strekalova et al., 2011).  

2.4.2.3 Early life stress 

In the course of this study, breeder differences in response to CMS became apparent. Next to 

genetic contributions, breeder-specific rearing conditions might have influenced stress 

processing. The early-life environment is one of the most critical factors influencing life-long 

health (Lupien et al., 2009). Early-life stress in rodents can be investigated with models of 

“prenatal stress”, “maternal separation” or “early postnatal handling”. The stress exposure is 

reported to result in behavioral and functional changes that persist through adulthood. 

Alterations include impaired HPA axis functioning, spatial learning deficits, changes in 

neurotransmitter systems, increased susceptibility for learned helplessness and drug-self 

administration (Nemeroff and Vale, 2005). Moreover, epigenetic modifications are considered 

to be connected with early-life adversity (Roth et al., 2009; Roth and Sweatt, 2011). 

2.4.3 Tests to assess depressive-like behavior 

In accordance with human MDD, distinct classes of depression-related symptoms can be 

present in rodents, including anhedonia, behavioral despair, and disturbances in social 

interaction or motivation. Moreover, anxiety-like behavior is often observed in rat depression 

models. Depression and anxiety are distinct psychiatric disorders. Nevertheless, anxiety and 

depression are comorbid in up to 60% of depressive patients (Kaufman and Charney, 2000), 

or anxiety symptoms are secondary to depression (Fava and Kendler, 2000). Different 

behavioral tests in rats are available to assess and quantify the degree, to which a rat 

depression model resembles a depression-related phenotype (Tab. 1).  

Sucrose consumption or sucrose preference test: Diminished sensitivity to reward, which is 

assumed to resemble human anhedonia, can be indicated by decreased intake or preference of 

sweet solution and reversed by chronic antidepressant drug treatment and ECS (Henningsen et 

al., 2013; Willner et al., 1992).  

Novelty-induced hypophagia: Anxiety can be assessed in the novelty-induced hypophagia 

test (Bodnoff et al., 1988; Shephard and Broadhurst, 1982), which measures the diminished 

feeding behavior of rodents in response to a novel environment. The novelty-induced 
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hypophagia test has predictive validity for anxiolytic effects of different classes of anxiolytic 

drugs such as benzodiazepines, barbiturates and antidepressants (Dulawa and Hen, 2005).  

Open field test: The open field test (Hall and Ballachey, 1932) can be performed to detect 

anxiety, expressed by reduced duration of stay in the center of the open field and the enhanced  

tendency to move close to the border, termed thigmotaxis. Moreover, increased self-grooming 

behavior indicates a stressed condition (Cohen and Price, 1979; Katz and Roth, 1979) of the 

animals and is considered as displacement behavior (Tinbergen, 1952). The open field test 

also draws conclusion about locomotor activity. Increased locomotor activity could reflect 

psychomotor agitation in human depression (Gronli et al., 2005), but it also might mirror lack 

of motivation.  

Forced swim test: Behavioral despair can be measured in the forced swim test (see 2.4.2.1).  

Social interaction test: The social interaction test (File and Hyde, 1978) can be performed to 

assess possible depression-induced avoidance of interaction of rats that are unfamiliar to each 

other.  
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Table 1.: Common screening tests for depressive behavior in rats 

Behavior Test Measured 

parameter 

Principle 

Anhedonia/Motivation/ 

Reward 

Sucrose 

consumption/  

preference  test 

Intake of sucrose 

solution

Within subject decrease in 

sucrose intake during 

depression-initiating 

treatment indicates 

anhedonic-like behavior. 

Anxiety 
Novelty-induced 

hypophagia 

Eaten food/ 

Latency to eat 

Reduced feeding behavior 

in an anxiogenic 

environment reflects 

anxiety- and anhedonic-like 

behavior. 

Anxiety Open field test
Time in center/ 

Grooming activity

Enhanced thigmotaxis and 

increased grooming activity 

reflect stressed and anxious 

state of the rat. 

Behavioral despair Forced swim test Immobility time

Increased immobility 

indicates passive, 

depressive-like behavior.

Social avoidance 
Social interaction 

test

Distance between 

subjects/ 

Time in close 

body contact

Behavioral analysis of two 

unfamiliar rats, which are 

placed in an open field.

Motivation/Agitation Open field test Distance moved

Decreased locomotor 

activity points to reduced 

motivation. Increased 

locomotor activity can also 

reflect agitation.
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2.4.4 Modeling of ECT in rats – The electroconvulsive stimulation (ECS) 

2.4.4.1 Practice of ECS 

For more than 60 years, scientists remodel ECT by administration of electroconvulsive 

stimulations (ECS) to animals, predominantly rats or mice (Stainbrook, 1948). Today almost 

exclusively, brief pulse ECT units are used, and the stimulus is predominantly administered 

via ear clip electrodes (auricular ECS), or to a lesser extent, via eye-contact electrodes 

(corneal ECS) (Ferraro et al., 1990; O’Donovan et al., 2012). Both stimulation methods are 

also used in epilepsy research to deliver maximal electroshocks (MES) for inducing 

generalized epileptic seizures (Löscher, 2011). The induced generalized (grand mal) seizures 

consist of clonic flexions and/or tonic extensions of the fore and/or hind limbs. Studies that 

investigated the impact of electrode location on ECS showed that the application site of the 

electrical stimulus has a crucial impact on seizure type, pharmacological responsiveness and 

biochemical changes (Browning and Nelson, 1985; Ferraro et al., 1990; Isaac et al., 1985; 

Löscher et al., 1991). Both, auricular and corneal stimulation induces tonic extensions and 

tonic-clonic convulsions, whereby auricular ECS provokes more tonic seizures (Browning 

and Nelson, 1985). It is hypothesized that auricular ECS leads to direct stimulation of 

brainstem structures that are supposed to be the origin of tonic seizures. Moreover, only 

corneal ECS induces minimal clonic forebrain seizures that include face and forelimb clonus 

(Browning, 1987; Browning and Nelson, 1985). The appearance of reversible hind limb 

motor paralysis or paresis, probably resulting from injury of neural tissue within the spinal 

cord, is considered to be more frequent after auricular ECS (Isaac and Advokat, 1984; Isaac et 

al., 1985). Ferraro and colleagues showed that ECS-induced alterations of brain �-

aminobutyric acid  (GABA) levels in several brain regions are highly dependent on the site of 

the stimulation electrodes (Ferraro et al., 1990). In addition, the pharmacological response to 

anticonvulsant drugs evaluated in the MES model differs regarding the application side of the 

electrical stimulus (Löscher et al., 1991). A comparison of the ECT and ECS setting bears 

decisive methodical differences regarding the site of seizure induction (Tab. 2), which have 

crucial impact on the translational value of preclinical studies due to construct validity of ECS 

in rodents. Moreover, lots of preclinical trials used naïve animals without pathological 

depressive conditions to characterize antidepressant effectiveness of ECS. However, 

antidepressant treatments act on specific pathological syndromes. A further significant 

difference between both settings is the usage of anesthesia and muscle relaxants for patients 

that underwent ECT. During ECS, usually no anesthesia or muscle relaxants are used.  
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Several anesthetic drugs possess anticonvulsant effects that could affect seizure threshold and 

duration (Zahavi and Dannon, 2014). 

Table 2.: Comparison of clinical ECT and preclinical ECS settings. 

Clinical ECT setting Preclinical ECS setting 

Electrode 

placement 

Cortical;  

Bilateral, bifrontal, right unilateral 

Auricular or corneal;  

Bilateral  

Current 
Brief rectangular pulses with alternating 

current direction 

Brief rectangular pulses with alternating 

current direction 

Seizure duration 15-30 sec in EEG 
5-30 sec in motor convulsion; rarely EEG-

recordings 

Frequency of 

application 

2-3 times per week on non-consecutive days 

for altogether up to six weeks 
Altogether 1-10 times on consecutive days 

Use of 

medications 
Anesthesia and muscle relaxants 

Usually without anesthesia and muscle 

relaxants 

Indication 
Patients with severe or treatment resistant 

depressive disorders 
Predominantly naive animals 

2.4.4.2 ECS Research 

Early ECS research was mostly interested in ECS-induced retrograde amnesic effects 

(Glickman, 1961; Hayes, 1953; Madow, 1956; Thompson et al., 1958; Weissman, 1963). 

Further negative side effects of ECS such as restricted body weight gain or weight loss and 

anxiety like behavior became apparent (Coons and Miller, 1960; Darbellay and Winocur, 

1971; Mirsky and Rosvold, 1953). In consequence of these findings, some scientists 

considered ECS as a stress-inducing instrument capable of generating considerable fear 

(Coons and Miller, 1960; Friedman, 1953). Otherwise, several studies reported antidepressant 

properties in screening tests for antidepressant activity. ECS reduces immobility time in the 

forced swim test (Porsolt et al., 1978), induces a reversal of learned helplessness (Sherman et 

al., 1982) and is effective in reversing anhedonic-like behavior in chronically stressed rats 

(Moreau et al., 1995). Moreover, a variety of biochemical, structural and functional changes 
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induced by ECS contributed to the general acceptance of the model. Work has been done 

among others on the effect of ECS on biogene amines (Glue et al., 1990; Green et al., 1986; 

Green and Vincent, 1987; Isaac et al., 1986), neuropeptides (Kragh et al., 1994), cerebral 

blood flow (Barkai et al., 1991), neuroplasticity (Stewart and Reid, 1993) and neurogenesis 

(Hellsten et al., 2002; Madsen et al., 2000; Scott et al., 2000). However, some findings are 

inconsistent and vary between laboratories (Fochtmann, 1994). 

2.4.5 Depression model for pharmacoresistance and stress resilience 

The conventional animal models for depression are usually designed to show responsiveness 

to the common antidepressant drugs. However, only part of the animals should reveal 

responsiveness to standard antidepressant drugs or ECS in an animal model for treatment 

resistance. So far, it is a scientific challenge to create valid animal models for treatment 

resistant depression with high clinical predictiveness. 

In some studies, CMS is performed to remodel treatment-resistant depression as well as stress 

resilience in rats (Bisgaard et al., 2007; Henningsen et al., 2012; Jayatissa et al., 2006). In 

these studies, CMS-induced decrease in sucrose intake occurred only in a subgroup of rats, 

whereas some rats revealed resilience to stress. During chronic escitalopram treatment, 

anhedonic-like rats segregated into escitalopram responders, showing an increase in sucrose 

consumption, and escitalopram non-responders, showing no change in sucrose intake 

Bisgaard et al., 2007; Henningsen et al., 2012; Jayatissa et al., 2006). In addition, Jayatissa et 

al. (2006) reported an association between response to escitalopram and increased 

proliferation of adult hippocampal neural progenitors. Despite the high validity, some studies 

failed to demonstrate CMS-induced decrease in preference or consumption of sweet solution, 

which put into question the relevance of estimating sucrose consumption alone to select 

anhedonic and hedonic animals within a stressed group (Matthews et al., 1995). A study, in 

which mice were exposed to chronic stress, a battery of behavioral tests after termination of 

the stress procedure was used to analyze possible symptom associations (Strekalova et al., 

2004). Chronic stress produced anhedonic-like behavior in the majority but not all mice. 

Therefore, it was possible to compare whether hedonic- or anhedonic-like behavior is related 

to other symptoms. Increased immobility time in the forced swim test and decreased 

exploration to novelty occurred dependently from stress induced anhedonia. Otherwise, there 

was no association between anhedonia and stress-induced enhanced anxiety, changes in 

locomotor activity or body weight loss (Strekalova et al., 2004). The administration of 
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glucocorticoids to mirror effects of chronic stress also demonstrated resilience as well as 

susceptibility to stress. After antidepressant drug treatment, the novelty-induced hypophagia 

test revealed a bimodal distribution of rats responding to the antidepressant or not (David et 

al., 2009; Samuels et al., 2011).  

2.4.6 Diagnostic assessment tools 

The model for treatment resistance proposed in the present thesis should combine the CMS 

model and a diagnostic assessment tool for depression- and anxiety related symptoms. The 

diagnostic assessment tool for depression models was designed according to the human 

diagnostic instruments such as the Hamilton Rating Scale for Depression (HAM-D) 

(Hamilton, 1959) or Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery 

and Asberg, 1979). These rating scales estimate individual symptom variation and assess the 

severity of depressive symptoms (Maust et al., 2012), and estimate treatment progression.  

HAM-D counts 17 symptom items, which are rated from 0 to 2 or 0 to 4 based on severity 

(0=no impairment to 4=severe impairment), to a total score. Treatment response is defined as 

achieving a 50% drop in HAM-D scores from baseline (Maust et al., 2012). 

The rat diagnostic scale covers a multitude of measureable depression-related symptoms in 

rats, and includes 6-items: anhedonia/reward, body weight development, anxiety, motivation, 

social avoidance and behavioral despair (Tab. 3). The existence of the symptoms were 

measured in different behavioral tests including sucrose consumption test, open field test, 

novelty-induced hypophagia test, social interaction test and open field test, and via measuring 

the body weight.  
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Table 3.: Comparison of human Rating Scale for Depression (HAM-D) and the rat diagnostic assessment 

tool. 

2.5 Bdnf and p11 as biomarker of MDD 

2.5.1 General aspects of Bdnf 

The brain derived neurotrophic factor (Bdnf) is known to regulate differentiation and neuronal 

growth in both central and peripheral nervous system during development. Bdnf controls 

plasticity and survival of adult glia and neurons, and is involved in long-term potentiation 

(Hall et al., 2000; Nestler et al., 2002a). Disturbances in Bdnf expression might contribute to 

psychiatric diseases including depression, schizophrenia or addiction (Castren, 2004; Muglia 

et al., 2000; Russo-Neustadt et al., 2004). Rat Bdnf gene contains a 3� exon (exon IX), which 

encodes the proform of Bdnf protein, and eight 5� untranslated noncoding exons (exons I–

VIII) (Fig. 2). Each 5’ noncoding exon can be spliced to the coding 3’exon IX, which leads to 

a lot of possible transcript variations of mature Bdnf (Aid et al., 2007). The present study 

focused on epigenetic regulation of Bdnf exon IV DNA. Bdnf exon IV is considered to control 
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1. Depressed mood (0-4) 

2. Feelings of guild  (0-4)   

3. Suicidality (0-4)               

4. Insomnia early (0-2)        

5. Insomnia middle (0-2)          

6. Insomnia late (0-2)                

7. Work and activities (0-4) 

8. Retardation (0-4) 

9. Agitation (0-4) 

10. Anxiety psychic (0-4) 

11. Anxiety somatic (0-4) 

12. Somatic symptoms gastrointestinal (0-2)    

13. Somatic symptoms general (0-2)        

14. Genital symptoms (0-2)        

15. Hypochondrias (0-4) 

16. Loss of weight (0-2)        

17. Insight (0-2)        

1. Anhedonia/Reward                             

Sucrose consumption test

2. General well being

Body weight

3. Anxiety                                                    

Novelty-induced hypophagia,                  

Open field test

4. Motivation                                            

Open field test

5. Social avoidance                                      

Social interaction test

6. Behavioral despair                                

Forced swim test
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neuronal activity-dependent Bdnf expression (Tsankova et al., 2006). Therefore 20 CpG sites 

within the promoter region of Bdnf exon IV promoter were analyzed.  

Fig. 2.: Exon/intron structure of rat Bdnf gene (Aid et al., 2007). Rodent Bdnf gene contains several 5’ 

untranslated exons I-VIII and one 3’ coding exon IX. Dark grey boxes illustrate protein coding regions and light 

grey boxes illustrate untranslated regions. The start codon ATG indicates the transcription start side.  

Secretion of Bdnf is triggered by membrane polarization or extracellular factors, including 

neurotrophins themselves, through a mechanism that is mediated by increased cytoplasmic 

Ca
2+

 and cAMP levels (Park and Poo, 2013). However, there are contrasting findings 

regarding biosynthesis and processing of Bdnf. Matsumoto and colleagues reported that pro 

Bdnf is quickly converted intracellularly to mature Bdnf and then stored and released by 

excitatory neurons (Matsumoto et al., 2008) whereas Yang et al. (2009) showed that both pro- 

and mature Bdnf are secreted by neurons. Then, pro Bdnf can be converted to mature Bdnf by 

the extracellular protease plasmin (Pang et al., 2004). In turn, the generation of plasmin is 

mediated by annexin2/p11 complex that assembles tissue plasminogen activator (tPA) and 

plasminogen to promote plasmin activation (Hajjar et al., 1994).  

Bdnf acts predominantly through binding of mature Bdnf to its high affinity receptor tyrosine 

kinase B (TrkB). Binding of Bdnf triggers different intracellular signaling cascades such as 

the mitogen-activated protein kinase (MAPK), the phospholipase C� (PLC�), and the 

phosphatidylinositol 3-kinase (PI3K) pathways (Fig. 3). These cascades play crucial roles in 

gene expression and transport of proteins during various phases of synaptic development and 

in several forms of synaptic plasticity (Yoshii and Constantine-Paton, 2010). Moreover, pro 

Bdnf can bind to the low affinity receptor p75, which initiate, compared to Bdnf-TrkB, 

opposite cellular responses. Pro Bdnf binding was shown to facilitate long term depression 

and modulates negatively dendritic complexity and spine density in adult hippocampal 

regions (Minichiello, 2009).  
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Fig. 3: Activation of TrkB and downstream signaling cascades (Minichiello, 2009). Binding of Bdnf to TrkB 

induces ligand-receptor dimerization, which initiates TrkB-signaling. Ras–mitogen-activated protein kinase 

(MAPK) signaling cascade promotes the differentiation of neurons through MAPK/ERK kinase (MEK) and 

extracellular signal-regulated kinase (ERK). The activated phosphatidylinositol 3-kinase (PI3K) cascade 

stimulates neural development through Ras or GRB-associated binder 1 (GAB1). The activation of C�1 (PLC�1) 

results in the formation of inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG). DAG stimulates 

protein kinase C (PKC) isoforms important for synaptic plasticity. Ins(1,4,5)P3 promotes activation of protein 

kinases CaMKII, CaMKK and CaMKIV, which mediate the activation of the cAMP response element-binding 

protein (CREB). CREB contributes to hippocampal long-tem potentiation (LTP) and learning (Minichiello, 

2009). 
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2.5.2 Bdnf and depression 

Various preclinical studies demonstrated decreased levels of Bdnf expression in the 

hippocampus after acute and chronic stress (Roceri et al., 2002; Smith et al., 1995). In 

contrast, hippocampal Bdnf expression was increased after chronic antidepressant drug and 

ECS treatment (Nibuya et al., 1995; Nibuya et al., 1996), leading to the assumption that Bdnf 

expression may be a downstream target of various antidepressants (Russo-Neustadt et al., 

2004). The delayed response to antidepressant treatment could be explained by Bdnf 

signaling-mediated reorganization in the brain, that might last several days or weeks (Castren, 

2005). Infusion of Bdnf in the hippocampus of adult rats causes increased neurogenesis of 

granula cells (Scharfman et al., 2005), and intracerebroventricular Bdnf infusion stimulates 

neurogenesis and proliferation in the striatum and neocortex (Pencea et al., 2001). 

However, stress-induced changes of Bdnf expression differ in different brain regions. 

Although stress reduces Bdnf expression in the hippocampus, it enhances Bdnf expression in 

the nucleus accumbens (Nestler and Carlezon, 2006).  

In accordance with the preclinical findings, postmortem brain analysis of suicide victims, 

most of them diagnosed as major depressive, reported a reduction of Bdnf expression in the 

hippocampus and frontal cortex (Dwivedi et al., 2003). Different clinical studies demonstrated 

that Bdnf serum levels are lowered in depressed patients (Karege et al., 2005a; Lang et al., 

2008; Sen et al., 2008) and can be normalized by treatment with antidepressant drugs as well 

as with ECT (Bocchio-Chiavetto et al., 2006; Chen et al., 2001). Although the linkage of Bdnf

serum levels and depressive disorder seem to be fairly robust, it is unclear whether serum 

Bdnf might reflect the expression of brain Bdnf (Castren and Rantamaki, 2010).  

Clinical and preclinical studies reported an increased Bdnf level after ECT, presumably by 

this way, to induce neuronal proliferation in the hippocampus and the sprouting of mossy 

fibers (Chen et al., 2001; Lamont et al., 2005; Madsen et al., 2000; Scott et al., 2000). In 

addition to Bdnf, the expression of other growth factors has been shown to be upregulated 

after ECT (Altar et al., 2004; Ploski et al., 2006). 

2.5.3 General aspects of p11 

P11 belongs to the family of S-100 proteins, which are small (10-12 kDa) acidic proteins that 

contain EF-hand calcium binding motifs and form homo- and heterodimers. As unique 

characteristic, p11 carries mutations in EF-hands, which prevent calcium binding 

(Svenningsson et al., 2013). p11 is expressed in cells throughout the whole body including 
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lung, kidney, liver and brain (Svenningsson and Greengard, 2007). As the majority of S-100 

proteins, p11 consists of three exons.  Exon I encompasses 5’ untranslated sequences. Exon II 

contains ATG and codes for the N-terminal EF-hand and the carboxy-terminal EF-hand is 

encoded on exon III (Heizmann et al., 2002). p11 functions as adaptor protein and interacts 

with several proteins including annexin 2, several types of serotonin receptors (5-HT1BR, 5-

HT1DR and 5-HT4R), different ion channels, and enzymes including the tissue plasminogen 

activator (Svenningsson et al., 2013).  

2.5.4 p11 and depression 

There is growing evidence implicating a role of p11 in the pathophysiology of psychiatric 

diseases, mainly in depressive disorders or post traumatic stress disorders (PTSD). In 2006, 

Svenningsson and colleagues demonstrated that chronic antidepressant drug treatment and 

ECS enhance cortical p11 mRNA and protein expression in rodents. In accordance with these 

findings, decreased p11 expression was found in a genetic mice model of depression 

(Svenningsson et al., 2006). P11 knockout mice exhibited a depression-like phenotype, a 

reduced response to antidepressant pharmacotherapy and diminished number of 5-HT1B

receptors at the cell membranes (Svenningsson et al., 2006). Transgenic mice, which 

overexpressed p11, showed an antidepressive phenotype and increased number of 5-HT1B

receptors (Svenningsson et al., 2006). Postmortem analysis of suicide victims or depressed 

patients revealed reduced p11 levels in cortex, hippocampus, amygdala and nucleus 

accumbens (Alexander et al., 2010; Anisman et al., 2008; Svenningsson et al., 2006). In 

contrast, p11 mRNA levels in peripheral blood cells of patients suffering from MDD, bipolar 

disorder or schizophrenia were increased compared to healthy controls (Su et al., 2009). 

Furthermore, chronic antidepressant drug treatment was shown to reduce p11 mRNA 

expression in the hypothalamus (Alboni et al., 2013).  

The expression of p11 in MDD and PTSD has been found to be contrary. In animal models of 

PTSD, expression of p11 is increased in hippocampus, cortex and amygdala. Likewise, 

enhanced cortical p11 expression was observed in postmortem tissue of patients, which had 

suffered from PTSD (Zhang et al., 2008). In peripheral blood cells of patients with PTSD 

reduced p11 levels were reported (Su et al., 2009).



REVIEW OF LITERATURE

25 

2.5.5 Regulatory connection of Bdnf and p11 

There are different hypotheses regarding a potential mutual regulation of p11 and Bdnf. Tsai 

(2007) hypothesized that p11 achieves its antidepressant potency by enhancing the generation 

of mature Bdnf via the tPA/plasminogen proteolytic cascade (see also 2.5.1). However, Bdnf 

knockout in mice was accompanied by diminished p11 levels in cortex and striatum (Warner-

Schmidt et al., 2010). Moreover, Warner-Schmidt (2010) gathered from studies with neuronal 

cells that Bdnf stimulates p11 expression via the MAPK signaling pathway. 

2.5.6 Epigenetics 

Epigenetics, in its most general sense, refers to modifications in regulation of various 

genomic functions in the absence of alterations to the DNA sequence. The heritable, but 

potentially reversible alterations in transcriptional potential can be caused by numerous 

mechanisms including DNA methylation, histone modification, and different types of non-

coding RNAs (Mill and Petronis, 2007; Vialou et al., 2013). 

DNA methylation is a direct modification indicated by cytosine methylation, which occurs at 

position 5 of the cytosine pyrimidine ring in CpG dinucleotides. In the mammalian DNA, 

CpG dinucleotides accumulate in selected regions termed CpG islands. CpG islands are 

located in the promoter regions of 50-60% of human genes and typically less methylated than 

CpG bases found outside islands (Wang and Leung, 2004).  In general, CpG methylation in 

promoter regions is linked to transcriptional repression due to, among others, the disruption of 

transcription factor binding sites or the attraction of methyl-binding proteins that are 

associated with gene silencing (Mill and Petronis, 2007).  

Histone modifications are structural changes of the chromatin via the processes of histone 

acetylation, histone methylation or histone phosphorylation. Posttranslational modifications of 

histones provoke alterations in chromatin compaction associated with transcriptionally 

permissive euchromatin and transcriptionally repressive heterochromatin (Berger, 2007).  

Different types of non-coding RNAs such as microRNAs are considered to influence gene 

expression at various levels, for instance by RNA splicing, mRNA degradation or by 

alteration of chromatin structure at specific genes (Taft et al., 2010).  
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2.5.7 Epigenetic regulation and depression 

DNA methylation is considered to be a quite stable epigenetic mark and, therefore, a possible 

mechanism for long-lasting stress-induced susceptibility to depression (Pena et al., 2014). 

Especially stressors that occur during early development might cause epigenetic 

reprogramming that contributes to vulnerability towards MDD in adulthood and that can be 

stable across later generations (Schroeder et al., 2012). Weaver at al. (2004) were the first 

reporting  that diminished maternal pup-licking and grooming, as well as archedback nursing 

in rodents is associated with hypermethylation and reduced expression of the hippocampal 

glucocorticoid receptor gene in the offspring. Early life stress by infant maltreatment mediates 

long-lasting decreased Bdnf mRNA expression and increased methylation of Bdnf exons IV 

and XI in prefrontal cortex but not the hippocampus (Roth et al., 2009). Chronic predator 

stress causes increased methylation of Bdnf exon IV and reduced Bdnf mRNA expression in 

the hippocampus but not prefrontal cortex of adult rats (Roth et al., 2011). Alterations in Bdnf 

DNA methylation seem to be selective for special brain regions, depending on the stressor 

(Zannas and West, 2014). Increased methylation of Bdnf exon IV was also reported for 

Wernicke’s area of suicide victims (Keller et al., 2010).  

Melas et al. (2012) observed reduced p11 expression levels in the prefrontal cortex of a 

genetic rat model of depression, which were associated with a hypermethylated p11 promoter 

region. Chronic treatment with escitalopram normalized p11 methylation pattern and 

increased p11 expression.  

2.5.8 The role of Bdnf as potential blood-based biomarker 

Due to the connection of Bdnf with both the pathophysiology of depression and the 

mechanism of action of antidepressants, it might be a potential biomarker for treatment 

response. Bdnf derives from different sources including brain and platelets and can be present 

in brain tissue and to a lower concentration in blood or saliva (Mandel et al., 2011; Suliman et 

al., 2013). As it is almost impossible to measure Bdnf levels in the brain of living humans it is 

necessary to refer to peripheral Bdnf. This possesses questions whether peripheral Bdnf levels 

actually represent brain Bdnf levels. There are some preclinical studies, in which blood and 

brain Bdnf levels were compared, and both positive as well as negative correlations were 

observed (Elfving et al., 2010; Karege et al., 2002b; Sartorius et al., 2009). Furthermore, there 

are inconsistent findings, whether Bdnf might cross the blood brain barrier (Pan et al., 1998; 

Pardridge, 2007). However, serum and plasma levels of Bdnf are diminished in depressed 
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patients (Karege et al., 2002a; Lee et al., 2007), and Bdnf serum levels are considered to be 

correlated with the severity of the disorder (Karege et al., 2005b). In addition, it has been 

demonstrated, that Bdnf plasma levels might be predict clinical outcome of antidepressant 

treatment (Kurita et al., 2012). A epigenetic study of Song et al. (2014) reported altered DNA 

methylation levels of complete Bdnf gene leucocytes of depressive patients. Moreover, there 

are preliminary findings demonstrating evidence that depressive patients with 

hypomethylation of the promoter region of Bdnf exon IV gene in leukocytes are unlikely to 

benefit from antidepressant drugs (Tadic et al., 2014). 
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3. Aims of this study 

The overall aim of this thesis is to propose a model for treatment-resistant depression in rats, and 

to identify putative biomarkers of therapy-resistant depression. 

More specifically, this thesis aspired following purposes: 

��Establishment of  an ECS method for rats with an increased construct validity. 

��Establishment of the CMS procedure in our group. 

��Analysis of intrastrain variability regarding CMS vulnerability. 

��Establishment of a diagnostic tool for depression- and anxiety related symptoms. 

��Characterization of Bdnf DNA methylation and protein expression in rats that respond or not                        

     respond to antidepressant therapy. 
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Abstract 

Electroconvulsive therapy is the most effective therapy for major depressive disorder 

(MDD). The remission rate is above 50% in previously pharmacoresistant patients but the 

mechanisms of action are not fully understood. Electroconvulsive stimulation (ECS) in 

rodents mimics antidepressant electroconvulsive therapy (ECT) in humans and is widely 

used to investigate the underlying mechanisms of ECT. For the translational value of findings 

in animal models it is essential to establish models with the highest construct, face and 

predictive validity possible. The commonly used model for ECT in rodents does not meet the 

demand for high construct validity. For ECT, cortical surface electrodes are used to induce 

therapeutic seizures whereas ECS in rodents is exclusively performed by auricular or corneal 

electrodes. However, the stimulation site has a major impact on the type and spread of the 

induced seizure activity and its antidepressant effect. We propose a method, in which ECS is 

performed by screw electrodes placed above the motor cortex of rats to closely simulate the 

clinical situation and thereby increase the construct validity of the model. Cortical ECS in 

rats induced reliably seizures comparable to human ECT. Cortical ECS was more effective 

than auricular ECS to reduce immobility in the forced swim test. Importantly, auricular 

stimulation had a negative influence on the general health condition of the rats with signs of 

fear during the stimulation sessions. These results suggest that auricular ECS in rats is not a 

suitable ECT model. Cortical ECS in rats promises to be a valid method to mimic ECT. 

Keywords 

Electroconvulsive therapy, ECT, ECS, major depressive disorder, animal model, rat 
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Abstract 

Outbred rat lines such as Wistar rats are commonly used for models of depressive disorders. 

Such rats arise from random mating schedules. Hence, genetic drift occurs in outbred 

populations which could lead to genotypic and phenotypic heterogeneity between rats from 

different vendors. Additionally, vendor-specific rearing conditions could contribute to 

intrastrain variability. In the present study, differences in behavioral responses to the chronic 

mild stress (CMS) model of depression within Wistar rat strains from different vendors are 

described. An infection in the vendor’s Wistar strain stock (Harlan, Netherlands) caused us to 

obtain Wistar rats from another breeder (Janvier, France). With this change, we were 

confronted with inconsistent CMS-induced behavioral alterations. This prompted us to 

purchase Wistar rats from a third breeder (Charles River, Germany). DNA methylation 

studies and mRNA expression analysis of p11 revealed that the behavioral differences 

between the substrains are reflected at the transcriptional and epigenetic level. The results 

suggest that there are breeder-dependent differences in vulnerability to stress in the CMS 

model of depression, which might bear on the validity of the model and contribute to 

contradictory findings and difficulties of replication between laboratories. 

Keywords  

Rat strain; Wistar; breeder; chronic mild stress; depression; p11

1. Introduction 

Experience of stressful life events are thought to trigger the initiation of severe psychiatric 

diseases such as major depressive disorder (MDD) (Kessler, 1997). However, there is an 

enormous inter-individual variability in vulnerability to stress, and some people seem to be 

stress resilient (Ellis et al., 2006). The individual susceptibility or resilience to develop MDD 

is considered to be affected by a combination of interacting genetic, environmental and 

epigenetic factors (Mill and Petronis, 2007). Stress-based animal models of depression are 

commonly used to mimic the human disorder. The principle of the chronic mild stress (CMS) 

model of depression (Willner et al., 1987) is that rats exposed to mild but unpredictable 

stressors over several weeks, develop symptoms with face validity in MDD. Symptoms 

include changes in locomotor activity (Gorka et al., 1996), weight changes (Willner et al., 

1996), disturbances in sleep architecture (Gronli et al., 2004; Moreau et al., 1995), and 

anhedonia (Willner et al., 1987). Anhedonia is one of the core symptoms of MDD and can be 
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estimated in rats by decreased intake or preference of sweet solutions (Willner et al., 1992). 

However, the CMS paradigm is difficult to establish, and the reliability and reproducibility 

differ across laboratories (Forbes et al., 1996; Matthews et al., 1995; Weiss, 1997). These 

discrepancies could be attributed to methodical alterations (e.g. different stressors, 

modifications in the performance of the behavioral tests). Next to this, genetic, epigenetic or 

environmental factors could determine stress susceptibility in rats of different experiments 

and contribute to divergent findings between laboratories (Armario and Nadal, 2013). The 

rodent’s housing condition in the laboratory environment (i.e. social isolation, social housing 

or enriched environment) is a crucial factor with various behavioral, physiological and 

biochemical consequences (Balcombe, 2006; Konkle et al., 2010; Richter et al., 2009). 

Moreover, the experience of stimulating or stressful events, especially during prenatal and 

early life, has been shown to result in behavioral, functional and epigenetic changes that 

persist through adulthood and might contribute to vulnerability toward depression later in life 

(Franklin et al., 2012; Meaney, 2001; Meaney et al., 1996; Meaney et al., 1991; Roth et al., 

2009; Uchida et al., 2010). Other factors that were reported to affect the vulnerability to stress 

is the gender (Bielajew et al., 2003; Dalla et al., 2005; Darnaudery and Maccari, 2008) and the 

rat strain (Bekris et al., 2005; Bielajew et al., 2003; Nielsen et al., 2000; Pothion et al., 2004).  

In the present study, we focus on behavioral differences of male Wistar rats, which were 

purchased from three different breeders regarding response to chronic mild stress (CMS). To 

verify, whether behavioral variations are reflected on molecular level, mRNA expression and 

DNA methylation of the S100 protein p11 (S100A10) were investigated. Different studies 

reported a dynamic and alternating p11 expression in psychiatric diseases including 

depressive disorders or post traumatic stress disorders (PTSD). P11 serves adaptor protein and 

interacts with several proteins among others annexin 2 and serotonin receptors 5-HT1BR, 5-

HT1DR and 5-HT4R (Rescher and Gerke, 2008; Svenningsson et al., 2006; Warner-Schmidt et 

al., 2009). Moreover, p11 gene is responsive to glucocorticoids (Zhang et al., 2008) and 

involved in hippocampal neuroplasticity (Egeland et al., 2010). We hypothesized that the 

methylation and expression pattern of p11 differs between Wistar rats from different vendors 

due to their different response to chronic mild stress   and the implication of p11 in depressive 

like behavior.    
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2. Methods 

2.1 Behavioral analysis 

2.1.1 Animals 

A total of fifty-two male rats were used for the present study. Twenty male Wistar rats (9 

weeks) (RccHan:WIST) were purchased from Harlan (Horst, Netherlands) and housed in 

groups of five animals in Makrolon type VI cages. Additionally, sixteen male Wistar rats (9 

weeks) (RjHan:WI) were purchased from Janvier (Saint-Berthevin, France). RjHan:WI were 

housed in groups of five animals in Makrolon type IV cages (Experiment 1) or were singly-

housed in Makrolon type III cages, respectively (Experiment 2). Moreover, sixteen male 

Wistar rats (8 weeks) (Crl:WI(Han)) were purchased from Charles River (Sulzfeld, Germany) 

and singly-housed in Makrolon type III cages. Standard laboratory chow (Altromin 1324 

standard diet; Altromin, Lage, Germany) and tap water were provided ad libitum, except 

when CMS procedure required food or water deprivation. The controlled 12 h light/12 h dark 

schedule was only disturbed during stress procedure.   

All rats were adapted to the laboratory and habituated to handling for at least one week before 

starting the experiments. Experiments were done in compliance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC) and were approved by 

the animal subjects review board of our institution. All efforts were made to minimize pain or 

discomfort of the animals used. 

2.1.2 Experimental design 

The present study summarizes results, which were achieved during the process of establishing 

the CMS procedure in our group. During this process, Harlan briefly closed the Wistar 

breeding stock (RccHan:WIST) due to infection, and we were forced to purchase Wistar rats 

from another breeder, which was Janvier (RjHan:WI). Due to persisting behavioral 

differences in CMS response between rats from Harlan and Janvier, we purchased further rats 

from Charles River (Crl:WI(Han)). In order to achieve the same stress response previously 

seen with rats from Harlan, modifications concerning the housing condition, duration of 

CMS-exposure and performance of sucrose consumption test were made. 

Experiment 1 

Male Wistar (RccHan:WIST) rats purchased from Harlan were housed in groups of five rats, 

randomly assigned to treatment groups (CMS: n=10; control: n=10) and exposed to CMS for 

30 days (see below). Unchallenged control and CMS exposed rats were tested in the open 
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field test after 15 days of CMS. Male Wistar rats (RJHan:WI) obtained from Janvier were 

housed in groups, randomly assigned to treatment groups (CMS: n=8; control: n=8) and 

exposed to CMS for 27 days. Unchallenged control and CMS exposed rats were tested in the 

open field after 21 days of CMS. Sucrose consumption was measured on day 18, 25 and 30 of 

CMS. Due to the absence of CMS-induced behavioral impairments in rats from Janvier, 

grouped housing was changed to singly housing (experiment 2). 

Experiment 2  

During the second experimental trial, Wistar rats (RjHan:WI) from Janvier were housed in 

social isolation, randomly assigned to treatment groups (CMS: n=8; control: n=8) and 

exposed to CMS for 21 days. Rats were tested in the open field at the end of the CMS 

procedure and weekly in sucrose consumption test. This experiment was performed after 

experiment 1. Control rats were taken for CMS while previously stressed rats became 

controls. As CMS induced hedonic deficits are transient and last for 2-4 weeks after 

withdrawal from stress (Willner et al., 1987),  we assumed only a minimal influence from the 

former CMS-exposure. 

Male Wistar rats (Crl:WI(Han)) purchased from Charles River were housed in social 

isolation, randomly assigned to treatment groups (CMS: n=8; control: n=8)  and exposed to 

CMS for 21 days. Rats were tested in the open field at the end of CMS and weekly in sucrose 

consumption test. 

2.1.3 Chronic mild stress 

The majority of stressors were adapted or modified from Willner et al. (1987) (Willner et al., 

1987). Rats were exposed to stressors at varying time points during light and dark period. 

Stressors included periods of (1) social crowding (four rats in one Makrolon type III cage), (2) 

continuous light (24 h/d), (3) food deprivation, (4) water deprivation, (5) food and water 

deprivation, (6) swim sessions in 40°C water, (7) swim sessions in 15°C water, (8) wet 

bedding, (9) restraint stress, (10) social isolation, (11) cage tilting (45°), (12) cage change (for 

detailed information see supplemental material Tab. 1-4). Control rats were left undisturbed 

and handled regularly.  
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2.1.4 Weight measurement 

Body weight was determined during the whole course of experiments as a measure for the 

general condition. A reduction in body weight or a diminished weight gain reflects a reduced 

well-being of the rats (Morton and Griffiths, 1985).  

2.1.5 Open field test  

The open field test (Hall and Ballachey, 1932) is a popular method to measure locomotor 

activity and anxiety like behavior. The test was performed in a round open field made of PVC 

(diameter 80 cm), which was divided into three zones (center, inner zone, outer zone). The 

animals were placed individually in the center of the open field. Distance moved and time 

spent in the center of the open field was recorded for 5 min and analyzed with 

EthoVision®XT7 software (Noldus Information Technology, Wagening, the Netherlands). 

Frequency of grooming was counted manually during observation. 

2.1.6 Sucrose consumption test (SCT) 

Hedonic deficits induced by CMS can be measured as a decrease in consumption or 

preference of sweet solution (Christensen et al., 2011; Jayatissa et al., 2006; Willner et al., 

1987). Three to four habituation sessions were performed before CMS. Furthermore, no food 

or water deprivation was provided previous testing. The position of the bottles was switched 

after every test session to avoid possible effects of side preference in drinking behavior. 

Experiment 1 

For grouped-housed rats from Harlan, sucrose consumption test (SCT) was a 1 h period 

during light phase with free access to a bottle of 1% sucrose solution and tap water, which 

was performed on day 18, 25 and 30 of CMS. Water and sucrose solution were presented in 

the rat’s home cages. The amount of consumed sucrose solution was measured [g] by 

weighing the bottles and calculated concerning animal and hour.  

For grouped-housed rats from Janvier, SCT was a 14 h over night period with free access to a 

bottle of 1% sucrose solution and tap water, which were presented in single cages. The 

amount of consumed sucrose solution was measured [g] by weighing the bottles. During 

CMS, SCT was performed once a week. Due to methodological differences no direct 

comparison between rats from Harlan and rats from Janvier or Charles River were performed. 
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Experiment 2 

For singly-housed rats from Janvier and Charles River, SCT was a 14 h over night period with 

free access to a bottle of 1% sucrose solution and a bottle of tap water. The amount of 

consumed sucrose solution was measured [g] by weighing the bottles. The mean sucrose 

intake of the last three habituation sessions was defined as the basal value (100%). During 

CMS, SCT was performed once a week and the individual percentage change of sucrose 

intake was estimated. After CMS, rats were characterized as anhedonic or hedonic-like, based 

on differences in intake of sucrose solution. According to Christensen et al. (Christensen et 

al., 2011), anhedonic-like rats are supposed to show a >25% within-subject decrease in 

sucrose consumption. Hedonic-like rats are supposed to show a <10% within-subject decrease 

in sucrose consumption. Animals not responding to either criterion are considered as 

unclassifiable. 

2.2  Molecular analysis 

2.2.1 Animals 

For molecular analysis additional nineteen male Wistar rats (9 weeks) from Janvier (Saint-

Berthevin, France) and nineteen male Wistar rats (7-8 weeks) from Charles River (Sulzfeld, 

Germany) were used. Standard laboratory chow (Altromin 1324 standard diet; Altromin, 

Lage, Germany) and tap water were provided ad libitum, except when CMS procedure 

required food or water deprivation. The controlled 12 h light/12 h dark schedule was only 

disturbed during stress procedure. CMS was applied as described under 2.1.3. (for detailed 

information see supplemental material Tab. 3 and 5) to nine rats purchased from Janvier and 

ten rats purchased from Charles River. 

2.2.2 Tissue processing 

Rats were anesthetized with carbon dioxide and decapitated 24 h after the last stress exposure. 

Blood samples were taken and mixed with EDTA. Brains were removed, hippocampi and 

prefrontal corti were dissected and stored at -80°C until further processing. DNA and RNA 

were extracted from prefrontal cortex and hippocampus with phenol-chloroform by using 

peqGOLD TriFast (Peqlab, Erlangen, Germany). DNA from frozen blood was generated via 

AquaPreserve Blood Protein Extraction Protocol (MultiTarget Pharmaceuticals, Salt Lake 

City, USA). 
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2.2.3 mRNA expression by quantitative real-time PCR

RNA concentrations were determined with the NanoDrop ND-1000 Spectrophotometer 

(NanoDrop Technologies Inc., USA). Afterwards approximately 500ng of cDNA was 

synthesized by reverse transcription of RNA using the iScript™ cDNA Synthesis Kit (Bio-

Rad Laboratories, Hercules, CA). cDNA samples were kept at -80 °C until PCR analysis. 

Quantative PCR was performed with 500ng of cDNA in triplicates of each sample and NTC´s 

(no template controls) using the GoTaq qPCR Master Mix (Promega). P11 mRNA expression 

was relativized to measured GAPDH and �-actin triplicates. Efficiency of all primers 

(supplemental material Tab. 6) was tested with a dilution series (all primers between 0.95-1). 

Data were obtained as threshold cycle (Ct) values and analyzed using the Biogazelle’s qbase+ 

2.0 software. Relative expression levels were normalized with respect to housekeeping genes, 

experimental and technical errors. Quality control settings excluded wells with too high/low 

Cq or samples with high replicate variability. Relative expression quantification analysis was 

performed with the qBase method, which has been shown to be an advanced model compared 

to the classic delta-delta-Ct method (Hellemans et al., 2007).  

2.2.4 DNA methylation assay 

The isolated genomic DNA was cleaned up by NucleoMag® Blood 200 μl (Macherey-Nagel, 

Düren, Germany). Afterwards, DNA samples were bisulfate-converted and purified by the 

EpiTect® 96 Bisulfite Kit (QIAGEN AG, Hilden, Germany) according to the manufacturer’s 

recommendations. DNA was amplified through (semi-) nested touch-down PCR. Primers 

(Metabion GmbH, Steinkirchen, Germany) encompass a 296 bp region including 11 CpG 

sites in the promoter region of p11 and a 205 bp region including 18 CpG sites in the exon I 

region of p11 (Primer sets and p11 DNA sequence are listed in supplemental material Tab. 

7+8, and Fig. 1). Bisulfite-treated samples were purified via Agencourt® AMPure® XP 

magnetic beads (Beckman Coulter, Krefeld, Germany) and sequenced using the reverse 

primer via by BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster 

City, CA, USA) and an Applied Biosystems/HITACHI 3500xl Genetic Analyzer (Applied 

Biosystems). Sequences and electropherograms were analyzed via the specialized Epigenetic 

Sequencing Methylation (ESME) analysis software (Lewin et al., 2004) and the percentage 

methylation of each CpG site within the amplified region was estimated by the ratio between 

peak values of Cytosine (C) and Thymine (T) (C/T). 
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2.3 Statistics 

All statistical analyses were performed with the Prism 5 software from GraphPad (La Jolla, 

CA, USA) and SPSS for Windows 21.0 (SPSS Inc., Chicago, IL, USA). Data obtained from 

open field test and weight measurements were analyzed using the Student’s t-test. Control 

groups from the breeders as well as control and CMS-exposed rats from the same vendor were 

compared. Data obtained from sucrose consumption test were calculated with Student’s t-test 

or Fisher’s exact test. Data from sucrose consumption surveys were analyzed using 

multivariate repeated-measurement ANOVA with Bonferroni’s post hoc test. Analysis of 

expression data was performed using Mann-Whitney U test. Statistical analysis of data from 

p11 methylation analysis was performed with linear mixed-effects models (Hillemacher et al., 

2014). All tests were two-sided. Statistical level of significance was considered p�0.05. 

3. Results 

3.1 Comparison of rats purchased from Harlan and Janvier (Experiment 1) 

Open field test was performed to measure locomotor activity and anxiety-like behavior (Fig. 

1). Significant differences between rats from Harlan and Janvier could already be observed 

when comparing baseline behavior. Locomotor activity (p<0.001) was significantly increased 

in control rats from Janvier compared to control rats from Harlan. No differences in time 

spent in center (p=0.565) and grooming activity (p=0.247) between the substrains were 

detected.  

In rats from Janvier, no CMS-induced impairments in time spent in the center of the open 

field (p=0.688) as well as grooming activity (p=0.212) could be detected. However, there was 

a tendency that stress increased locomotor activity in rats from Janvier (p=0.088). CMS did 

not change locomotor activity in rats from Harlan (p=0.975), but there is a trend that stressed 

rats from Harlan spent less time in the center of the open field (p=0.097). The high standard 

deviation and relatively low group size lowered statistical accuracy. Moreover, rats from 

Harlan responded to CMS with significantly elevated grooming activity (p=0.013), which is 

considered to reflect a stressed state of the animals (Kalueff and Tuohimaa, 2005; Katz and 

Roth, 1979). One control rat from Harlan was excluded from the experiment due to 

incomplete recording.  
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Fig. 1. Behavioral effects of CMS on grouped-housed Harlan and Janvier rats. (a) Control rats from Janvier 

revealed increased locomotor activity compared to controls from Harlan (p<0.001). CMS did not affect the total 

distance moved in rats from Harlan (p=0.975) or Janvier (p=0.088). (b) There are no significant differences in 

time spent in the center of the open field between unchallenged controls from Harlan and Janvier (p=0.565). 

There is a tendency that CMS-exposure decreases time spent in the center in rats from Harlan (p=0.097). CMS 

did not affect this time in the  rats from Janvier (p=0.688). (c) No statistical difference in grooming activity was 

detected when comparing control rats from Harlan and Janvier (p=0.247). CMS increased grooming activity in 

rats from Harlan (p=0.013), but not from Janvier (p=0.212). Student‘s- t-test was performed.  *p�0.05, 

***p<0.001. Data are shown as mean + SEM. CMS = chronic mild stress. 

The weight gain of unchallenged controls was increased in rats from Janvier compared to rats 

from Harlan (p<0.002). During three weeks of CMS, rats from Harlan (p<0.001) and Janvier 

(p<0.001) gained significantly less weight than control animals (Fig. 2).  

Sucrose consumption surveys (Fig. 3) illustrate the anhedonic-like behavior of rats from 

Harlan in response to CMS-exposure. Consumption of 1% sucrose solution (p<0.001) was 

significantly diminished in rats from Harlan, which were exposed to the stress regime (Fig. 

3a). In contrast, CMS did not affect intake of 1% sucrose solution in rats from Janvier 

(p=0.523) (Fig. 3b). 
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Fig. 2. Control rats from Janvier gained significantly more body 

weight than control rats from Harlan (p<0.002). Three weeks of 

CMS-exposure led to significantly reduced weight gain in 

stressed Harlan (p<0.001) and Janvier (p<0.001) rats compared 

to the respective controls. Student’s t-test **p<0.01, ***p<0.001. 

Data are shown as mean + SEM. CMS = chronic mild stress. 
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Fig. 3. Sucrose consumption survey of grouped-housed rats from Harlan and Janvier. (a) Three weeks of CMS 

significantly decreased the consumption of 1% sucrose solution in rats from Harlan compared to control animals 

(F1-36=60.49, pANOVA<0.001, ***pBonferroni’s<0.001).  (b) CMS did not affect the 1%-sucrose consumption in rats 

from Janvier (F1-56=0.43, pANOVA=0.523). Data are shown as mean + SEM. CMS = chronic mild stress. 

3.2 Comparison of rats purchased from Janvier and Charles River (Experiment 2) 

No differences in locomotor activity (p=0.083) or time spent in the center of the open field 

(p=0.872) were observed when comparing singly-housed controls from Janvier and Charles 

River (Fig. 4a+b). Basal grooming activity was elevated in rats from Janvier (p=0.029) (Fig. 

4c). Three weeks of CMS did not affect the locomotor activity in both cohorts, rats purchased 

from Janvier  (p=0.902) or Charles River (p=0.242) (Fig. 4a). Moreover, CMS did not induce 

significant changes in rats from Janvier regarding the duration of stay in the center of the open 

field (p=0.541) or grooming activity (p=0.234) (Fig. 4b+c). However, CMS exposed rats from 

Charles River (p=0.039) spent significantly less time in the center of the open field, but 

significantly more time grooming (p=0.010) than the unchallenged controls.  

Fig. 4. Behavioral effects of CMS on singly-housed Janvier and Charles River rats. (a) There were no statistical 

differences in basal activity between rats from Janvier and Charles River (p=0.083). CMS-exposure did not 

affect the total distance moved in the open field of rats from Janvier (p=0.902) and Charles River (p=0.242). (b)  

Control rats from Janvier and Charles River did not differ in the time spending in center of the open field 
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(p=0.872). CMS did not affect the duration of stay in the center of rats from Janvier (p=0.541). Stress exposed 

rats from Charles River spent significantly less time in the center than unchallenged controls (p=0.039). (c) 

Grooming activity of control rats from Janvier was significantly increased compared to controls from Charles 

River (p=0.029). After CMS, grooming activity was increased in rats from Charles River in comparison to 

controls (p=0.010). There were no differences between stressed and control rats from Janvier (p=0.234). 

Student’s t-test was performed. *p�0.05. Data are shown as mean + SEM. CMS = chronic mild stress. 

Basal weight gain was increased in singly-housed control rats from Janvier compared to 

controls from Charles River (p=0.014) (Fig. 5). In the course of the three week CMS-

exposure, rats from Janvier lost body weight significantly compared to controls (p<0.001). 

Stressed rats from Charles River showed significantly diminished body weight gain 

(p=0.002). 

Sucrose consumption was used to assess reward disturbances and to separate between 

anhedonic- and hedonic-like animals (Fig. 6). CMS-exposure induced an in tendency more 

reduced sucrose consumption in singly-housed rats from Charles River compared to animals 

from Janvier (p=0.064). After analyzing group effects, CMS exposed rats were characterized 

according to Christensen et al. (Christensen et al., 2011) as anhedonic-like (within subject 

decrease >25%), hedonic-like (within subject decrease <10%) and unclassifiable (within 

subject decrease >10% and <25%). It was striking that only 37.5% (3/8) of rats from Janvier 

but 87.5% (7/8) of rats from Charles River revealed anhedonic-like behavior after CMS-

exposure. 25% (2/8) of stressed rats from Janvier and none of the stressed rats from Charles 

River showed no hedonic deficit. The remaining 37.5% (3/8) of the stressed rats from Janvier 

and 12.5 % (1/8) of stressed rats from Charles River were considered as unclassifiable. Due to 

methodological differences, no separation between hedonic- and anhedonic-like rats was 

performed in animals from Harlan. 
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Fig. 5. During the three weeks of CMS, singly-housed 

control rats from Janvier gained significantly more body 

weight than controls from Charles River (p=0.014). Three 

weeks CMS-exposure led to significant weight loss of 

stressed rats from Janvier (p<0.001) and significantly 

reduced weight gain in stressed rats from Charles River 

(p=0.002) compared to controls of the same breeder. 

*p<0.05, **p<0.01, ***p<0.001. Data are shown as mean + 

SEM. CMS = chronic mild stress. 



STUDY II: BEHAVIORAL DIFFERENCES OF MALE WISTAR RATS FROM DIFFERENT BREEDERS

45 

Fig. 6. (a) After three weeks of CMS the percentage change in sucrose consumption was in tendency more 

decreased in singly-housed rats from Charles River compared to rats from Janvier (p=0.064). For comparison of 

sucrose intake Student’s t-test was performed. Data are shown as mean + SEM.  (b) Total number and 

percentage distribution of characterized anhedonic-like, hedonic-like and unclassifiable rats. 37.5% (3/8) of 

CMS exposed rats from Janvier were classified as anhedonic-like and 25% (2/8) as hedonic-like. 37.5% (3/8) of 

the stressed rats from Janvier were unclassifiable. 87.5% (7/8) of the CMS exposed rats from Charles River were 

classified as anhedonic-like and, 12.5 % (1/8) were unclassifiable. There was no statistical difference in the 

number of anhedonic-like rats between the substrains (p=0.119). For comparison of numbers of anhedonic-like 

rats Fishers’s exact test was performed. CMS = chronic mild stress. 

3.3 Comparison of grouped- vs. singly-housed rats from Janvier  

To analyze the impact of the housing condition the behavior of Janvier control rats in singly- 

or grouped-house conditions was compared. The housing condition did not affect the behavior 

of control animals in the open field (Fig. 7) with respect to duration of stay in the center 

(p=0.565), distance moved (p=0.353) and grooming activity (p=0.864).  

Fig. 7. Behavioral effects of singly and grouped housing condition on control rats from Janvier. (a) Time spent in 

the center of the open field did not differ significantly between grouped- and singly-housed control rats 

(p=0.565). (b) Housing condition had no significant effect on locomotor activity of control rats (p=0.353). (c) 

Housing condition did not affect the grooming activity of control (p=0.864) rats. For statistical analysis 

Student’s t-test was performed *p�0.05. Data are shown as mean + SEM. 
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Moreover, housing condition had no influence on sucrose consumption during CMS (Fig. 

8a+b). In each case, 37.5% of singly- and grouped-housed rats responded to CMS with 

anhedonic-like behavior. 

  

Fig. 8. Effects of singly- and grouped-housing condition on CMS-exposed rats from Janvier. (a) After three 

weeks of CMS the percentage change in sucrose consumption did not differ significantly between grouped- and 

singly-housed rats from Janvier (p=0.408). For comparison of sucrose intake Student’s t-test was performed. 

Data are shown as mean + SEM.  (b) Total number and percentage distribution of characterized anhedonic-like, 

hedonic-like and unclassifiable rats. CMS induced anhedonic-like behavior in 37.5% (3/8) of grouped-housed 

and singly-housed rats. 62.5% (5/8) of the grouped-housed rats and 25 % of the singly-housed rats were 

classified as hedonic-like. There was no statistical difference in the number of hedonic-like rats between both 

housing conditions (p=0.315). For comparison of numbers of hedonic-like rats Fishers’s exact test was 

performed. 

3.4 p11 mRNA expression in PFC and hippocampus 

To identify whether behavioral differences are reflected on gene expression level mRNA 

expression was measured by quantitative RT-PCR in the hippocampus and prefrontal cortex 

in control and CMS exposed rats from Janvier and Charles River.  

Substrain differences in p11 mRNA expression were already observed when comparing 

baseline levels of unstressed control rats. Significant increased p11 mRNA levels were found 

in the prefrontal cortex of control rats from Charles River (Fig. 9a). There were no baseline 

substrain differences in the hippocampus (Fig. 9b). CMS-exposure induced opposing, 

breeder-related changes in p11 expression. Rats from Janvier responded to CMS with 

significant increased p11 levels in prefrontal cortex and hippocampus (Fig. 9c+f). In contrast, 

chronic stress led to a down-regulation of p11 expression in rats from Charles River (Fig. 

9c+d, 9g+h). 
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Fig. 9. P11 mRNA expression. (a+b) Baseline expression of unstressed controls from Janvier and Charles River. 

There were no differences in hippocampal p11 expression between rats from both breeders (p=0.408), but p11

levels were increased in PFC of control rats from Charles River (p<0.001). (c+d) p11 expression of CMS-

exposed rats from Janvier and Charles River. After CMS, p11 levels in hippocampus (p<0.001) and PFC 

(p<0.001), were significantly reduced in rats from Charles River compared to rats from Janvier. (e+f) CMS 

induced a significant increase in  p11 expression in hippocampus (p=0.004) and PFC (p<0.001) of rats purchased 

from Janvier. (g+h) After CMS, p11 expression levels were significantly reduced in hippocampus (p=0.023) and 

PFC (p=0.002) of rats from Charles River. For statistical analysis Mann-Whitney U test was performed *p�0.05, 

**p<0.01, ***p<0.001. Data are shown as mean +95%CI. 

3.5. Analysis of p11 promoter and exon 1 methylation in PFC, hippocampus and blood 

Because we found substrain differences in p11 gene expression within PFC of control rats as 

well as within PFC and hippocampus of CMS-exposed rats, we next wanted to estimate 

whether these patterns were accompanied with changes in p11 DNA methylation, an 

epigenetic mark that regulates transcriptional activity (Bird, 1992). We did not only focus on 

CpG islands located within the  promoter region, but also on exon 1 that contains a putative 
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glucocorticoid receptor (GR) binding site. Next to PFC and hippocampus, blood samples were 

assessed. 

Mixed linear model analysis showed that there is a CMS-induced breeder dependent opposing 

effect on DNA methylation in the promoter region of the hippocampus (p=0.004). Chronic 

stress diminished methylation of p11 promoter in rats from Charles River, whereas p11

methylation was slightly increased in rats purchased from Janvier (Fig. 10a). Moreover, CMS 

was associated with significant reduced promoter methylation levels in prefrontal cortex 

compared to controls (p=0.029), independently of the breeder (p=0.227) (Fig. 10b). CMS 

treatment (p=0.998) did not alter p11 promoter methylation in blood significantly (Fig. 10c). 

The investigation of p11 exon 1 methylation levels revealed that there were no breeder 

dependent alterations after CMS-exposure in hippocampus (p=0.920), prefrontal cortex 

(p=0.570) or blood (p=0.755). Moreover, no CMS-induced changes of p11 exon 1 

methylation in hippocampus were detected (p=0.204) (Fig. 10d). In both, prefrontal cortex 

(p=0.025) and blood (p=0.016) p11 exon 1 methylation was increased in CMS-exposed rats. 

Fig. 10. Effects of CMS and breeder on mean p11 promoter (a-b) and exon 1 (d-f) methylation in Wistar rats 

from Janvier and Charles River. (a) In hippocampus there are substrain-depended differences in mean p11

promoter methylation between CMS-exposed and controls rats (p=0.004). CMS-induced hypermethylation in 
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rats from Janvier and hypomethylation in rats from Charles River. (b) Increased promoter methylation levels 

were present in the prefrontal cortex of CMS-exposed rats (p=0.029). There were no significant breeder 

differences (p=0.227). (c) CMS did not alter p11 promoter methylation levels in blood significantly (p=0.998). 

There were no breeder-related differences in stress response (p=0.227). (d) There were no substrain- (p=0.204) 

or CMS-induced (p=0.092) differences in exon 1 methylation in hippocampus. (e) Increased exon 1 methylation 

levels were present in the prefrontal cortex of CMS-exposed rats (p=0.025). There were no significant substrain 

differences (p=0.57). (f) CMS increased exon 1 methylation levels in blood of CMS-exposed animals (p=0.016). 

There were no significant breeder differences (p=0.755). Reduced group sizes are due to non-analyzable 

sequences. For statistical analysis mixed linear models were performed. Data are shown as mean + SEM. 

3.6 P11 DNA methylation at putative transcription factor binding sites 

With an in-silico screen for putative TFs using online databases for TF site prediction 

(AliBaba 2.1), a GR consensus sequence that includes two CpG sites was found in p11 exon 

1. CMS enhanced DNA methylation at GR binding site in hippocampus (p=0.052) and 

prefrontal cortex (p=0.029), but not in blood (p=0.409) (Fig 11a-c). No breeder-related effects 

were detected. Moreover, a putative AR consensus sequence, described by Melas et al. (2012) 

was investigated. No differences between control and CMS exposed rats were observed at the 

AR consensus sequence in prefrontal cortex (p=0.451), hippocampus (p=0.972) or blood 

(p=0.110). There were no significant differences between control rats from Janvier and 

Charles River in p11 methylation in all analyzed samples (Fig. 10, Fig. 11). 

Fig. 11. Effects of CMS on methylation at GR binding site within exon 1. (a) DNA methylation at the putative 

GR binding site  is significantly increased  in the hippocampus of CMS exposed rats (p=0.052). (b) CMS 

enhanced DNA methylation at the GR binding site in the prefrontal cortex (p=0.029). (c) There were no 

significant differences in blood DNA methylation at GR binding site between control and CMS exposed rats 

(p=0.409). Reduced group sizes are due to non-analyzable sequences. Data are shown as mean + SEM. 
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4. Discussion 

The present study compared male rats from three Wistar substrains, which were obtained 

from different breeders (Harlan vs. Janvier, Janvier vs. Charles River) regarding differences in 

basal behavior and behavioral response to chronic mild stress. Significant substrain 

differences, which were manifested in anxiety-like behavior, locomotor activity, hedonic 

disturbances and weight development, were observed. Conspicuous adaptive capacity or 

resilience to stress experience became apparent in rats purchased from Janvier, whereas rats 

from Charles River demonstrated enhanced stress vulnerability. This finding was also 

reflected at p11 mRNA levels. CMS enhanced p11 expression in rats from Janvier, whereas 

reduced p11 levels were found in rats from Charles River.  

Vendor differences in physiological, pharmacological and behavioral outcomes have been 

reported in several studies (Bert et al., 2001; Fitzpatrick et al., 2013; Goepfrich et al., 2013; 

Hirate et al., 1989; Honndorf et al., 2011; Langer et al., 2011; Naaijkens et al., 2014; Palm et 

al., 2011; Pecoraro et al., 2006). Differences regarding behavioral and physiological response 

to CMS are described for rats from different rat strains (Bekris et al., 2005; Bielajew et al., 

2003; Nielsen et al., 2000; Pothion et al., 2004). However, there are only few studies 

analyzing intrastrain differences in stress response. Pecoraro et al. (2006) compared Sprague-

Dawley rats from three vendors (Harlan, Charles River and Simonsen) and observed 

metabolic differences and hypothalamo-pituitary-adrenal (HPA) regulation at baseline and 

after five days of restraint stress. Vendor differences in basal open field behavior, in forced 

swim test behavior as well as in susceptibility to stress ulcer after restraint stress have also 

been reported for Wistar Kyoto rats (Pare and Kluczynski, 1997). To the best of our 

knowledge, this is the first study presenting breeder differences in vulnerability to CMS, 

assessed by alterations in locomotor activity, anxiety-like behavior, reward disturbances and 

altered expression and epigenetic regulation of p11. 

4.5 Housing condition

 Since rats are highly social animals, singly-housing is deleterious for rats and leads to 

“isolation stress”, which might affect results of behavioral tests and their interpretation 

(Balcombe, 2006). However, grouped-housed rats form a dominance hierarchy, which is 

characterized by individual differences in dominant or submissive behaviors may cause social 

stress and may alter behavioral testing as well (Kozorovitskiy and Gould, 2004). Baker and 

Bielajew (Baker and Bielajew, 2007) analyzed behavioral and physiological effects of CMS 
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in female Sprague Dawley rats, which were either housed in groups or singly. Only singly-

housed rats revealed enhanced vulnerability to stress indicated by decreased sucrose 

preference levels and decreased body weight gain. The social housing condition seemed to 

protect the rats from adverse effects of stress (Baker and Bielajew, 2007). However, we could 

not detect differences between singly- and grouped-housed controls rats from Janvier in the 

open field. Moreover, housing condition did not affect sucrose intake in CMS exposed rats 

from Janvier. 

4.1 Genetic contribution to substrain differences  

The usage of outbred rat lines such as Wistar, Sprague-Dawley or Long-Evans strains 

implicate intrastrain genetic heterogeneity, which may arise as a result of mutations, random 

genetic drift or selection (Papaioannou and Festing, 1980). The different genetic background 

might contribute to the individual response to CMS and could affect the reproducibility of 

results from one laboratory to the other. Genetic heterogeneity could explain individual stress-

response of rats within a particular substrain, as reported for CMS (Christensen et al., 2011). 

According to hedonic deficits measured by decreased sucrose intake, Christensen et al. 

(Christensen et al., 2011) could separate between rats, which revealed either resilience or 

vulnerability to CMS.  

4.2 Breeder-related rearing conditions might contribute to intrastrain variability 

Next to genetic variations, differences in baseline behavior and response to CMS could be 

caused by specific vendor-related rearing conditions. Langer et al. (2011) observed intrastrain 

differences in a rat model of temporal lobe epilepsy. In the context of this work, Langer and 

colleagues compared housing and handling conditions of Sprague Dawley and Wistar rats 

from five different breeders including Harlan, Charles River and Janvier (Langer et al., 2011). 

One of the most striking breeding differences referred to the rat’s socialization to humans 

characterized by regular handling. Only Janvier was reported to handle rats almost daily. Rats 

from Harlan and Charles River were in contact to humans only during cage cleaning, which 

was once per week at Harlan and twice per week at Charles River. Further rearing differences 

refer to cage types. Rats at Charles River breeding laboratories are housed in transparent 

cages, whereas rats at Janvier and Harlan are housed in opaque cages, which are usually 

preferred by rats (Cloutier and Newberry, 2010; Langer et al., 2011).  
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We hypothesized that the described breeding differences are decisive for the observed 

divergent behavioral, transcriptional and epigenetic consequences of CMS in different Wistar 

substrains. Rats from Janvier showed higher baseline locomotor activity than rats from 

Harlan. Moreover, CMS did not affect locomotor activity, anxiety-like behavior and 

grooming activity in the open field in rats purchased from Janvier, independently of grouped- 

or singly-housing conditions. Additionally, less CMS-induced anhedonic-like behavior 

measured by the sucrose consumption test was present in rats from Janvier than in rats from 

Charles River. In accordance with our observations, Langer et al. (Langer et al., 2011) 

observed increased basal locomotor activity and low levels of anxiety-related behavior in the 

elevated plus maze test of female Sprague-Dawley rats from Janvier compared to substrains 

from other vendors. Moreover, we found that CMS-exposed rats from Janvier revealed 

increased mRNA expression of p11 in hippocampus and prefrontal cortex. This finding is 

consistent with studies from Zhang et al. (2008), who reported elevated p11 mRNA and 

protein levels in PFC, hippocampus and amygdala in a rat model of PTSD that based on 

inescapable tail shock, and increased p11 mRNA expression in prefrontal cortex of patients 

suffering from PTSD  (Zhang et al., 2008). On the contrary, p11 expression is diminished in 

rats depression models (Guidotti et al., 2013; Melas et al., 2012; Svenningsson et al., 2006), 

accompanied by DNA hypermethylation of p11 promoter region (Melas et al., 2012). 

Depletion of p11 in rodents was shown to be associated with depression-like phenotype, 

whereas p11 overexpression resulted in the opposite effect (Svenningsson et al., 2006). 

Postmortem analysis of suicide victims and depressed patients revealed diminished p11

mRNA levels in cortex, amygdala, hippocampus and nucleus accumbens (Alexander et al., 

2010; Anisman et al., 2008; Svenningsson et al., 2006).  

As different studies reported, stimulating early life experience such as early (neonatal) 

handling and environmental enrichment can have long-lasting behavioral and neurobiological 

consequences (Anisman et al., 1998; Fernandez-Teruel et al., 2002). Early handling was 

reported to improve the performance of adult rats in learning paradigms such as two-way 

active avoidance, contextual fear conditioning or morris water maze (Beane et al., 2002; 

Escorihuela et al., 1995; Levine, 1956) and to reduce measure of anxiety in response to 

novelty (Nunez et al., 1995; Steimer et al., 1998). Moreover, early handling can induce long-

term neurobiological and physiological effects such as reduced hypothalamic-pituitary-

adrenal axis activity in response to stress (Meaney et al., 1988; Nunez et al., 1996; Weaver et 

al., 2000), thus improving stress adaptation and coping processes.  
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Contrary to rats from Janvier, animals from Charles River responded to CMS with increased 

anhedonic- and anxiety like behavior, and reduced p11 levels. Diminished p11 expression 

levels were reported for genetic rodent models of depression (Melas et al., 2012; 

Svenningsson et al., 2006), and also for the CMS model, which was performed with Sprague 

Dawley rats purchased from Charles River (Calco, Italy) (Guidotti et al., 2013). Higher 

baseline anxiety-like behavior was also observed in female Wistar rats from Charles River 

compared to this strain from other breeders (Honndorf et al., 2011). ACTH response after five 

days of restraint stress was pronounced in Sprague Dawley rats from Charles River compared 

to other substrains (Pecoraro et al., 2006). In contrast to stimulating early life experience, 

adverse and stressful early life events such as maternal maltreatment or maternal separation 

are considered to alter behaviors and physiological stress response in the opposite direction 

(Mirescu et al., 2004). Early life stress is linked with behavioral alterations such as increased 

anxiety-like behavior, and increased physiological stress responsivity in adults (Huot et al., 

2001; Machado et al., 2013; Meaney, 2001; Uchida et al., 2010).  

4.3 Intrastrain differences in hippocampal p11 promoter methylation  

Epigenetic alterations are important mechanisms involved in response and adaptation to stress 

through rapid or long-term dynamic regulation of gene expression (Meaney, 2001; Mueller 

and Bale, 2008; Raabe and Spengler, 2013; Roth et al., 2009; Stankiewicz et al., 2013; 

Tsankova et al., 2007). In rats from Charles River, we could observe that reduced p11 DNA 

promoter methylation levels are accompanied by diminished gene transcription. This result 

seems to be not in line with several studies showing a tight association of DNA promoter 

methylation to the repression of transcription (Bird, 1992; Jones and Takai, 2001; Riggs, 

1975). In addition, Melas et al. (2012) showed a negative correlation between p11 gene 

transcription and DNA methylation. Elevated brain p11 levels after escitalopram were 

accompanied by a decrease in the p11 promoter methylation (Melas et al., 2012). However, 

from unpublished clinical data we could also observe a positive correlation of p11 

methylation and transcriptional activity in hippocampus and PFC of rats as well as in blood of 

humans. Moreover, there is growing evidence that the function of CpG methylation is not 

necessarily gene silencing (Hellman and Chess, 2007; Jones, 2012). Brenet et al. (2011) 

demonstrated that methylation of the first exon has more repressing effects onto gene 

transcription than methylation at promoter regions, which was one of the reasons to 

investigate DNA methylation of exon 1. We could detect CMS-induced increased methylation 
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levels in PFC and blood of rats from both breeders, but no breeder differences became 

apparent. 

Intrastrain differences in p11 methylation after CMS were only present in hippocampal 

promoter regions. Rats from Janvier respond to stress with slightly increased, rats from 

Charles River with reduced promoter methylation levels in hippocampus. This effect was not 

present in the PFC, in which promoter methylation of both substrains was diminished. It could 

be possible that other epigenetic such as histone modifications regulate p11 gene expression 

in cortical brain regions (Kouzarides, 2007). Moreover, we hypothesize that changes of 

methylation marks might occur earlier in the hippocampus than in the PFC, as p11 is involved 

in hippocampal neurogenesis (Egeland et al., 2010; Warner-Schmidt et al., 2010), which plays 

a crucial role in the pathology and therapy of depressive disorders (Duman et al., 1997). In 

summary, stress-vulnerable rats from Charles River had lowered p11 expression and promoter 

methylation within the hippocampus, corresponding to the observed lowered p11 expression 

in depressed individuals and rat models of depression. Stress-resistant rats from Janvier on the 

other hand showed higher p11 expression and promoter methylation within the hippocampus, 

corresponding to the reported p11 overexpression within individuals and rat models of PTSD 

or stress.  

4.4 CMS is associated with hypermethylation at a GR binding site 

A further robust biological finding in depressive disorders is the dysregulation of the 

hypothalamic–pituitary–adrenal (HPA) axis characterized by elevated levels of the 

glucocorticoid cortisol and reduced levels or dysfunctions of glucocorticoid receptors, mainly 

in hippocampus, hypothalamus and prefrontal cortex  (Anacker et al., 2011; Pariante and 

Lightman, 2008). GRs function as a ligand-activated transcription factors. After activation, 

GRs translocate from the cytoplasm to the nucleus, bind to their binding sites on the DNA, 

and mediate activating as well as repressing effects on gene transcription (Newton and 

Holden, 2007). As p11 is described to be a target gene of GRs (Zhang et al., 2008), we 

investigated the DNA methylation at a putative GR binding site on exon1. It is supposed that 

DNA methylation at transcription factor binding sites alters binding affinity or prevent 

transcription factor binding, which results in changed gene transcription (Medvedeva et al., 

2014). Zhang et al. (2008) reported increased expression of GR binding sites within in the p11

promoter, which was accompanied by increased p11 mRNA and protein levels in SH-SY5Y 

cells after dexamethasone incubation. Moreover, they demonstrated that GR binding increases 

p11 promoter activity. Increased cytoplasmic GR levels were also observed in hippocampus 
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and PFC of CMS-exposed rats (Guidotti et al., 2013). The authors suggest that an impaired 

ability of the receptor to translocate to the nucleus, induce GR-dependent transcriptional 

activity. We observed increased methylation at putative GR binding sites after CMS in rats 

from both breeders.  This finding may further support the involvement of glucocorticoids in 

changed p11 expression through stress but does not explain breeder related differences in p11

expression. If the observed behavioral and p11 expression differences are caused by different 

early-life experiences of rats from different breeders, it is likely that they are mediated 

through additional pathways connected to p11 gene regulation.   

According to Melas et al. (2012), we further analyzed DNA methylation levels at AR binding 

site. ARs regulate HPA axis activity in stress response by inhibition of stress-induced ACTH 

release (Viau and Meaney, 1996). Melas et al. (2012) observed increased DNA methylation 

levels at the putative AR site in a genetic rat depression model. We could not detect 

significant CMS-induced alterations. 

5. Conclusion 

In conclusion, intrastrain variation in male Wistar rats may modify behavioral as well as 

neurobiological outcomes of the CMS model. Genetic variation, the laboratory environment 

as well as adverse or stimulating early life events that might be unknown and not controllable 

by the investigator, could have important impact on the vulnerability to stress of adult rats.  
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Appendix A. Supplementary data 

Table 1.  

CMS protocol for rats from Harlan (30 days stress) 

Stressor Duration Number of 

sessions 

Cage tilting (45°) 9 h 3

Social isolation 24 h 4

Continuous light 36 h 4

Food deprivation 20 h 2

Food deprivation 22 h 1

Food deprivation 24 h 1

Water deprivation 14 h 3

Swimming 40°C water 10 min 3

Swimming 15°C water 5 min 5

Wet bedding 14 h 1

Restraint stress 0.5 h 3

Table 2.  

CMS protocol for rats from Janvier I (27 days stress) 

Stressor Duration Number of 

sessions 

Cage tilting (45°C) 14 h 3

Social isolation 14 h 4

Continuous light 36 h 3

Food deprivation 24 h 4

Water deprivation 18 h 3

Swimming 40°C water 10 min 1

Swimming 15°C water 5 min 1

Wet bedding 16 h 3

Restraint stress 0.5 h 4

Cage change 14 h 1
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Table 3.  

CMS protocol for rats from Janvier II (21 days stress) 

Stressor Duration Number of 

sessions 

Continuous light 36 h 2

Food deprivation 24 h 4

Water deprivation 14 h 3

Swimming 40°C water 10 min 2

Swimming 15°C water 5 min 3

Wet bedding 16 h 3

Restraint stress 0.5 h 2

Restraint stress 1 h 2

Table 4.  

CMS protocol for rats from Charles River (21 days stress) 

Stressor Duration Number of 

sessions 

Social crowding (four rats in one Makrolon type III cage) 3 h 1

Social crowding (four rats in one Makrolon type III cage) 2 h 1

Continuous light 36 h 2

Food deprivation 24 h 3

Water deprivation 14 h 3

Swimming 40°C water 10 min 2

Swimming 15°C water 5 min 3

Wet bedding 16 h 2

Restraint stress 1 h 4
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Table 5. 

CMS protocol for rats from Charles River (32 days stress)

Table 6. 

Primer sets p11 quantitative RT-PCR* 

RT-PCR 619-p11rat_RT_F:               

620-p11rat_RT_R: 

CAGGTTTCAACAGATTC

GTCCAGGTCTTTCATTA

* Rattus norvegicus S100 calcium binding protein A10 (S100a10), mRNA  

NCBI Reference Sequence: NM_031114.1 

Stressor Duration Number of 

sessions 

Social crowding (four rats in one Makrolon type III cage) 7 h 4

Social crowding (four rats in one Makrolon type III cage) 2 h 1

Continuous light 36 h 3

Food deprivation 24 h 2

Food deprivation 21.5 h 1

Water deprivation 14 h 2

Water and food deprivation 14 h 2

Swimming 40°C water 10 min 2

Swimming 15°C water 5 min 4

Swimming 25°C water (Forced swim test) 5 min 3

Wet bedding 16 h 4

Restraint stress 1 h 4
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Table 7. 

Primer sets p11 Promoter Chromosome 2:193891825-193892120* 

PCR I 550-p11rat_prom_F1: 

552-p11rat_prom_R1: 

TGGTAAGGTTAGGTAGGAGTTTA

TTCCCACTCACTCTACTAACATAA

PCR II 551-p11rat_prom_F2

552-p11rat_prom_R1:

GGATTTAATATAGGAGATTTTAGGATT

TTCCCACTCACTCTACTAACATAA

* According to Rnor 6.0 (Rat Genome Sequencing Consortium Date: 2014/07/01)  

GenBank Assembly ID: GCA_000001895.4 (latest) 

Table 8 

Primer sets p11 Exon I Chromosome 2:193892497-193892700* 

PCR I 554-p11rat_exon1_F1: 

556-p11rat_exon1_R1

GTTGTTTGTTTTTTAGGTTTTTTTTA

ACTACAAACAAAAATTAACTTCCT

PCR II 554-p11rat_exon1_F1: 

557-p11rat_exon1_R2:

GTTGTTTGTTTTTTAGGTTTTTTTTA

AACTAAAAAAAAACCTCACTCAAA

* According to Rnor 6.0 (Rat Genome Sequencing Consortium Date: 2014/07/01)  

GenBank Assembly ID: GCA_000001895.4 (latest) 

Figure 1. 

        1 agatcctaga gcaaactagg tggccaagct gagacctgtt cagcgcgttc cttctgctca 

       61 tccaagaaat aattcctaac cctgtaggtt cccgcagagg cgcttggctc tggttctggg 

      121 ccagtgtacc ccgcaggacc gctggattct tatttctaca ctcacccact ttctaaaacc 

      181 aaacccgaga ggaagggcga ggcgctgtat gagaatgccc tgaaatatcc gagactagag 

      241 cattcctccg tagggacgtt tacaataggg ctgtccctgg agaccggcaa agttactatg 

      301 tcagcagagt gagtgggaag ggtgtgtgtg tgtgtgtgtg tgtgtgtgtg tgtgtgtgtg 

      361 tgtgtgtgtg tgtgtgtttt ggagagagaa gggagag                         

          [gap 240 bp]    

      638                                         ggg agggccgctg cctgccctcc 

      661 aggctcctcc cactccggag cgcctccgcc ctcggtaccc gccccgcgta caaagacgcg

      721 cgatcttcgg cgccagcccc atcgctgtgt gcccagctct tccaaagact gcagcgcctc 

      781 agggcccagg tgagtcccgc acttaatatc tgccctcacc ccacagtcgc ttgcttcagc 

      841 ctccagcggg gtttcgctag tgcctcgccc cgcggg 

Figure 1: P11´s proximal DNA  sequence, including the investigated promoter region (above the gap) and  exon 

I sequence (below the gap).  The first encircled region corresponds to the putative androgen receptor binding 

site. The second encircled region corresponds to the putative glucocorticoid receptor binding site. All studied 

CpGs are underlined and bold. The arrow shows the p11 transcription start site.  
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Abstract  

Approximately 30% of people suffering from major depressive disorder (MDD) do not 

achieve remission with standard antidepressant drugs. For the development of novel 

antidepressant treatments, biomarkers of treatment response, and the understanding of 

pathophysiological mechanisms of MDD, valid animal models of pharmacoresistant 

depression are of special importance. The aim of the present study is the establishment of an 

animal model of pharmacoresistant depression with high predictive validity. Therefore, the 

response rates of two antidepressant treatment strategies were determined. It is known that 

MDD patients not responding to antidepressant drugs often respond to electroconvulsive 

therapy (ECT). This prompted us to compare chronic citalopram treatment and 

electroconvulsive stimulation (ECS) in the chronic mild stress model (CMS) in rats to test 

whether similar response pattern can be found in the experimental setting as in the clinical 

situation. The selection of responders and non-responders to antidepressant therapy based on 

anhedonic-like behavior measured in sucrose consumption test. Moreover, we established a 

precise evaluation tool according to human diagnostic instruments such as the Hamilton 

Rating Scale for Depression (HAM-D), which measures the severity and the presence of a set 

of symptoms. Moreover, we compared the brain derived neurotrophic factor (Bdnf) DNA 

methylation and protein expression levels in blood, prefrontal cortex and hippocampus of 

treatment responders and non-responders. 

We could observe resistance to citalopram treatment, but response to ECS applied via the 

frontal cortex. The cortical ECS has been proposed by us recently as a model for ECT with an 

enhanced translational value. In contrast to cortical ECS, the traditional auricular ECS was not 

effective but was associated with severe adverse effects. Moreover, we could show that 

treatment responses to cortical ECS were accompanied by individual symptomatic 

improvements. 

By this, we established a treatment strategy to detect responsiveness of CMS-exposed 

pharmacoresistant rats to cortical ECS. The combination of the CMS model and assessment 

tool is distinguished by a high predictive validity for treatment-resistant depression and could 

thereby contribute to the development of novel antidepressant therapies. No correlation 

between treatment resistance and Bdnf DNA methylation levels or protein expression could be 

detected.  
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1. Introduction  

Major depressive disorder (MDD) belongs to the most common psychiatric diseases with a 

lifetime prevalence of 16% (Kessler et al., 2003). Despite scientific effort, standard 

antidepressant drugs as first-line therapy achieve only modest remission rates and 

approximately 30% of depressive patients are diagnosed with treatment-resistant depression 

(Fava, 2003). An additional option for treatment-resistant patients is electroconvulsive 

therapy (ECT), which is considered to be the most effective treatment for MDD with 

remission rates between 35-80% in pharmacoresistant patients (Petrides et al., 2001; Sackeim 

et al., 2008). Due to the enormous number of treatment-resistant patients with MDD, it is 

significant to accelerate the process of development and discovery of next generation 

antidepressants with better efficacy and tolerability. A mandatory prerequisite for identifying 

novel potential treatment options, as well as possible neurobiological mechanisms of 

treatment resistance, is the development of preclinical models for treatment-resistant 

depression, which are highly predictive of clinical success. The aim of the present study was 

to established for the first time a model for pharmacoresistant depression that is based on the 

chronic mild stress (CMS) model of depression and that integrates a multidimensional 

approach to diagnose and classify depression related behavioral alterations. To address the 

question of markers for treatment response we analyzed Bdnf DNA methylation pattern and 

Bdnf protein expression in prefrontal cortex, hippocampus and blood of treatment responders 

and non-responders. 

In rodents, the CMS procedure is a common and validated method that diminishes sensitivity 

to reward, which is assumed to resemble human anhedonia. Anhedonic-like behavior is 

usually assessed by decreased intake or preference of sweet solution (Willner et al., 1992) or

intracranial self stimulation (Moreau et al., 1992), and can be reversed effectively by chronic 

antidepressant drug treatment (Moreau et al., 1992; Moreau et al., 1993; Muscat et al., 1992; 

Papp et al., 1996; Willner et al., 1987), as well as electroconvulsive stimulation (ECS) 

(Henningsen et al., 2013; Moreau et al., 1995). Some studies demonstrated CMS-induced 

segregation of rats in subgroups that either show anhedonic-like behavior or revealed 

resilience to CMS (Bergstrom et al., 2007; Bisgaard et al., 2007; Christensen et al., 2011). 

Likewise, different sensitivity of anhedonic-like rats to chronic antidepressant drug treatment 

was reported. During antidepressant treatment or ECS, rats segregated into therapy responders 

and non-responders (Henningsen et al., 2013; Jayatissa et al., 2006). Next to anhedonic-like 

behavior, additional depression- and anxiety-related symptoms are reported to be present after 
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CMS-exposure such as changes in locomotor activity (Gorka et al., 1996),  modifications of 

sleep pattern (Moreau et al., 1995) or relative loss of body weight (Willner et al., 1996). 

However, separation of drug responders and non-responders in the CMS model bases 

exclusively on the intake of sweet solution, without considering further depressive- and 

anxiety-like symptoms. Given that depression is a heterogeneous and complex disorder it is 

unlikely that all CMS-exposed animals with hedonic disturbance show necessarily depressive-

like behaviors in other depression related symptoms, and vice-versa. Therefore, a 

multifactorial approach combining different symptom groups would offer a diagnostic tool 

close to the clinical procedure. As claimed by Anisman and Matheson (2005), an adequate 

depression model would require the evaluation of multiple behavioral tests to approach the 

range of symptoms that characterize depressive disorders, and the incorporation of individual 

behavioral differences in stress-response. Consequently, it is of particular importance for the 

validity of animal models of depression that the classification system of the depressive state 

bases upon a reliable method of measurement of the disease condition.  

Human depression diagnostic and severity measurement rely on self-evaluation instruments 

such as Beck´s Depression Inventory (BDI) (Beck et al., 1961), and external appraisal scales 

such as the Hamilton Rating Scale for Depression (HAM-D) (Hamilton, 1959) or 

Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979). 

The rating scales assess individual symptom variation and measure the severity of depressive 

symptoms including depressed mood, psychic and somatic anxiety, sleep problems, reduced 

appetite, impact on work and activities, or concentration difficulties (Maust et al., 2012). 

Moreover, they are used to estimate treatment progression and success of therapy by 

estimating reductions from depression baseline scores.  

According to the human depression scales, we established an assessment tool for the CMS 

model, which includes the measurement of several depression- and anxiety-like behaviors. 

The feasibility of the assessment tool to select validly treatment responders and 

nonresponders was compared to a selection based on the sucrose consumption test. We 

hypothesized that ECS showed increased antidepressive effectiveness in the CMS model. 

Therefore, we treated CMS-exposed rats chronically with citalopram or ECS, and applied the 

rat diagnostic tool to assess treatment response. In our previous study (Theilmann et al., 

2014), we proposed a method, in which ECS is applied via cortical screw electrodes placed 

above the rat’s motor cortex. This ECS technique models closer the human ECT setting. We 
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could also demonstrate that cortical ECS had a pronounced effect in the Porsolt forced swim 

test (Porsolt et al., 1977) and was associated with less negative side effects than auricular ECS 

(Theilmann et al., 2014). In the present study both, traditional auricular ECS and cortical ECS 

were compared in rats with depressive-like symptoms.  

The establishment of predictive markers of treatment response or non-response represents a 

further decisive step in the development of novel antidepressant therapies. Recent evidence 

suggests that the brain derived neurotrophic factor (Bdnf) plays an important role in the 

ethiopathology of MDD and antidepressant drug action (Duman and Monteggia, 2006; 

Karege et al., 2005; Nibuya et al., 1995). Therefore, epigenetic regulation and expression of 

Bdnf was investigated in the present study. 

2. Material and methods 

2.1 Animals

Altogether 46 male Wistar rats (7-8 weeks) were purchased from Charles River (Sulzfeld, 

Germany) and underwent CMS-procedure. Rats were singly-housed in Makrolon type III 

cages (Ebeco, Castrop-Rauxel). Additional 10 male Wistar rats (7 weeks) were purchased 

from Charles River (Sulzfeld, Germany) to serve as unstressed controls. Rats were singly-

housed in Makrolon type III cages (Ebeco, Castrop-Rauxel). 15 adult male Wistar rats, which 

were purchased from Janvier (8 weeks) and housed in groups of four rats in Makrolon type IV 

cages, were used as unstressed test partners for social interaction test. Age at social interaction 

for experiment 1 (2.2.1) was 15 weeks, for experiment 2 (2.2.2) 30 weeks. Standard 

laboratory chow (Altromin 1324 standard diet; Altromin, Lage, Germany) and tap water were 

provided ad libitum, except when CMS procedure required food or water deprivation. The 

controlled 12h light/12h dark schedule was only disturbed during stress procedure. 

All rats were adapted to the laboratory and habituated to handling for at least one week before 

starting the experiments. Experiments were done in compliance with the European 

Communities Council Directive of 24 November 1986 (86/609/EEC) and were approved by 

the animal subjects review board of our institution. All efforts were made to minimize pain or 

discomfort of the animals used. 
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2.2 Experimental design 

2.2.1 Study design experiment I: Selection of citalopram responders and non-responders 

Fig. 1. Experiment I: Demonstrating responsiveness to citalopram. CMS – chronic mild stress, NIH – novelty-

induced hypophagia, OFT – open field test, SCT – sucrose consumption test, SIT – social interaction test. 

The first experimental trial was performed to investigate the effects of chronic citalopram 

treatment on CMS-exposed rats. Sixteen male Wistar rats (17 weeks old), eight of which had 

already underwent a three week CMS procedure, and eight of which served as unstressed 

controls, were used. The period between both experiments was 21 days. Willner et al. (1987) 

demonstrated the persistence of stress-induced hedonic deficits for 2-4 weeks following 

withdrawal from CMS. Therefore, we assumed only a minimal influence by the former stress 

procedure onto the present experimental trial. For the present trial, rats were exposed to CMS 

for 21 days before drug treatment started. Rats were randomly assigned to treatment groups, 

vehicle (n=8) and citalopram (n=8) and treated for 34 days while stress exposure was 

continued. Altogether stress exposure lasted for 55 days. Baseline sucrose consumption and 

body weight were measured before CMS. Moreover, habituation to palatable food required 

for novelty-induced hypophagia was performed before starting the stress procedure. During 

CMS, sucrose consumption and weight was measured once per week. Finally, rats performed 

the open field test, novelty-induced hypophagia test and social interaction test. Rats were 

decapitated 24 h after the final drug injection (Fig. 1). One rat was excluded from the 

experiment due to citalopram injection-induced necrosis. 

2.2.1.1 Drug treatment 

Citalopram (Citalopram hydrochloride) (Cipramil®, Lundbeck, Denmark) in a dosage of 15 

mg/kg or vehicle (NaCl 0.9%) injections were administered i.p. once daily in the morning for 

overall 34 days. The dosage was chosen based on Kusmider et al. (2007). 
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2.2.2 Study design experiment II: Selection of ECS responders and non-responders 

Fig. 2. Experiment II: Demonstrating responsiveness to ECS in CMS-exposed rats. CMS – chronic mild stress, 

ECS – electroconvulsive stimulation, FST - forced swim test, NIH – novelty-induced hypophagia, OFT – open 

field test, SCT – sucrose consumption test, SIT – social interaction test. 

The second trial was designed to investigate the effect of auricular and cortical ECS on CMS 

exposed rats. At the start of the experiment rats were 8 weeks old. Before CMS treatment, 

thirty rats were implanted with cortical screw electrodes. Baseline sucrose consumption and 

body weight was measured before CMS. Moreover, habituation to palatable food required for 

novelty-induced hypophagia was performed before starting the stress procedure. During 

CMS, sucrose consumption and weight were measured once per week. After three weeks of 

stress, rats performed the forced swim test and novelty-induced hypophagia test. Afterwards, 

rats were randomly assigned to treatment groups: sham ECS (n=9), cortical ECS (n=10) and 

auricular ECS (n=10). Rats received (sham)-ECS treatments once daily for five consecutive 

days. Afterwards, rats were tested in sucrose consumption, open field, forced swim test, 

novelty-induced hypophagia and social interaction test. After further two ECS treatments, rats 

were decapitated (Fig. 2).  

2.2.2.1 Implantation of screw electrodes for cortical ECS

Thirty rats were anesthetized with isoflurane (1.5-3.0%) and local with tetracain and 

bupivacain. Buprenorphine was used for postoperative analgesia (0.045 mg/kg i.m., 

Temgesic®, Essex Pharma GmbH). Electrodes were placed bilaterally above the frontal 

cortex (AP, + 2.7 mm; L, +/- 4.0 mm) according to the atlas of Paxinos and Watson (2007). 

The reference electrode was placed above the right parietal cortex (AP, - 2.0 mm; L, -2.0 mm) 

to allow EEG recordings. Screw electrodes were fixed with one and a half turn in the skull, so 

that the tip of the screw was right above the cortex without touching it. One rat died after 

surgery. 
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2.2.2.2 Electroconvulsive stimulation

ECS was delivered once daily for five days after 22 days of CMS, and further two days after 

behavioral experiments before decapitation. Cortical and auricular ECS were performed as 

previous described (Theilmann et al., 2014). For auricular ECS the stimulus was administered 

via ear-clip electrodes using the ECT Unit 57800 device (Ugo Basile, Comerio, Italy). 

Cortical ECS was performed via the two frontal screw electrodes using the A310 Accupulser 

(World Precision Instruments, Sarasota, USA). The stimulus consisted of bidirectionally 

applied square wave pulses. Stimulation parameters for auricular ECS used in this study were 

0.9 ms pulse-width, 100 pulses/s, 0.5 s duration, 75-85 mA. This corresponds to a charge of 

6.75-7.65 mC. Parameters for cortical ECS were 1 ms pulse-width, 100 pulses/s, 1 s duration, 

6.5-9 mA, which corresponds to a charge of 1.3-1.8 mC. The stimulus parameters were based 

on our previous study (Theilmann et al., 2014) to induce generalized convulsive seizures of at 

least 15 sec duration (see Results). For EEG recordings a one-channel amplifier 

(ADinstruments Ltd., Sydney, Australia) and an analog-digital converter (PowerLab/800s, 

ADinstruments) were used. Further, the seizure type was determined. Sham animals 

underwent the same handling procedure without electrical stimulation. For sham treatment, 

rats were connected with ear-clip electrodes and conduction cable, but did not receive 

electrical stimulation. 

2.2.3 Comment on control rats 

Due to a lack of capacity in the animal room, it was not possible to involve a concurrent 

control group in order to avoid too small group sizes. Immediately following the experiment I 

and II, we decided to catch up an unstressed control group. Control rats were handled 

regularly and performed all behavioral tests described below (2.5). However, performances in 

open field, novelty-induced hypophagia and forced swim test resulted in data that were 

different from previous controls, which is why we decided to publish only data assessed from 

sucrose consumption test. Partially, these findings might be attributed to different starting 

conditions such as different animal charge or different transport conditions. Moreover, 

experimental conditions were not entirely identical. Despite regular handling of the control 

animals, they did not get in contact to humans as often as the stressed rats, and one 

experimenter, who was involved in the running experiments, leaved the laboratory.  
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2.3 Chronic mild stress 

The majority of stressors were adapted or modified from Willner et al. (1987). Rats were 

exposed to stressors at varying time points during light and dark period.  

Stressors included periods of (1) social crowding (four rats in one Makrolon type III cage), (2) 

continuous light, (3) food deprivation, (4) water deprivation, (5) food and water deprivation, 

(6) swim sessions in 40°C water, (7) swim sessions in 15°C water, (8) wet bedding, (9) 

restraint stress (for detailed information see supplemental material Tab. 2-3). 

2.4 Weight measurement 

Body weight was determined during the whole course of experiments as a measure for the 

general condition. The weight gain of the ECS-treated rats during CMS-exposure was 

compared to average weight development of naïve male Wistar rats at the same age (11-14 

weeks), which is approximately 15 g per week (Charles River) concerning breeder’s 

declaration and experience drawn from previous investigations. A reduction in body weight or 

a diminished weight gain point to a reduced well-being of the rats (Morton and Griffiths, 

1985).  

2.5 Behavioral tests 

2.5.1 Forced swim test (FST) 

The forced swim test was performed according to Porsolt et al. (1977) to evaluate the 

behavioral effect of ECS (Theilmann et al., 2014). Rodents were individually placed in a 

transparent plexiglas cylinder (50 cm deep, 25 cm diameter) containing 20 cm of water (25 ± 

1 °C). At the first day of CMS, a 5 min pre-test trial was performed followed by a 5 min test 

trial 20 days later. The retest trial (5 min) was performed 30 h after the fifth ECS. Behavior 

was recorded with a HD-camcorder (Canon Legria HFS21) and the immobility time (making 

only those movements necessary to keep the head above the water) for each rat during the 

trials was quantified.  

2.5.2 Open field test (OFT) 

The open field test (Hall and Ballachey, 1932) is a popular method to measure locomotor 

activity and anxiety like behavior. The test was performed in a round open field made of black 

PVC (diameter 80 cm, height 80 cm), which was divided virtually into three zones (center, 

inner zone, outer zone). The animals were placed individually in the center of the open field. 

Distance moved [cm] and time spent in the center of the open field [sec] was recorded for 5 
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min and analyzed with EthoVision®XT7 software (Noldus Information Technology, 

Wagening, the Netherlands). Time spent grooming was evaluated manually. Increased 

grooming activity points to a stressed state of the animal (Cohen and Price, 1979; Katz and 

Roth, 1979) or is considered as displacement behavior (Tinbergen, 1952). 

2.5.3 Novelty-induced hypophagia (NIH)

The suppression of appetitive behavior induced by novelty provides an anxiety related 

measure (Bodnoff et al., 1988; Shephard and Broadhurst, 1982). Prior to testing the rats were 

habituated to consume palatable Leibnitz Minis butter biscuits (Bahlsen, Hannover, 

Germany). During habituation sessions biscuits were offered to the rats in their home cages 

for altogether six times and the animals were monitored to ensure the preferring of the 

biscuits. No prior food or water deprivation was applied. A weighing pan with two quartered 

biscuits was stuck to the center of a round open field made of light grey PVC (diameter 80 

cm, height 25 cm). Animals were placed singly at the edge of the open field with view 

towards the center. The latency to eat [sec] (time point, at which the rat began to chew 

continuously) and the total amount of eaten biscuits [g] was estimated manually for 5 min.  

2.5.4 Social interaction test (SIT) 

The social interaction test assesses anxiety-related behavior (File and Hyde, 1978) and was 

performed in a round open field made of black PVC (diameter 80 cm, height 25 cm). Naïve 

male Wistar rats (Janvier), which were approximately equal in weight and age, and which 

were unknown to the stressed animals, were used as test partners. The animals were marked 

with varicolored animal marking sticks (Raidex, Dettingen/Erms, Germany) and placed 

individually in the center of the open field. Mean distance between subjects and the time spent 

in close body contact (distance between nose-nose and nose-tail �4 cm) was recorded for 5 

min and analyzed with EthoVision®XT7 software (Noldus Information Technology, 

Wagening, the Netherlands).  

2.5.5 Sucrose consumption test (SCT)

Hedonic deficits induced by CMS can be measured as a decrease in consumption or 

preference of sweet solution (Jayatissa et al., 2006; Willner et al., 1987). In the present study, 

we used the sucrose consumption test, which was a 14 h over night period with free access to 

a bottle of 1% sucrose solution and a bottle of tap water. The amount of consumed sucrose 

solution was measured in [g] by weighing the bottles. No previous food or water deprivation 
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was provided. The position of the bottles was switched after every test session to avoid 

possible effects of side preference in drinking behavior. Three to four habituation sessions 

were performed before CMS, and the mean sucrose intake of the last three habituation 

sessions were defined as basal value (100%). During CMS, SCT was performed once a week 

and the individual percentage change of sucrose intake was estimated. 

2.6 Classification of CMS response and treatment response 

2.6.1 Selection of anhedonic- and hedonic-like rats after CMS and after antidepressant 

treatment 

After three weeks of CMS, rats were classified as anhedonic-like or hedonic-like, based on 

changes in intake of sucrose solution. According to Christensen et al. (2011), anhedonic-like 

rats are supposed to show a >25% within-subject decrease in sucrose consumption. Hedonic-

like rats are supposed to show a <10% within-subject decrease in sucrose consumption. 

Animals not responding to either criterion are considered as unclassifiable. After 

antidepressant treatment, alterations in anhedonic-like behavior were assessed by estimating 

within subject changes in sucrose consumption. Anhedonic-like animals were characterized as 

positive responders, showing a >20% within-subject increase in sucrose consumption and 

non-responders, showing a <20% within-subject increase in sucrose consumption. Moreover, 

treatment-induced decrease in sucrose consumption of >50% of previous anhedonic-, 

hedonic-like, or unclassifiable rats was characterized as negative response.  

2.6.2 Selection of sub-categorical responders after antidepressant treatment 

Next to anhedonic-like behavior, additional depressive- and anxiety-like symptoms were 

estimated. Altogether nine symptom items (sub-categories), summarized in five symptom 

groups, were characterized after treatment. As additional tenth symptom, behavioral despair 

of (sham-) ECS-treated rats was estimated in the forced swim test (Tab. 1). We resigned to 

estimate effects of citalopram on immobility time in the forced swim test because the 

traditional forced swim test is considered to be unreliable in detection of selective serotonin 

reuptake inhibitors (SSRIs), such as citalopram (Slattery and Cryan, 2012). 
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Tab. 1: Overview of all analyzed depression-associated symptoms with the respective behavioral 

tests 

Symptom group  Symptom item 

I  Anhedonic-like behavior:   (1) Percentage change in sucrose consumption (SCT) 

II General well being:  (2) Bodyweight changes 

III  Anxiety-related behavior:  (3) Latency to eat food in a novel surrounding (NIH) 

     (4) Amount of eaten food in a novel surrounding (NIH) 

     (5) Time spent in the center of an open arena (OFT)                

     (6) Grooming activity (OFT)  

IV  Locomotor activity:  (7) Distance moved in an open arena (OFT)   

V  Social interaction:   (8) Mean body distance between unfamiliar rats (SI)  

     (9) Time two unfamiliar rats spent in body contact (SI) 

Additionally assessed in rats with (sham-) ECS 

VI  Behavioral despair:  (10) Duration of immobility in escape-less situation (FST)   

For each symptom item, rats were characterized individually as sub-categorical positive 

responders, sub-categorical non-responders or sub-categorical negative responders.  

Two different evaluation methods were applied. The first evaluation method based solely on 

sucrose consumption (2.6.1). The second evaluation method integrates the remaining 

measured values.  

2.6.2.1 Evaluation of anxiety-like behavior, locomotor activity, social interaction, general 

well being and behavioral despair 

First, treatment effects were statistically analyzed by comparing homogenous treatment 

groups (Supplemental material Fig. 1A). Afterwards, the focus was placed on the animal’s 

individual performances in the different behavioral tests as well as weight development. For 

each measured parameter, rats were classified as sub-categorical positive responders, negative 

responders or non-responders. The classification of sub-categorical responses based on the 

achievement of the citalopram or ECS treated animals in comparison to the vehicle or sham 

animals, respectively. All rats that were within one standard deviation of the average of 

CMA-exposed the vehicle or sham-ECS animals were considered as “sub-categorical non-

responders”. Animals whose performance was beyond/above the range were considered as 

“sub-categorical positive responders” or “sub-categorical negative responders” (Supplemental 

material Fig. 1B). The hedonic-like state before antidepressant treatment was not included in 

the evaluation. The four anxiety-associated items were merged to one symptom group to 
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prevent an overdesigned weighting of anxiety-like behavior. Alike, the two items concerning 

social isolation were merged to one symptom group. For the symptom groups “anxiety” and 

“social interaction” sub-categorical positive treatment response was achieved, if at least the 

half of the measured values were classified positively.

2.6.2 Classification of overall response 

Concerning the sub-categorical performance, the overall response was calculated at the end of 

the experimental trial. For citalopram-treated rats, overall positive response was defined as 

achieving sub-categorical positive response in at least three symptom groups. Overall 

negative treatment response was considered to be present when there were three or more sub-

categorical negative treatment effects. For rats with ECS, overall positive response was 

defined as achieving sub-categorical positive response in at least four symptom groups, 

because for ECS there was one additional symptom group evaluated. Overall negative 

response to ECS included four or more sub-categorical negative responses, respectively. Rats 

not responding to either criterion were characterized as overall non-responders. 

2.7 Molecular analysis 

2.7.1 Tissue processing 

Rats were anesthetized with carbon dioxide and decapitated 24 h after the last (sham)-ECS, 

citalopram or vehicle treatment. Blood samples were taken and mixed with EDTA. Brains 

were removed, hippocampi and prefrontal corti were dissected and stored at -80°C until 

further processing. 

2.7.2 DNA methylation assay 

DNA was extracted from prefrontal cortex and hippocampus with phenol-chloroform by using 

peqGOLD TriFast (Peqlab, Erlangen, Germany). DNA from frozen blood was generated via 

AquaPreserve Blood Protein Extraction Protocol (MultiTarget Pharmaceuticals, Salt Lake 

City, USA). The isolated genomic DNA was cleaned up by NucleoMag® Blood 200 μl 

(Macherey-Nagel, Düren, Germany). Afterwards, DNA samples were bisulfate-converted and 

purified by the EpiTect® 96 Bisulfite Kit (QIAGEN AG, Hilden, Germany) according to the 

manufacturer’s recommendations. 

DNA was amplified through (semi-) nested touch-down PCR. Primers were designed 

according to Lubin et al. (2008) and encompass a 366 bp region including 20 CpG sites near 

the transcription initiation site of Bdnf exon IV (Fig. 3, Primer sets are listed in Suppl. Tab. 1). 
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Bisulfite-treated samples were purified via Agencourt® AMPure® XP magnetic beads 

(Beckman Coulter, Krefeld, Germany) and sequenced using the reverse primer via by 

BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, 

USA) and an Applied Biosystems/HITACHI 3500xl Genetic Analyzer (Applied Biosystems). 

Sequences and electropherograms were analyzed via the specialized Epigenetic Sequencing 

Methylation (ESME) analysis software (Lewin et al., 2004) and the percentage methylation of 

each CpG site within the amplified region was estimated by the ratio between peaks values of 

guanine (G) and adenine (A) (C/[G A]). 

Fig. 3. Location of 20 CpG sites relative to the transcription initiation site (bent arrow) of rat Bdnf exon IV. Left 

and right arrows indicate primer pair position. 

2.7.3 Immunoblot 

Total protein was extracted from prefrontal cortex and hippocampus with phenol-chloroform 

by using peqGOLD TriFast (Peqlab, Erlangen, Germany) and solubilized in Promelt Solution 

(MultiTarget Pharmaceuticals, Salt Lake City, USA).  

Total protein from frozen blood was isolated according to the Aqua Preserve™ Blood Protein 

Extraction Protocol (Multi Target Pharmaceuticals, Salt Lake City, USA).  

The extracted protein lysates were separated in 10% SDS-PAGE and subsequently transferred 

to nitrocellulose membranes (GE Healthcare, England). The resulting blots were incubated 

with antibodies against Bdnf (dilution: 1:500) (Santa Cruz, Dallas, USA, sc-33904). Bdnf 

signal of tissue samples was normalized to ß-Actin (dilution: 1:1,000) (Cell Signaling 

Technology, USA, #4967) whereas Bdnf signal of blood samples were normalized to 

Vinculin (dilution: 1:1,000) (Santa Cruz, Dallas, USA, sc-7649). The relative amounts of 

protein were quantified densitometrically using the Versa Doc™ Imaging System in 

combination with the Quantity One ® 1-D Analysis and Image Labs Software (Bio-Rad, 

Munich, Germany). All blots were stained with Ponceau red to ensure equal loading. 
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2.8 Statistical analyses 

Depending on whether data were normally distributed or not, either parametric or 

nonparametric tests were used for statistical evaluation. Fisher´s exact test was used to 

compare the occurrence of anhedonic-like behavior in rats after CMS-exposure with 

unstressed rats. To compare data, received from behavioral testing, weight measurements as 

well as sub-categorical classifications, the Student’s t-test was performed. For comparison of 

number of sub-categorical responses Kruskal-Wallis followed by Dunn’s post hoc test was 

performed. Chi Square test was performed to compare the number of rats with 22 kHz calls 

during ECS sessions. To analyze treatment effects on mean methylation rates of the CpG sites 

of Bdnf DNA, and on Bdnf protein expression, one-way ANOVA followed by Dunnet’s test 

or Student’s t-test were performed. All statistical analyses were performed with the Prism 5 

software from GraphPad (La Jolla, CA, USA). All tests were used two-sided; a P�0.05 was 

considered significant. 

3. Results

3.1 Selection of anhedonic-like and hedonic-like rats after 3 weeks of CMS (experiments 

I and II) 

The three week sucrose consumption course of unstressed control rats demonstrated that none 

of the control animals showed anhedonic-like behavior (Fig. 4A). Two control rats were 

unclassifiable. During three weeks of CMS, rats segregated into anhedonic-like, hedonic-like, 

and unclassifiable groups. In experiment I, CMS-induced anhedonic-like behavior was 

present in 66.7% (10/15) of the animals, whereas hedonic-like behavior was detected in 

13.3% (2/15) of the rats (Fig. 4B). Equally, approximately 59% (17/29) of CMS-exposed rats 

from experiment II showed anhedonic-like behavior, and 21% (6/29) of the rats were 

classified as hedonic-like after CMS (Fig. 4C). The average weekly weight gain during three 

weeks of CMS was 7.6 g (max.: 10.6 g, min.: 3.3g). Thus, weight gain of all CMS-exposed 

rats was below the average weight gain of naïve male Wistar rats of 15 g/week. 
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Fig. 4. CMS-induced anhedonic-like behavior in a subgroup of rats. (A) Three week sucrose consumption survey 

of unstressed control rats showed that 8 out of 10 rats revealed hedonic-like behavior. Two rats were 

unclassifiable.  (B) Experiment I. Three weeks of CMS induced anhedonic-like behavior in 10 out of 15 animals. 

Thus number of anhedonic-like rats was increased after CMS compared to unstressed controls (P=0.001). 

Hedonic-like behavior was present in 2 out of 15 animals. (C) Experiment II. Three weeks of CMS-induced 

anhedonic-like behavior in 17 out of 29 rats. Thus number of anhedonic-like rats was increased after CMS 

compared to unstressed controls (P=0.002). Hedonic-like behavior was present in 6 out of 29 rats. Dashed lines 

represent threshold for selection of hedonic- and anhedonic-like rats (Anhedonic-like rats >25% within-subject 

decrease in sucrose consumption. Hedonic-like rats <10% within-subject decrease in sucrose consumption). 

Fisher´s exact test was used to compare the occurrence of anhedonic-like behavior in rats after CMS-exposure 

with unstressed rats. 

In the present study, the estimated hedonic-like state was taken only into account when 

assessing the sucrose intake after antidepressant treatment but not when analyzing other 

depressive-like behaviors. Reasons for this are inconsistent measures of CMS-induced 

anhedonia, which put into question the relevance to select anhedonic- and hedonic-like 

animals solely by sucrose intake (Forbes et al., 1996; Matthews et al., 1995). Furthermore, we 

observed significant less weight gain or even weight loss of CMS-exposed rats compared to 

control rats. The reduced weight gain occurred independently of hedonic- or anhedonic-like 
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behavior. This finding indicated that a depressive-like state or at least a stress-biased 

condition could be present in rats without obvious hedonic disturbances. 

3.2 Experiment I: Selection of citalopram responders and non-responders 

After three weeks of CMS and classification of the hedonic state, rats were assigned to 

following treatment groups: 

vehicle group n=8 (anhedonic n=5, hedonic n=1, unclassifiable n=2) 

citalopram group n=7 (anhedonic n=5, hedonic n=1, unclassifiable n=1) 

Rats received drug treatment for altogether 34 days, while CMS was continued. 

3.2.1 Selection of sub-categorical citalopram responders based on sucrose consumption 

After four weeks of chronic drug treatment, rats were classified according to their change of 

sucrose intake (Tab. 2 and supplemental material Fig. 2+3). Chronic citalopram treatment did 

not increase the intake of sucrose solution in any of the five preassigned anhedonic-like rats, 

wherefore they were classified as sub-categorical non-responders. Moreover, decreased 

sucrose intake after citalopram treatment was present in 100% (1/1) of preassigned hedonic-

like animals and 100% (1/1) of preassigned unclassified rats, which indicated sub-categorical 

negative treatment response. No adverse side effects of citalopram treatment such as 

behavioral alterations became apparent during daily handling. Approximately 60% (3/5) of 

the preassigned anhedonic-like rats, which received vehicle treatment showed sub-categorical 

non-response. 20% (1/5) of vehicle treated preassigned anhedonic-like rats revealed sub-

categorical positive response and further 20% (1/5) showed sub-categorical negative response.  

Tab 2.: Classification of sub-categorical response to citalopram using sucrose consumption test. 

Number of sub-categorical  

non-responders of former 

anhedonic-like animals 

Number of sub-categorical  

positive responders of former 

anhedonic-like animals 

Number of sub-categorical  

negative responders of the 

overall group 

Vehicle 3/5 1/5 1/8 

Citalopram 5/5 0/5 2/7 

3.2.2 Selection of sub-categorical citalopram responders based on open-field, novelty-

induced hypophagia, social interaction and weight change 

For the evaluation of treatment effects, all rats were considered, regardless from the 

classification of the hedonic-like state after CMS, or after antidepressant treatment. The 
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unstressed control group was not included into the analysis due to reasons described in 2.2.3. 

First, group comparisons of general well being, anxiety-like behavior, locomotor activity and 

social interaction between vehicle and citalopram treated rats were performed. Statistical 

differences between both groups became only apparent in general well being (P=0.019). The 

citalopram group lost slightly bodyweight, whereas vehicle group showed bodyweight gain 

(Fig. 5A). Behavioral analysis after CMS and chronic drug treatment, revealed no significant 

differences between the vehicle or citalopram group in anxiety-like behavior (Fig. 5B-E) 

(amount of eaten food: P=0.321, latency to eat: P=0.396, time in center: P=0.849, grooming:

P=0.206), locomotor activity (Fig. 5F) (distance moved: P=0.619) and social interaction (Fig. 

5G-H) (time spent in close body contact: P=0.563, mean distance between subjects: P=0.790).  

General well being       Anxiety    

Locomotor activity  Social interaction 

Fig. 5. Grouped behavioral assessment after CMS and chronic citalopram or vehicle treatment arranged by 

treatment groups. (A) Weight changes [g] during vehicle and citalopram treatment. (B+C) Food intake [g] and 

latency to eat [sec] during novelty-induced hypophagia test. (D) Mean time [sec] spent in the center of the open 

field. (E) Grooming activity [sec] in open field. (F) Distance moved [cm] in the open field. (G-H) Mean distance 

between the subjects [cm] and time spent in close body contact [sec] in social interaction test. For group 

comparison the unpaired Student’s t-test was performed.*P�0.05. Mean + SEM are shown.  

After comparison of the total groups, individual classification of positive responders, non-

responders and negative responders was performed. All rats that were within one standard 

deviation of the average of the vehicle-treated animals were considered as “sub-categorical 
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non-responders”. Animals whose performance was beyond/above the range were considered 

as “sub-categorical positive responders” or “sub-categorical negative responders” (Fig. 6). 

Please note the lacking of an unstressed control group as described in 2.2.3. The individual 

classification illustrates that dependent on measured parameter approximately 12.5-57% of all 

analyzed rats reach positive or negative response to vehicle or citalopram. Strongest 

differences between treatment groups in treatment responses was detected in body weight 

development (Fig. 6A) and grooming behavior in open field (Fig. 6E), whereby more negative 

responses could be detected after citalopram treatment.

  

General well being                Anxiety 

 Anxiety                                 Locomotor activity              Social interaction 

Fig. 6. Individual behavioral assessment after CMS and chronic citalopram or vehicle treatment arranged by 

treatment groups. Classification of positive responders (+), non-responders (0) and negative treatment responders 

(-) based on mean +/- SD of vehicle group (dashed lines). Each value represents the value of a single rat. Lines 

represent means. (A) Bodyweight change [g] during treatment. (B) Amount of eaten food [g] in novelty-induced 

hypophagia test. (C) Latency to eat [sec] in the novelty-induced hypophagia test.  (D) Time spent in the center of 

the open field [sec]. (E) Grooming activity [sec] in the open field. (F) Distance moved [cm] in the open field. (G) 

Mean distance [cm] between the rats during social interaction test. (H) Time in close body contact [sec] during 

social interaction test. 

3.2.3 Selection of citalopram overall positive responders, non-responders and negative 

responders based on the diagnostic tool 

With respect to group effects, chronic citalopram treatment failed to reduce depressive-like 

behavior in all assessed behavioral tests. Moreover, the comparison of the mean number of 

positive responses (P=0.903) and negative responses (P=0.952) between rats with vehicle or 
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citalopram treatment revealed no significant differences (Fig. 7A+B). After chronic 

citalopram treatment, negative response was classified in 22.2% of all measured values, 

whereas positive response was present in 14.3% of the values. In the vehicle group, 

occurrence of negative and positive response was balanced with respectively 16.7% (Fig. 7C). 

Table 3 provides an overview of all estimated sub-categorical responses for every symptom 

item and every rat, as well as the calculated overall-response. Overall positive treatment 

response was defined as achieving positive response in at least three symptom groups. 

Negative treatment response was considered to be present when there are three or more 

negative treatment effects. There was no overall positive responder to chronic citalopram 

treatment. Five citalopram treated rats were classified as overall non-responders and two rats 

showed overall negative treatment response.  

Fig 7. Summary of responses of CMS-exposed rats to citalopram and vehicle treatment. (A) Mean number of 

treatment responses. No statistical differences in positive response to the treatment could be detected (P=0.710). 

(B) Mean number of direct negative treatment effects. There were no significant differences in the number of 

negative treatment effects between vehicle and citalopram treated rats (P=0.507). (C) Percentage distribution of 

positive response, non-response and negative response to citalopram and vehicle treatment. For comparison of 

number of responses, Student’s t- test was performed. Error bars represent SEM. 
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Tab. 3. 9-item diagnostic assessment tool, which combines treatment effects of chronic vehicle or citalopram 

treatment. Each row represents the individual classification of a single rat with respect to the different tests 

before and after chronic drug treatment. For overall classification of treatment response, responses concerning 

anhedonia, anxiety, locomotor activity, social interaction and weight change were summed. Criteria for overall 

positive treatment response were positive responses in three or more symptom group. For overall negative 

treatment response, negative responses in three or more symptom groups were required. Rats not responding to 

either criterion were characterized as overall non-responders.  

3.2.4 Comparison of both selection methods for the separation of citalopram treatment 

responders and nonresponders 

No positive responder but two negative responders could be detected by sucrose consumption 

based selection after citalopram treatment. In line with these findings, selection, which based 

on the diagnostic assessment, resulted in no positive but two negative responders. However, 

only of those negative responders was classified negatively by both selection methods.  

The results from experiment I demonstrated the resistance of CMS model to chronic 

citalopram and provide the foundation to analyze treatment effects of ECS in 

pharmacoresistant, stress-exposed rats. 

3.3 Experiment II: Selection of ECS responders and non-responders 

After three weeks of CMS, rats were randomly assigned to treatment groups:  

Sham group n=9 (anhedonic n=5, hedonic n=1, unclassifiable n=3) 

Cortical ECS group n=10 (anhedonic n=6, hedonic n=3, unclassifiable n=1) 

Auricular ECS group n=10 (anhedonic n=6, hedonic n=2, unclassifiable n=2) 

3.3.1 Seizure parameters 

ECS was delivered once daily for five days. Afterwards, behavioral investigations were 

conducted before ECS was applied for further two days. CMS was continued during the 

stimulation period. As previously described in Theilmann et al. (2014), cortical and auricular 

ECS induced mainly generalized convulsive seizures of at least 15 sec duration (mean seizure 

duration cortical ECS: 25.5 sec, mean seizure duration auricular ECS: 21.9 sec) in the EEG. 

Rats with cortical ECS showed predominantly generalized clonic seizures while auricular 

ECS induced mainly tonic extensions of fore- and hindlimbs. We could also replicate our 

previous finding (Theilmann et al., 2014), that significantly (P=0.025)  more rats with 

auricular ECS (seven out of ten animals) emitted calls of fear and distress (22 kHz) before and 

after stimulation than cortical stimulated (two out of ten animals) rats.  
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3.3.2 Selection of sub-categorical ECS responders based on sucrose consumption test 

In analogy with experiment I, treatment effects on sucrose consumption were estimated 

separately from the assessment of the open field, novelty-induced hypophagia, social 

interaction or forced swim test. 

After five (sham)-ECS treatments, rats were classified according to their changes in sucrose 

intake (Tab. 4, supplemental material Fig. 4-6). Non-response to sham ECS was present in 

80% (4/5) of anhedonic-like rats. The assigned hedonic-like and unclassified rats did not 

respond to sham ECS by changes in sucrose intake that exceeded the thresholds for positive 

or negative response. After cortical ECS, 33% (2/6) of anhedonic-like rats with cortical ECS 

were considered as non-responder. 67% (4/6) of anhedonic-like rats showed positive response 

to cortical ECS, while response to sham ECS was present in 20% (1/5) of anhedonic-like rats. 

One anhedonic-like rat responded positively to sham treatment.Three hedonic-like rats and 

one unclassified rat did not respond to cortical ECS with significantly increased or decreased 

sucrose consumption. Approximately 80% (5/6) of anhedonic-like animals, which received 

auricular ECS, were characterized as non-responders. Positive response to auricular ECS 

became apparent in 17% (1/6) of anhedonic-like rats. Negative response was observed in one 

hedonic-like animal one unclassified rats. No negative treatment response was observed in 

rats with sham or cortical ECS.  

Tab. 4: Classification of sub-categorical response to ECS using sucrose consumption test.

Number of non-responders of 

former anhedonic-like 

animals 

Number of positive responders 

of former anhedonic-like 

animals 

Number of negative 

responders of the overall 

group 

Sham 
4/5 1/5 0/9 

ECS cortical 
2/6 4/6 0/10 

ECS auricular 
5/6 1/6 2/10 

3.3.3 Selection of sub-categorical ECS responders based on weight changes, forced swim 

test, open field test, novelty-induced hypophagia and social interaction 

The effects of cortical and auricular ECS on general well being and behavior were first 

analyzed for the whole groups. The unstressed control group was not included into the 

analysis due to reasons described in 2.2.3. Weight measure as indicator for general well being 

after CMS and ECS revealed a counteracting weight development of rats with auricular and 

cortical ECS (Fig. 8A). Cortical ECS led to significant body weight gain compared to rats 
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with sham ECS (P<0.001), whereas auricular ECS caused significantly weight loss 

(P=0.002). Novelty-induced hypophagia was performed one day before first ECS and one day 

after fifth ECS. Measures of the first test were taken as baseline values. The change of food 

consumption (Fig. 8B) and change in latency to eat (Fig. 8C) from first to second test trial 

were estimated. There was no significant difference between rats with sham or cortical ECS 

treatment regarding eaten food (P=0.253) or latency to eat (P=0.673). Rats with auricular 

ECS consumed significantly less food during the second test trial (P=0.009). Likewise, rats 

with auricular ECS started eating significantly later (P=0.014) (Fig. 8C-F). In the open field, 

there were no significant differences in time spent in the center between rats with sham and 

cortical ECS (P=0.388) or auricular ECS (P=0.992) (Fig. 8D). Alike, no statistical differences 

in mean grooming activity between rats with sham and cortical ECS (P=0.055) or auricular 

ECS (P=0.308) were present (Fig. 8E). Locomotor activity did not differ between sham and 

cortical ECS groups (P=0.177), and sham and auricular ECS groups (P=0.231) (Fig. 8F). In 

the social interaction test, cortical (P=0.922) or auricular ECS (P=0.846) did not affect the 

distance between the subjects (Fig. 8G), and there were no statistical differences in time spent 

in close body contact between sham and cortical ECS (P=0.352), sham and auricular ECS 

(P=0.899) (Fig. 8H). Immobility time in the forced swim test was taken two days before first 

ECS and one day after the fifth ECS (Fig. 8I). The reduction of immobility from test to re-test 

session was significantly higher in rats with cortical ECS compared to rats with sham ECS 

(P=0.008). There was no significant difference in the change of immobility between rats with 

sham and auricular ECS (P=0.709).  



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

89 

General well being    Anxiety 

Anxiety   Locomotor activity               Social interaction    

Behavioral despair 

Fig. 8. Grouped behavioral assessment after sham ECS, cortical ECS and auricular ECS arranged by treatment 

groups. (A) Weight changes [g] before and after ECS session. (B+C) Change in food intake [g] and latency to 

eat [sec] from novelty-induced hypophagia test to re-test session. Test session was performed one day before 

ECS. Re-test trial was performed two days after the fifth ECS. (D) Mean time [sec] spent in the center of the 

open field. (E) Grooming activity [sec] in open field. (F) Distance moved [cm] in the open field. (G-H) Mean 

distance between the subjects [cm] and time spent in close body contact [sec] in social interaction test. (I) 

Percentage change of immobility time in the forced swim test from test to re-test session. Test session was 

performed two days before ECS started. Re-test trial was performed one day after the fifth ECS. For comparison 

of sham and ECS groups unpaired Student’s t-test was performed. Error bars represent SEM. 

Considering group effects, both, cortical and auricular ECS could not reverse anxiety-like 

behavior in novelty-induced hypophagia and open field test. However, cortical ECS group 

showed reduced immobility time in the forced swim test and increased body weight gain. 
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Although there were no group differences between ECS methods and sham in most tests, 

significant variations in the response to ECS became apparent when individualizing the data. 

The individual classification of responders, non-responders and negative responders was 

based on mean performance (+/- SD) of the sham group. This value is indicated as dashed 

lines in Fig. 9. Please note the lacking of an unstressed control group as described in 2.2.3. In 

accordance with the group analysis, the most striking treatment effects became apparent when 

comparing general well being of the rats measured by body weight (Fig. 9A). 90% (9/10) of 

rats with cortical ECS gained body weight to the extent of exceeding the threshold for 

positive treatment response. The mean weekly body weight during the course of cortical ECS 

(13.3 g) was almost in line with the expected weight gain (15 g) of naïve male Wistar rats. In 

contrast 80% (8/10) of rats with auricular ECS were classified as negative treatment 

responders (Fig. 9A). Moreover, forced swimming turned out to be an appropriate test for 

selection of responders. 60% (6/10) of the rats with cortical ECS and 30% (3/10) of the rats 

with auricular ECS were classified as positive responders. Negative response was present in 

one rat with auricular ECS (Fig. 9I). The only test, in which rats with auricular ECS showed 

more positive treatment response than rats with cortical ECS was social interaction test (Fig. 9 

G+H). 30% (3/10) of the rats with cortical ECS, and 50% (5/10) of the rats with auricular 

ECS responded positively to the treatment when analyzing the mean distance between the 

subjects. The novelty-induced hypophagia test provides no convincing instrument to select 

high numbers of ECS responders and nonresponders (Fig. 9B+C). Concerning change in 

amount of eaten food only two sub-categorical positive responses were observed in rats with 

sham ECS and three sub-categorical negative responses were present in rats with auricular 

ECS. The analysis of eating latency provided one sub-categorical positive responder to sham 

ECS and two sub-categorical positive responders to cortical ECS, whereas two rats responded 

negatively to auricular ECS.  
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General well being               Anxiety 

Anxiety                                                                  Locomotor activity                   

  

 Social interaction                                                                                     Behavioral despair 

Fig. 9. Individual behavioral assessment after sham ECS, cortical ECS and auricular ECS arranged by treatment 

groups. Classification of positive responders (+), non-responders (0) and negative responders (-) based on mean 

+/- SD of sham group (dashed lines). Each value represents the value of a single rat. Lines represent means. (A) 

Measure of changes in body weight [g] during the course of seven (sham)-ECS treatments. (B) Change in food 

intake [g] during novelty-induced hypophagia test. (C) Change of latency to eat [sec] during novelty-induced 

hypophagia test. (D) Time [sec] spent in the center of the open field. (E) Grooming activity [sec] in the open 

field. (F) Distance moved [cm] in the open field. (G) Distance between subjects [cm] during social interaction. 

(H) Time spent in close body contact [sec] during social interaction. (I) Change of immobility time [%] from test 

to re-test session. 

3.3.4 Selection of ECS overall responders and non-responders based on the diagnostic 

tool 

Evaluation of responses demonstrated that significant more positive responses could be 

detected in the rats, which received cortical stimulation compared to sham (P=0.006) (Fig. 
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10A). Number of negative treatment responses was increased in auricular ECS group 

(P=0.049) (Fig. 10B). The percentage distribution (Fig. 10C) of classified values revealed that 

35% of the responses estimated for rats with cortical ECS were classified positive. Rats with 

sham or auricular ECS displayed positive response in respectively 16% of the measured 

parameters. For both, rats with cortical and auricular ECS, the largest proportion of values, 

59%, were non-responses, which was less than rats with sham ECS (74%). The highest 

percentage of negative responses (25%) could be attributed to rats with auricular ECS 

followed by rats with sham ECS (10%). 6% of the responses classified for rats with cortical 

ECS were negative. 

The 10-item diagnostic assessment tool (Tab. 5) showed that 30% (3/10) of rats with cortical 

ECS fulfilled criteria of overall positive response. 70% (7/10) of rats with cortical ECS were 

classified as overall non-responders. No overall negative treatment response was present in 

rats with cortical ECS. In contrast, 20% (2/10) of rats with auricular ECS were characterized 

as overall negative responders. Overall non-response existed in 80% (8/10) of rats with 

auricular ECS. There was no positive treatment response in rats with auricular ECS.   

Fig. 10. Summary of treatment effects caused by sham, cortical and auricular ECS. (A) Total number of direct 

treatment responses. Cortical ECS induced significantly more treatment responses compared to sham ECS 

(P=0.006).  There were no significant differences between rats with sham or auricular ECS (P=1.000). (B) Total 

number of direct negative treatment responses. Cortical ECS did not affect the number of negative treatment 

responses (P=0.539). Auricular ECS induced significantly more negative treatment responses compared to sham 

ECS (P=0.049). (C) Percentage distribution of responses, non-responses and negative responses. For comparison 

of number of responses Mann-Whitney test was performed.*P�0.05, **P<0.01. Error bars represent SEM.  
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Tab. 5. 10-item diagnostic assessment tool, which combines treatment effects of sham, cortical and auricular 

ECS. Each row represents the individual classification of a single rat in the different tests before and after ECS. 

For overall classification of treatment response, responses concerning anhedonia, weight change, anxiety, 

locomotor activity, social interaction and behavioral despair were summed. Criteria for overall positive treatment 

response were positive responses in four or more symptom group. For overall negative treatment response, 

negative responses in four or more symptom groups were required.  Rats not responding to either criterion were 

characterized as overall non-responders. After CMS and cortical ECS, 30% (3/10) of the animals fulfilled criteria 

of overall positive treatment responders, whereas the remaining 70% (7/10) were classified as overall non-

responders. Overall non-response in auricular ECS group was present in 80% (8/10) of the animals. No overall 

positive treatment response was detected, but overall negative treatment effects were found in 20% (2/10) of the 

animals.  

3.3.5 Comparison of both selection methods for the separation of ECS responders and 

nonresponders 

The comparison of the number of positive responders given by the diagnostic tool (3/10) with 

the number of anhedonic-like rats (4/6), which responded positively in sucrose consumption 

test, revealed the presence of a higher proportion of positive responders after selection via 

sucrose intake. It should be noted that positive response in sucrose consumption test did not 

necessarily appear together with overall positive response in the assessment tool. One out of 

four formerly anhedonic-like rats, which showed positive treatment response to cortical ECS 

in the sucrose consumption test, was classified as overall responder in the assessment tool. 

Moreover, there was one anhedonic-like rat that revealed non-response in sucrose 

consumption but overall positive response in the tool. The third overall positive responder did 

not show anhedonic-like behavior prior to ECS treatment. 

As described in 3.3.3, not all tests, which were conducted in connection with the diagnostic 

tool, seem to be feasible for a valid selection of responders. Therefore, the diagnostic tool 

needs a comprehensive review regarding the relevance of the used test. It seemed to be 

appropriate to focus on the measurement of cardinal symptoms of depressive disorders, which 

are, in rodent depression models, anhedonia (Willner et al., 1992) or behavioral despair 

(Porsolt et al., 1977). 

3.4 Comparison of citalopram and ECS treatment  

The relation of the amount of sub-categorical responses between rats with chronic citalopram 

treatment, cortical ECS or auricular ECS (Fig. 11) specified the benefit of cortical ECS. The 

number of positive responses induced by cortical ECS is significantly higher compared to 

antidepressant drug treatment (P<0.01) or auricular ECS (P<0.01) (Fig. 11A). On the 
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contrary, enhanced numbers of negative treatment responses could be detected after auricular 

ECS compared to cortical ECS (P<0.05) (Fig. 11B). The observation is reflected on the level 

of overall treatment response. There was no overall positive responder to citalopram or 

auricular ECS but 30% of rats with cortical ECS were classified as overall positive 

responders.  

Fig. 11. Comparison of treatment effects caused by chronic citalopram treatment, cortical ECS and auricular 

ECS. The selection of sub-categorical responses based on the diagnostic tool. (A) Total number of direct 

treatment responses. Cortical ECS induced significantly more treatment responses compared to citalopram or 

auricular ECS (P<0.01). There were no significant differences between rats with citalopram or auricular ECS. 

(B) Total number of direct negative treatment responses. Auricular ECS induced significantly more negative 

treatment responses compared to cortical ECS (P<0.05). There were no significant differences between rats with 

citalopram and cortical ECS and rats with citalopram and auricular ECS. For comparison of number of responses 

Kruskal-Wallis followed Dunn’s post hoc test was performed. *P�0.05, **P<0.01. Error bars represent SEM. 

3.5 Bdnf methylation analysis 

To assess Bdnf DNA methylation, we evaluated 20 CpG sites in the promoter region of exon 

IV, which is considered to control neuronal activity-dependent Bdnf expression (Tsankova et 

al., 2006). Selection based on sucrose consumption test (Fig. 12A, 13A) and on the diagnostic 

tool (Fig. 12B, 13B). Please note the lacking of an unstressed control group as described in 

2.2.3. Mean methylation rates of all 20 analyzed CpG sites of Bdnf exon IV in prefrontal 

cortex, hippocampus and blood are not affected by citalopram, independently from the 

selection method (Fig. 12). However, mean Bdnf exon IV methylation rates in blood of sham 

treated animals and citalopram non-responders were significantly increased in comparison to 

prefrontal cortex and hippocampal tissue.  
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Fig. 12. Mean methylation rates of all 20 analyzed CpG sites of Bdnf exon IV promoter in prefrontal cortex, 

hippocampus and blood of citalopram non-responders (non-resp), citalopram negative responders (neg-resp) and 

vehicle treated rats. (A) Separation of responders based on sucrose consumption. Mean Bdnf DNA methylation 

rates did not differ significantly between rats with anhedonic vehicle treated rats and citalopram non-responders 

in PFC (P=0.380), hippocampus (P=0.694) or blood (P=0.985). Bdnf DNA methylation of rats with vehicle 

treatment and of citalopram non-responders was significantly increased in blood compared to brain tissue. Data 

from rats not respond to CMS with anhedonic-like behavior (n=3) are not shown. Moreover, rats responding 

positively (n=1) or negatively (n=1) to vehicle treatment are not shown. (B) Separation of responders based on 

the diagnostic tool. Mean Bdnf DNA methylation rates did not differ significantly between rats with vehicle and 

citalopram non-responders in PFC (P=0.099), hippocampus (P=0.760) or blood (P=0.511). Bdnf DNA 

methylation of rats with vehicle treatment and of citalopram non-responders was significantly increased in blood 

compared to brain tissue. For intergroup comparison Student’s t-test was performed. One-way ANOVA 

followed Bonferroni’s was performed for tissue comparison °°°P<0.001, °°P<0.01 PFC vs. blood; ***P<0.001, 

**P<0.01 hippocampus vs. blood). Data from the citalopram neg-resp group was excluded from statistical 

analysis due to small sample size. Error bars represent SEM. 

Mean methylation rates of all 20 analyzed CpG sites of Bdnf exon IV in prefrontal cortex, 

hippocampus and blood is not related to ECS treatment or response to ECS, regardless from 

the used separation method (Fig. 13). Again, significant differences with respect to analyzed 

tissue could be detected. In blood samples of sham or ECS treated rats, mean methylation 

rates of Bdnf exon IV were significantly enhanced compared to prefrontal cortex and 

hippocampus.  
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Fig. 13. Mean methylation rates of all 20 analyzed CpG sites of Bdnf exon IV promoter in prefrontal cortex 

(PFC), hippocampus and blood of ECS treated rats. (A) Separation of responders based on sucrose consumption. 

(B) Separation of responders based on diagnostic tool. Cortical and auricular ECS as well as treatment responses 

are not associated with altered mean methylation rates compared to sham treated rats. Mean Bdnf methylation 

rate in blood samples is significantly increased in comparison to prefrontal cortical or hippocampal tissue. One-

way ANOVA followed Dunnett’s test was used to analyze intergroup differences. One-way ANOVA followed 

Bonferroni’s was performed for tissue comparison °°°P<0.001 PFC, °P�0.05 vs. blood, ***P<0.001, **P<0.01 

hippocampus vs. blood. Data from the groups < 3 were excluded from statistical analysis. Error bars represent 

SEM.

3.6 Bdnf protein expression 

To estimate whether changes in Bdnf expression could be detected on protein level, western 

blot analysis were performed (Fig 14, 15). Both, selection of responders by sucrose 

consumption and by the diagnostic tool, caused a reduction of group sizes that made a 

statistical evaluation barely possible. In those cases, in which statistics were applicable, no 

differences in Bdnf protein expression between CMS-exposed rats with vehicle or citalopram-

treatment (Fig. 14C), or between rats with sham and ECS-treatment (Fig. 15 C+D) were 

detected.   
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Fig. 14. Bdnf protein expression analysis. (A) Separation of responders based on sucrose consumption. Effect of 

citalopram treatment onto Bdnf expression in PFC and hippocampus was not analyzed statistically due to small 

sample size. (B) Separation of responders based on sucrose consumption. Effect of citalopram treatment onto 

Bdnf expression in blood was not analyzed statistically due to small sample size. (C) Separation of responders 

based on diagnostic tool. There were no significant differences between sham treated rats and citalopram non-

responders (non-resp) or citalopram negative responders (neg-resp) in PFC (P=0.311) and hippocampus (P= 

0.151). (D) Separation of responders based on diagnostic tool. The effect of chronic citalopram onto Bdnf 

protein expression in blood could not be analyzed due to small sample sizes. For statistical analysis Student’s t-

test was performed. Data are shown as mean SEM. 
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Fig. 15. Bdnf protein expression analysis. (A) Separation of responders (resp) based on sucrose consumption. 

Effects of ECS treatment onto Bdnf expression in PFC and hippocampus was not analyzed statistically due to 

small sample size. (B) Separation of responders based on sucrose consumption. Effects of ECS treatment onto 

Bdnf expression in blood was not analyzed statistically due to small sample size. (C) Separation of responders 

based on diagnostic tool. Cortical ECS treatment did not change Bdnf protein expression in PFC (P=0.394) or 

hippocampus (P=0.644). Alike auricular ECS do not alter Bdnf protein expression significantly in PFC 

(P=0.415) or hippocampus (P=0.172). (D) Separation of responders based on diagnostic tool. Non-response to 

auricular treatment was not associated with significantly altered Bdnf expression in blood (P=0.829) compared 

to sham treated animals. Remaining groups were excluded from statistical analysis due to small sample sizes. 

One way ANOVA followed by Dunnet’s test was performed for analysis of Bdnf protein in brain tissue. For 

analysis of blood, Student’s t-test was performed. Data are shown as mean + SEM. 
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4. Discussion

The principal aim of this study was to develop a pharmacoresistant depression model for rats 

with high predictive validity and to investigate the possible role of Bdnf DNA methylation 

and protein expression in response to antidepressant therapies. The main new aspect of the 

proposed model is the combination of the rat CMS model of depression (Willner et al., 1987) 

with a multifactorial diagnostic assessment tool to compare two antidepressive therapies, 

which are psychopharmacotherapy and ECS. The diagnostic tool allowed the individual 

evaluation of treatment effects on general well being, anhedonic-like behavior, anxiety-like 

behavior, disturbances in social interaction, behavioral despair, and alterations in locomotor 

activity. Thus, depressive-like behavior and treatment response could be mirrored in several 

symptoms, which might occur independently from each other, and based not exclusively on 

anhedonic-like behavior. As in humans the therapeutic effect of ECS was better than 

antidepressant treatment. The response rate of cortical ECS, which were estimated with the 

assessment tool, reached a value of 30% that is slightly below the 35-80%, which is reported 

for ECT in human patients with treatment resistant depression (Petrides et al., 2001; Sackeim 

et al., 2008). We could demonstrate that cortical ECS is a better method than conventional 

auricular ECS to model human ECT regarding general well being of the rats, antidepressant 

efficacy of the treatment and construct validity of the model. Moreover, we could not detect 

that mechanisms of therapy resistance are mediated by alterations in DNA methylation in 

exon IV of the Bdnf gene or changes in Bdnf protein expression in prefrontal cortex, 

hippocampus or blood. 

4.1 Model and diagnosis of pharmacoresistant depression  

The CMS model of depression (Willner et al., 1987) is a highly validated method to reflect 

symptoms of human MDD in rats, and to analyze antidepressant therapy effects. As a core 

symptom of MDD, CMS causes changes in hedonic-like behavior, which are mirrored by 

decreased intake or preference of sweet solution. Moreover, CMS induces alterations in 

locomotor activity and sexual behavior, behavioral despair or changes in sleep pattern 

(Willner, 2005). Despite high validity of CMS, some studies failed to show stress-induced 

decrease in preference or consumption of sweet solution, which put into question the 

relevance of measuring sucrose consumption alone to select stress sensitive and stress-

resistant animals (Matthews et al., 1995). We could detect CMS-induced reduced body weight 

gain in all stress exposed rats, regardless whether they were classified as hedonic- or 

anhedonic-like in the sucrose consumption test. We concluded from this observation that rats 
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can be in a stressed condition despite the absence of hedonic disturbances. It may be 

questioned whether the lack of stress-induced reward deficits alone might reflect stress 

resilience. In the last years, some studies were performed using CMS to remodel treatment-

resistant depression as well as stress resistance in rats (Bisgaard et al., 2007; Henningsen et 

al., 2012; Jayatissa et al., 2006). CMS-exposure induced reduced intake of sucrose solution in 

a subgroup of rats, which were regarded as anhedonic-like. Another group of rats did not 

respond with changes in sucrose consumption and were considered as stress-resilient. During 

the following course of chronic escitalopram treatment, rats were retested for sucrose intake. 

While one group of anhedonic-like animals responded to the SSRI, reflected by an increase of 

sucrose consumption, another group showed no increase of sucrose intake and was considered 

as treatment resistant. In addition, Jayatissa et al. (2006) reported an association between 

response and resilience to escitalopram and increased or unchanged proliferation of adult 

hippocampal neural progenitors. In contrast, a further study of the same work groups reported 

CMS induced working memory impairments that were present in stressed rats regardless 

whether they were assigned to the hedonic- or anhedonic-like group (Henningsen et al., 

2009). 

In the present study, we extended and thereby specified the selection process of therapy 

responders, non-responders and the occurrence of adverse reactions, by generating a 

multifactorial evaluation system for the CMS model of depression. The evaluation system 

was developed and assessed in accordance to human diagnostic instruments such as the 17-

item Hamilton Rating Scale for Depression (HAM-D) (Hamilton, 1959) to increase the 

validity of animal models of treatment-resistant depression and to enhance the translational 

potential of investigated antidepressant therapies. In clinics, treatment response is defined as 

achieving a 50% drop in Ham-D scores from baseline. A similar definition for overall 

response is found in the rat assessment tool. Overall treatment response was defined as 

achieving sub-categorical positive response in approximately 66% (ECS) or 60% (citalopram) 

of the analyzed parameters. 

4.2 Demonstrating resistance to citalopram 

Chronic citalopram treatment could not improve depressive- and anxiety-like behavior. Rather 

negative treatment effects became apparent in a subgroup of animals. The resistance to 

citalopram supported the capability of the model to resemble pharmacoresistant depression. In 

contrary to other studies, chronic citalopram treatment failed to reverse anhedonic-like 

behavior in the sucrose consumption test in any rat. Several studies demonstrated the 
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sensitivity of the CMS model to chronic escitalopram or citalopram treatment (Christensen et 

al., 2011; Jayatissa et al., 2006; Papp et al., 2002; Sanchez et al., 2003). Reasons for different 

results could include the modified version of the sucrose consumption test that we used. 

Usually, confrontation with sucrose solution last 1-2 h with prior food- and water deprivation. 

In the present study, no food or water deprivation was applied prior to sucrose consumption to 

minimize metabolic influences and to avoid effects of acute stress before testing. 

Furthermore, the free access to sucrose solution and tap water was increased to 14 hours to 

reduce possible neophobic effects against the abnormal drinking condition. Due to these 

reasons, modified performance of the sucrose consumption or preference test was also applied 

in other laboratories (Strekalova et al., 2004). Another explanation for the missing number of 

citalopram positive responders is the small group size of seven animals. If more animals had 

been used, there would have been probably rats that responded positively to chronic 

citalopram treatment. Moreover, citalopram has an elimination half-life in the rat of only 3-5 

hours (Melzacka et al., 1984). Thus, once daily injections of citalopram might not have been 

sufficient to maintain an adequate concentration of the drug. 

4.3 Demonstrating responsiveness to cortical ECS 

In a previous study, we proposed cortical ECS as an improved method for modeling human 

ECT in rats. We demonstrated that cortical ECS had a pronounced effect in the Porsolt forced 

swim test and was associated with less negative side effects such as weight loss or fear-related 

22 kHz ultrasonic vocalization compared to auricular ECS (Theilmann et al., 2014). In the 

present study we could replicate the findings concerning the auricular ECS-induced fear-

related vocalization as well as reduced immobility time in rats with cortical ECS. Moreover, 

cortical ECS increased intake of sucrose solution in a subgroup of anhedonic-like rats, 

demonstrating the sensitivity of the used sucrose consumption test to antidepressant 

treatments. The present study does not only underline the superior antidepressant efficacy of 

cortical ECS compared to auricular ECS, but also intensifies concerns about the ethical 

acceptability of auricular ECS. Altogether 30% of rats with cortical ECS could be classified 

as overall positive responders. In contrast to cortical ECS, no overall positive response to 

auricular ECS was detected. 80% of rats with auricular ECS fulfilled criteria of overall non-

response, and 20% of rats showed overall negative response to auricular ECS. Comparing of 

the ten imposed treatment responses illustrates the ascendency of cortical ECS more 

obviously. The occurrence of positive treatment responses was significantly increased in rats 

with cortical ECS compared to animals with sham or auricular ECS. In contrast, negative 
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responses were significantly more frequent in rats with auricular ECS compared to rats with 

sham or cortical ECS.  

Striking was the contrary bodyweight development during ECS. Whereas rats with cortical 

ECS gained bodyweight significantly, rats with auricular ECS lost bodyweight significantly. 

The detected bodyweight loss after auricular ECS does not only confirm the consistency of 

our previous findings, but is also in line with findings from other studies (Hendley, 1976; 

Modigh, 1975). Segi-Nishida et al. (2013) reported an association between auricular ECS-

induced weight loss in mice and anorexigenic signaling in the hypothalamus. In a study of 

Prewett and Millner (1977), a reduced water and food intake of rats after auricular ECS was 

detected.  Anorexic effects of auricular ECS could have affected the performance of rats with 

auricular ECS in sucrose consumption test and novelty-induced hypophagia and would 

explain the decreased number of positive responses in those tests compared to rats with 

cortical ECS or sham. However, fear-related vocalization in combination with an increased 

number of sub-cortical negative responses to auricular ECS, regardless whether they 

comprised food or sucrose intake, could also point to a distressed state of the rats.    

The different effects of the two ECS methods might be due to the activation of different brain 

regions caused by electrode positioning. The impact of seizure induction site regarding 

seizure type, pharmacological responsiveness and biochemical changes, was investigated in 

several studies, which demonstrated significant differences between corneal and auricular 

ECS in rats (Browning and Nelson, 1985; Ferraro et al., 1990; Isaac et al., 1985; Löscher et 

al., 1991). CMS was continued during antidepressant therapy. This could explain the number 

of positive responders as well as negative responders in sham or vehicle treated rats in the 

sucrose consumption test. Adaptation processes or increased stressed condition due to 

ongoing CMS, could be an explanation. However, no overall positive responders were present 

in the sham or saline group. 

4.4 Relevance of the new diagnostic tool

The probably most important point of criticism on the diagnostic tool refers to the absence of 

unstressed controls, which makes it impossible to determine whether CMS-exposed rats 

would have performed at the same level than control rats after ECS or citalopram treatment. 

The control rats, which were tested after completing experiment one and two, behave 

differently from previous controls, mainly to do different handling and experimental 

conditions. Therefore, we decided to publish only data from sucrose consumption test. Further 

issues arose concerning the relevance and interpretation of some symptoms in major 
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depression. There are contrary findings and renditions concerning locomotor activity in CMS-

exposed animals (Gronli et al., 2005; Katz et al., 1981). Stress-induced high activity could 

resemble psychomotor agitation in human depression (Gronli et al., 2005). Reduced 

locomotor activity could also point to a lack of motivation, often present in depressed 

patients. In the present study, diminished locomotor activity was interpreted as depressive-

like behavior due to previous findings in our lab, which showed CMS-induced decreased 

activity in the open field. A further point of criticism could be the increased number of 

anxiety-associated measures that are included into the tool. The aim of the merging of 

anxiety-related measures to one symptom group was to prevent an enhanced weighting of 

anxiety-related behavior. Moreover, it is widely proven that, although depression and anxiety 

are distinct psychiatric disorders, they are comorbid in up to 60% of depressive patients 

(Kaufman and Charney, 2000), or that anxiety symptoms are secondary to depression (Fava 

and Kendler, 2000).  

An advantage of this tool is the possibility to assess the co-occurrences of depressive related 

symptoms. Strekalova et al. (2004) observed a correlation of submissive behavior and the 

manifestation of CMS-induced anhedonia in mice. Furthermore, anhedonia was correlated 

with behavioral despair and decreased exploration of novelty. However, stress-induced 

anxiety-like behavior, changes in locomotor activity and body weight were present 

independently from hedonic deficits. Due to the small sample sizes, statistical correlation was 

not feasible in the present study. But when considering the hedonic-like state of the rats, both 

before and after cortical ECS and the overall treatment response (Tab. 5), it could be assumed 

that the lack of hedonic disturbances is not mandatorily linked with overall treatment 

response. One out of four prior anhedonic-like rats, which showed treatment response to 

cortical ECS in the sucrose consumption test, was classified as overall responder. Moreover, 

there was one preassigned anhedonic-like rat that revealed non-response in sucrose 

consumption but overall response in the diagnostic toool. The third overall positive responder 

was unclassifiable prior ECS treatment. Nevertheless, sucrose consumption test, next to 

forced swim test, revealed the clearest and most reliable distinction between ECS responders 

and non-responders, especially due to the presence of “before and after treatment” values. 

60% (4/6) of former anhedonic-like rats responded to cortical ECS in sucrose consumption 

test. Positive response to cortical ECS in forced swimming became apparent in 60% (6/10) of 

the rats. Novelty-induced hypophagia and open field test enabled only a weak differentiation 

of responders and nonresponders, which could be responsible to the low proportion of 30% 

(3/10) overall positive responders to cortical ECS. The findings might indicate that cortical 
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ECS is not effective for symptomatic treatment of anxiety. Moreover, it is to balance whether 

the assessment tool provides a more precise diagnosis or whether it obliterates results due to 

small sample sizes, which lowers the precision to investigate statistical differences or make it 

even impossible. This is a further major drawback of the proposed model strategy. The high 

expenditure of time and resources made a fast high-throughput screening of antidepressant 

therapies almost impossible.  

Human depressive disorders can be caused by various factors, and can be accompanied by a 

wide range of symptoms and pathological findings (Krishnan and Nestler, 2008). In the case 

of the CMS model, all rats experienced the same stress procedure, which suggests that the 

underlying cause of the disease, the pathology and symptomatic are almost restricted. Only 

genetic heterogeneity of outbred rat strains might contribute to possible within-strain 

variability (Papaioannou and Festing, 1980). Therefore, it might be appropriate to concentrate 

on cardinal symptoms of depressive-like behavior in rats, such as anhedonia (Willner et al., 

1992), which is measured in the sucrose consumption test, and behavioral despair, which is 

estimated in forced swim test (Porsolt et al., 1977). The opposing weight development during 

cortical and auricular ECS sessions was also striking and should be taken into account when 

assessing depressive-like behavior. However, weight change should be considered as a side 

symptom, and is also weighted less heavily in the HAM-D scale for human depression 

(Hamilton, 1959).  

In conclusion, the feasibility study for the diagnostic tool should be repeated with some 

modifications concerning the number and nature of the behavioral parameters that are 

included into the tool. The tool should focus more on cardinal symptoms of depression, 

especially anhedonia and behavioral despair. Moreover, only one or two anxiety-related 

symptoms such as grooming activity or time spent in the center of the open field should be 

included into the tool. The novelty-induced hypophagia test can be dispensed from the tool 

due to the limited information value. Moreover, it is to consider, whether a more detailed 

scoring system that take into account the severity of symptoms should be introduced. Further 

investigations should be accompanied by controls from the beginning in order to receive 

reliable reference data.  

4.5 No differences in Bdnf DNA methylation or protein expression 

In the present study, treatment response or resistance to citalopram or ECS was not associated 

with altered Bdnf DNA methylation rates or Bdnf protein expression rates. These findings 

seem to be contrary to several studies reporting increased Bdnf brain and blood levels after 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

106 

chronic antidepressant drug and ECS treatment (Nibuya et al., 1995; Nibuya et al., 1996; 

Russo-Neustadt et al., 2004; Ryan et al., 2013; Tsankova et al., 2006). However, these studies 

revealed methodological differences concerning the affective state of the rodents (e.g. healthy 

rats, used animal model of depression). Depending on the nature and timing of the stressor, 

different brain regions seem to be involved in stress response and may be altered differentially 

regarding Bdnf DNA methylation. In a rat model of PTSD, which based on acute predator 

stress and chronic social stress, hypermethylation of Bdnf exon IV was observed in dorsal 

hippocampus (CA1), whereas decreased methylation was reported for the ventral 

hippocampus (CA3). No changes were reported for the prefrontal cortex or amygdala (Roth et 

al., 2011). Lubin et al. (2008) observed hypomethylation of Bdnf exon IV together with 

increased Bdnf mRNA expression in area CA1 of rats after contextual fear conditioning. In 

contrast, early life stress by infant maltreatment mediates long-lasting decreased Bdnf mRNA 

expression and increased methylation of Bdnf exons IV and XI in prefrontal cortex but not 

hippocampus (Roth et al., 2009). A more detailed selection of the dissected brain areas would 

be preferable for further investigations.

However, Hansson et al. (2011) observed a robust down regulation of hippocampal mRNA 

Bdnf expression by escitalopram in female rats, which was accompanied with decreased 

immobility times in the forced swim test. This indicates, together with the findings of the 

thesis, that elevated Bdnf expression might be not necessarily required for antidepressant 

response and that Bdnf’s role as biomarker needs to be further investigated. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

107 

References 

Anisman H and Matheson K (2005) Stress, depression, and anhedonia: caveats concerning animal models. 

Neurosci Biobehav Rev 29(4-5):525-546. 

Beck AT, Ward CH, Mendelson M, Mock J and Erbaugh J (1961) An inventory for measuring depression. Arch 

Gen Psychiatry 4:561-571. 

Bergstrom A, Jayatissa MN, Thykjaer T and Wiborg O (2007) Molecular pathways associated with stress 

resilience and drug resistance in the chronic mild stress rat model of depression: a gene expression 

study. J Mol Neurosci 33(2):201-215. 

Bisgaard CF, Jayatissa MN, Enghild JJ, Sanchez C, Artemychyn R and Wiborg O (2007) Proteomic 

investigation of the ventral rat hippocampus links DRP-2 to escitalopram treatment resistance and 

SNAP to stress resilience in the chronic mild stress model of depression. J Mol Neurosci 32(2):132-144. 

Bodnoff SR, Suranyi-Cadotte B, Aitken DH, Quirion R and Meaney MJ (1988) The effects of chronic 

antidepressant treatment in an animal model of anxiety. Psychopharmacology (Berl) 95(3):298-302. 

Browning RA and Nelson DK (1985) Variation in threshold and pattern of electroshock-induced seizures in rats 

depending on site of stimulation. Life Sci 37(23):2205-2211. 

Christensen T, Bisgaard CF and Wiborg O (2011) Biomarkers of anhedonic-like behavior, antidepressant drug 

refraction, and stress resilience in a rat model of depression. Neuroscience 196:66-79. 

Cohen JA and Price EO (1979) Grooming in the Norway rat: displacement activity or "boundary-shift"? Behav 

Neural Biol 26(2):177-188. 

Duman RS and Monteggia LM (2006) A neurotrophic model for stress-related mood disorders. Biol Psychiatry

59(12):1116-1127. 

Fava M (2003) Diagnosis and definition of treatment-resistant depression. Biol Psychiatry 53(8):649-659. 

Fava M and Kendler KS (2000) Major depressive disorder. Neuron 28(2):335-341. 

Ferraro TN, Golden GT and Hare TA (1990) Repeated Electroconvulsive Shock Selectively Alters gamma-

Aminobutyric Acid Levels in the Rat Brain: Effect of Electrode Placement. Convuls Ther 6(3):199-208. 

File SE and Hyde JR (1978) Can social interaction be used to measure anxiety? Br J Pharmacol 62(1):19-24. 

Forbes NF, Stewart CA, Matthews K and Reid IC (1996) Chronic mild stress and sucrose consumption: validity 

as a model of depression. Physiol Behav 60(6):1481-1484. 

Gorka Z, Moryl E and Papp M (1996) Effect of chronic mild stress on circadian rhythms in the locomotor 

activity in rats. Pharmacol Biochem Behav 54(1):229-234. 

Gronli J, Murison R, Fiske E, Bjorvatn B, Sorensen E, Portas CM and Ursin R (2005) Effects of chronic mild 

stress on sexual behavior, locomotor activity and consumption of sucrose and saccharine solutions. 

Physiol Behav 84(4):571-577. 

Hall C and Ballachey EL (1932) A study of the rat's behavior in a field. A contribution to method in comparative 

psychology. University of California Publications in Psychology 6:1-12. 

Hamilton M (1959) The assessment of anxiety states by rating. Br J Med Psychol 32(1):50-55. 

Hansson AC, Rimondini R, Heilig M, Mathe AA and Sommer WH (2011) Dissociation of antidepressant-like 

activity of escitalopram and nortriptyline on behaviour and hippocampal BDNF expression in female 

rats. J Psychopharmacol 25(10):1378-1387. 

Hendley ED (1976) Electroconvulsive shock and norepinephrine uptake kinetics in the rat brain. 

Psychopharmacol Commun 2(1):17-25. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

108 

Henningsen K, Andreasen JT, Bouzinova EV, Jayatissa MN, Jensen MS, Redrobe JP and Wiborg O (2009) 

Cognitive deficits in the rat chronic mild stress model for depression: relation to anhedonic-like 

responses. Behav Brain Res 198(1):136-141. 

Henningsen K, Palmfeldt J, Christiansen S, Baiges I, Bak S, Jensen ON, Gregersen N and Wiborg O (2012) 

Candidate hippocampal biomarkers of susceptibility and resilience to stress in a rat model of 

depression. Mol Cell Proteomics 11(7):M111 016428. 

Henningsen K, Woldbye DP and Wiborg O (2013) Electroconvulsive stimulation reverses anhedonia and 

cognitive impairments in rats exposed to chronic mild stress. Eur Neuropsychopharmacol 23(12):1789-

1794. 

Isaac L, Advokat C, Nelson DK and Browning RA (1985) Motor paralysis in rats after repeated 

electroconvulsive shock: comparison between aural and corneal stimulation. Life Sci 37(13):1257-1264. 

Jayatissa MN, Bisgaard C, Tingstrom A, Papp M and Wiborg O (2006) Hippocampal cytogenesis correlates to 

escitalopram-mediated recovery in a chronic mild stress rat model of depression. 

Neuropsychopharmacology 31(11):2395-2404. 

Karege F, Bondolfi G, Gervasoni N, Schwald M, Aubry JM and Bertschy G (2005) Low brain-derived 

neurotrophic factor (BDNF) levels in serum of depressed patients probably results from lowered platelet 

BDNF release unrelated to platelet reactivity. Biol Psychiatry 57(9):1068-1072. 

Katz RJ and Roth KA (1979) Stress induced grooming in the rat--an endorphin mediated syndrome. Neurosci 

Lett 13(2):209-212. 

Katz RJ, Roth KA and Carroll BJ (1981) Acute and chronic stress effects on open field activity in the rat: 

implications for a model of depression. Neurosci Biobehav Rev 5(2):247-251. 

Kaufman J and Charney D (2000) Comorbidity of mood and anxiety disorders. Depress Anxiety 12 Suppl 1:69-

76. 

Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, Rush AJ, Walters EE and Wang PS (2003) 

The epidemiology of major depressive disorder: results from the National Comorbidity Survey 

Replication (NCS-R). JAMA 289(23):3095-3105. 

Krishnan V and Nestler EJ (2008) The molecular neurobiology of depression. Nature 455(7215):894-902. 

Kusmider M, Solich J, Palach P and Dziedzicka-Wasylewska M (2007) Effect of citalopram in the modified 

forced swim test in rats. Pharmacol Rep 59(6):785-788. 

Lewin J, Schmitt AO, Adorjan P, Hildmann T and Piepenbrock C (2004) Quantitative DNA methylation analysis 

based on four-dye trace data from direct sequencing of PCR amplificates. Bioinformatics 20(17):3005-

3012. 

Löscher W, Fassbender CP and Nolting B (1991) The role of technical, biological and pharmacological factors 

in the laboratory evaluation of anticonvulsant drugs. II. Maximal electroshock seizure models. Epilepsy 
Res 8(2):79-94. 

Lubin FD, Roth TL and Sweatt JD (2008) Epigenetic regulation of BDNF gene transcription in the consolidation 

of fear memory. J Neurosci 28(42):10576-10586. 

Matthews K, Forbes N and Reid IC (1995) Sucrose consumption as an hedonic measure following chronic 

unpredictable mild stress. Physiol Behav 57(2):241-248. 

Maust D, Cristancho M, Gray L, Rushing S, Tjoa C and Thase ME (2012) Psychiatric rating scales. Handb Clin 

Neurol 106:227-237. 

Melzacka M, Rurak A, Adamus A and Daniel W (1984) Distribution of citalopram in the blood serum and in the 

central nervous system of rats after single and multiple dosage. Pol J Pharmacol Pharm 36(6):675-682. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

109 

Modigh K (1975) Electroconvulsive shock and postsynaptic catecholamine effects: increased psychomotor 

stimulant action of apomorphine and clonidine in reserpine pretreated mice by repeated ECS. J Neural 

Transm 36(1):19-32. 

Montgomery SA and Asberg M (1979) A new depression scale designed to be sensitive to change. Br J 

Psychiatry 134:382-389. 

Moreau JL, Jenck F, Martin JR, Mortas P and Haefely WE (1992) Antidepressant treatment prevents chronic 

unpredictable mild stress-induced anhedonia as assessed by ventral tegmentum self-stimulation 

behavior in rats. Eur Neuropsychopharmacol 2(1):43-49. 

Moreau JL, Jenck F, Martin JR, Perrin S and Haefely WE (1993) Effects of repeated mild stress and two 

antidepressant treatments on the behavioral response to 5HT1C receptor activation in rats. 

Psychopharmacology (Berl) 110(1-2):140-144. 

Moreau JL, Scherschlicht R, Jenck F and Martin JR (1995) Chronic mild stress-induced anhedonia model of 

depression; sleep abnormalities and curative effects of electroshock treatment. Behav Pharmacol

6(7):682-687. 

Morton DB and Griffiths PH (1985) Guidelines on the recognition of pain, distress and discomfort in 

experimental animals and an hypothesis for assessment. Vet Rec 116(16):431-436. 

Muscat R, Papp M and Willner P (1992) Reversal of stress-induced anhedonia by the atypical antidepressants, 

fluoxetine and maprotiline. Psychopharmacology (Berl) 109(4):433-438. 

Nibuya M, Morinobu S and Duman RS (1995) Regulation of BDNF and trkB mRNA in rat brain by chronic 

electroconvulsive seizure and antidepressant drug treatments. J Neurosci 15(11):7539-7547. 

Nibuya M, Nestler EJ and Duman RS (1996) Chronic antidepressant administration increases the expression of 

cAMP response element binding protein (CREB) in rat hippocampus. J Neurosci 16(7):2365-2372. 

Papaioannou VE and Festing MF (1980) Genetic drift in a stock of laboratory mice. Lab Anim 14(1):11-13. 

Papp M, Moryl E and Willner P (1996) Pharmacological validation of the chronic mild stress model of 

depression. Eur J Pharmacol 296(2):129-136. 

Papp M, Nalepa I, Antkiewicz-Michaluk L and Sanchez C (2002) Behavioural and biochemical studies of 

citalopram and WAY 100635 in rat chronic mild stress model. Pharmacol Biochem Behav 72(1-2):465-

474. 

Petrides G, Fink M, Husain MM, Knapp RG, Rush AJ, Mueller M, Rummans TA, O'Connor KM, Rasmussen 

KG, Jr., Bernstein HJ, Biggs M, Bailine SH and Kellner CH (2001) ECT remission rates in psychotic 

versus nonpsychotic depressed patients: a report from CORE. J ECT 17(4):244-253. 

Porsolt RD, Le Pichon M and Jalfre M (1977) Depression: a new animal model sensitive to antidepressant 

treatments. Nature 266(5604):730-732. 

Roth TL, Lubin FD, Funk AJ and Sweatt JD (2009) Lasting epigenetic influence of early-life adversity on the 

BDNF gene. Biol Psychiatry 65(9):760-769. 

Roth TL, Zoladz PR, Sweatt JD and Diamond DM (2011) Epigenetic modification of hippocampal Bdnf DNA in 

adult rats in an animal model of post-traumatic stress disorder. J Psychiatr Res 45(7):919-926. 

Russo-Neustadt AA, Alejandre H, Garcia C, Ivy AS and Chen MJ (2004) Hippocampal brain-derived 

neurotrophic factor expression following treatment with reboxetine, citalopram, and physical exercise. 

Neuropsychopharmacology 29(12):2189-2199. 

Ryan KM, O'Donovan SM and McLoughlin DM (2013) Electroconvulsive stimulation alters levels of BDNF-

associated microRNAs. Neurosci Lett 549:125-129. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

110 

Sackeim HA, Prudic J, Nobler MS, Fitzsimons L, Lisanby SH, Payne N, Berman RM, Brakemeier EL, Perera T 

and Devanand DP (2008) Effects of pulse width and electrode placement on the efficacy and cognitive 

effects of electroconvulsive therapy. Brain Stimul 1(2):71-83. 

Sanchez C, Gruca P and Papp M (2003) R-citalopram counteracts the antidepressant-like effect of escitalopram 

in a rat chronic mild stress model. Behav Pharmacol 14(5-6):465-470. 

Shephard RA and Broadhurst PL (1982) Effects of diazepam and picrotoxin on hyponeophagia in rats. 

Neuropharmacology 21(8):771-773. 

Slattery DA and Cryan JF (2012) Using the rat forced swim test to assess antidepressant-like activity in rodents. 

Nat Protocols 7(6):1009-1014. 

Strekalova T, Spanagel R, Bartsch D, Henn FA and Gass P (2004) Stress-induced anhedonia in mice is 

associated with deficits in forced swimming and exploration. Neuropsychopharmacology 29(11):2007-

2017. 

Theilmann W, Löscher W, Socala K, Frieling H, Bleich S and Brandt C (2014) A new method to model 

electroconvulsive therapy in rats with increased construct validity and enhanced translational value. J 

Psychiatr Res 53:94-98. 

Tinbergen N (1952) Derived activities; their causation, biological significance, origin, and emancipation during 

evolution. Q Rev Biol 27(1):1-32. 

Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL and Nestler EJ (2006) Sustained hippocampal 

chromatin regulation in a mouse model of depression and antidepressant action. Nat Neurosci 9(4):519-

525. 

Willner P (2005) Chronic mild stress (CMS) revisited: consistency and behavioural-neurobiological concordance 

in the effects of CMS. Neuropsychobiology 52(2):90-110. 

Willner P, Moreau JL, Nielsen CK, Papp M and Sluzewska A (1996) Decreased hedonic responsiveness 

following chronic mild stress is not secondary to loss of body weight. Physiol Behav 60(1):129-134. 

Willner P, Muscat R and Papp M (1992) Chronic mild stress-induced anhedonia: a realistic animal model of 

depression. Neurosci Biobehav Rev 16(4):525-534. 

Willner P, Towell A, Sampson D, Sophokleous S and Muscat R (1987) Reduction of sucrose preference by 

chronic unpredictable mild stress, and its restoration by a tricyclic antidepressant. Psychopharmacology 

(Berl) 93(3):358-364. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

111 

Appendix A

Supplementary material

Table 1. Primer sequences 

PCR I BDNFr-E4-F3: 

BDNFr-E4-RC1: 

GTT TAG ATG ATG AAA GGT TTG GT 

TAC TCC TAT TCT TCA ACA AAA AAA TTA AAT 

PCR II BDNFr-E4-F2:

BDNFr-E4-RC1: 

ATA AAG TAT GTA ATG TTT TGG AA 

TAC TCC TAT TCT TCA ACA AAA AAA TTA AAT 

Table 2. Chronic mild stress protocol (CMS + citalopram) 

Stressor Duration Number of 

sessions 

Social crowding (four rats in one Makrolon type III cage) 7 h 6

Continuous light 36 h 6

Food deprivation 24 h 6

Food deprivation 22.5 h 1

Food deprivation 15.5 h 1

Water deprivation 21 h 1

Water deprivation 14 h 4

Swimming 40°C water 10 min 6

Swimming 15°C water 5 min 9

Wet bedding 16 h 5

Restraint stress 1 h 9

Restraint stress 0.5 1
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Table 3. Chronic mild stress protocol (CMS + ECS) 

Fig. 1. Example of grouped and individual behavioral assessment after CMS and antidepressant treatment 

arranged by treatment groups. (A) Grouped evaluation of body weight change during the ECS sessions. For 

group comparison the unpaired Student’s t-test was performed.**P<0.01, ***P<0.001. Mean + SEM are shown.

(B) Individual evaluation of body weight change during the ECS sessions. Classification of sub-categorical 

positive responders, non-responders and negative responders based on mean +/- SD of sham group (dashed 

lines). Each value represents the value of a single rat. Lines represent means.

Stressor Duration Number of 

sessions 

Social crowding (four rats in one Makrolon type III cage) 7 h 4

Social crowding (four rats in one Makrolon type III cage) 2 h 1

Continuous light 36 h 3

Food deprivation 24 h 2

Food deprivation 21.5 h 1

Water deprivation 14 h 2

Water and food deprivation 14 h 2

Swimming 40°C water 10 min 2

Swimming 15°C water 5 min 4

Swimming 25°C water (Forced swim test) 5 min 3

Wet bedding 16 h 4

Restraint stress 1 h 4
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Vehicle group 

A    Anhedonic/non-response  

B    Anhedonic/positive response      C    Anhedonic/negative response       D    Hedonic                   

E    Unclassifiable 

Fig. 2. Individual sucrose consumption survey of CMS-exposed and vehicle-treated rats. (A-C) Altogether five 

animals were classified as anhedonic-like after three weeks of CMS, of which (A) three rats were classified as 

non-responders, (B) one animal showed positive response after vehicle treatment, and (C) one further animal was 

classified as negative responder. (D) One rat was classified as hedonic-like after three weeks of CMS. Vehicle 

treatment reduced sucrose consumption, but not to the extent of negative treatment response. (E) Two rats were 

unclassifiable after three weeks of CMS. The vehicle treatment reduced sucrose intake, but not to the extent of 

negative treatment response. Small dashed lines represent threshold for selection of hedonic- and anhedonic-like 

rats (anhedonic-like rats >25% within-subject decrease in sucrose consumption and hedonic-like rats <10% 

within-subject decrease in sucrose consumption). Wide dashed lines represent threshold for positive response 

and solid lines represent threshold for negative treatment response. 
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Citalopram group 

A    Anhedonic/non-response 

                                                               

B     Hedonic/negative response            C    Unclassifiable/negative response 

Fig. 3. Individual sucrose consumption survey of CMS-exposed and citalopram-treated rats. (A) Five rats were 

classified as anhedonic-like after three weeks of CMS. Each of these animals showed non-response to chronic 

citalopram treatment. (B) One rat was classified as hedonic-like after three weeks of CMS. Negative response 

became apparent after chronic citalopram treatment. (C) One rat was unclassifiable after three weeks of CMS. 

The animal showed negative response to chronic citalopram treatment. Small dashed lines represent threshold for 

selection of hedonic- and anhedonic-like rats (anhedonic-like rats >25% within-subject decrease in sucrose 

consumption and hedonic-like rats <10% within-subject decrease in sucrose consumption). Wide dashed lines 

represent the threshold for positive response and solid lines represent threshold for negative treatment response. 
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Sham group 

A   Anhedonic/non-response 

  

B   Anhedonic/positive response                C    Hedonic 

D    Unclassifiable 

                                                                                        

Fig. 4. Individual sucrose consumption survey of CMS-exposed and sham ECS-treated rats. (A) Five rats, which 

showed anhedonic-like behavior after three weeks of CMS, revealed non-response to sham ECS. (B) One rat, 

which was characterized as anhedonic-like after CMS responded positively to sham ECS. (C) One rat was 

classified as hedonic-like after three weeks of CMS. Sham ECS did not affect the sucrose consumption. (D) 

Three rats were unclassifiable after three weeks of stress exposure. Small dashed lines represent threshold for 

selection of hedonic- and anhedonic-like rats (anhedonic-like rats >25% within-subject decrease in sucrose 

consumption and hedonic-like rats <10% within-subject decrease in sucrose consumption). Wide dashed lines 

represent the threshold for positive response and solid lines represent threshold for negative treatment response.
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Fig. 5. Individual sucrose consumption survey of CMS-exposed and cortical ECS-treated rats. (A+B) Altogether 

six rats were classified as anhedonic-like after three weeks of stress exposure. (A) Two of these animals did not 

respond to cortical ECS. (B) Four rats showed positive response to cortical ECS. (C) Three rats were 

characterized as hedonic-like after three weeks of CMS. Cortical ECS did not alter sucrose intake significantly. 

(D) One rat was unclassifiable after three weeks of CMS. Cortical ECS did not induce significantly changes in 

sucrose intake. Small dashed lines represent threshold for selection of hedonic- and anhedonic-like rats 

(anhedonic-like rats >25% within-subject decrease in sucrose consumption and hedonic-like rats <10% within-

subject decrease in sucrose consumption). Wide dashed lines represent the threshold for positive response and 

solid lines represent threshold for negative treatment response. 



STUDY III: A NEW STRATEGY TO MODEL TREATMENT RESISTANT DEPRESSION IN RATS

118 

Auricular ECS group 

A    Anhedonic/non-response 

B   Anhedonic/positive response        C   Hedonic                                        D   Hedonic/negative response  

      

E   Unclassifiable         F   Unclassifiable/negative response 

Fig. 6. Individual sucrose consumption survey of CMS-exposed and auricular ECS-treated rats. (A+B) Six rats 

revealed anhedonic-like deficits after three weeks of CMS. (A) Five of these rats showed non-response to 

auricular ECS. (B) One rat responded positively to auricular ECS. (C+D) Two rats were classified as hedonic-

like after three weeks of CMS. (C) One hedonic-like rat did not respond to auricular ECS with diminished 

sucrose intake. (D) One of these rats showed a reduced sucrose intake after auricular ECS and was classified as 

negative responder. (E+F) Two rats were unclassifiable after three weeks of stress exposure. (E) One 

unclassified rat did not change sucrose consumption to the extent of negative treatment response. (F) The second 
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unclassified rat showed negative treatment response. Small dashed lines represent threshold for selection of 

hedonic- and anhedonic-like rats (anhedonic-like rats >25% within-subject decrease in sucrose consumption and 

hedonic-like rats <10% within-subject decrease in sucrose consumption). Wide dashed lines represent the 

threshold for positive response and solid lines represent threshold for negative treatment response. 
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7. Discussion 

The high number of depressive patients that do not achieve remission with standard 

antidepressant drugs underlines the urgency to discover next generation antidepressants with 

increased efficacy and tolerability. The use of valid preclinical models for treatment-resistant 

depression is required to estimate pathophysiological mechanisms of treatment resistance, to 

identify biomarkers for therapy response or develop novel treatment options. With the present 

studies we made a contribution to these demands. First, an enhanced method to model human 

ECT in rats, the cortical ECS, was established (Theilmann et al., 2014). Second, the CMS 

model of depression was used to establish a model of treatment-resistant depression. Third, 

for the diagnosis of depression-related behavior, a rat assessment tool was developed to 

enhance the diagnostic possibilities to detect depression-related behavior in rats (Manuscript 

III). 

7.1 Modeling antidepressant treatment methods, treatment-resistant depression 

and diagnostic procedures in rats 

7.1.1 Modeling ECT in rats 

It is widely accepted that ECT is the most effective treatment method in pharmacoresistant 

depressive disorders. Therefore, an appropriate base point for development of valid animal 

model for pharmacoresistance would be to demonstrate positive response to ECS and 

diminished or non-response to chronic antidepressant treatment. As proposed by Willner 

(1984) animal models of depression should mirror the human condition with regard to 

similarity of symptoms (face validity), theoretical rationale (construct validity), and to 

respond to the same extent to antidepressant treatments as humans (predictive validity). As 

traditional models of ECS, the transauricular or transcorneal stimulation, do not fulfill criteria 

for high construct validity, we altered the ECT model in a first step. The stimulation of rats 

via cortical screw electrodes increased the validity and translational value of the method. 

Cortical ECS had pronounced antidepressant effects in acute stress models as well as in the 

CMS model of depression. In rats with auricular ECS, adverse side effects such as fear 

vocalization, weight loss or paralysis were observed, which raises ethical concerns about the 

model’s suitability (Isaac and Advokat, 1984; Theilmann et al., 2014). The cortical ECS 

provides therefore a valid method that could serve as a foundation of the pharmacoresistance 

model.  
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7.1.2 Model of pharmacoresistant depression 

Requirements for a valid model of pharmacoresistant depression include a chronic nature, 

reduced responsiveness to antidepressant treatment and increased responsiveness to ECS as 

well as a valid evaluation of depressive-like symptoms. The CMS model displays a unique 

combination of face, construct and predictive validity, and the various stress-induced 

disturbances reflect the multifacetedness of the disease (Willner et al., 1987). Moreover, it has 

been demonstrated that CMS can be used to separate stress resilient and susceptible rats 

(Christensen et al., 2011) as well as antidepressant drug responders and non-responders 

(Bisgaard et al., 2007; Christensen et al., 2011; Jayatissa et al., 2006) by measuring changes 

in hedonic-behavior. Therefore, CMS was used to induce a chronic depressive state in rats.  

7.1.3 Selection of the appropriate rat breeder  

During the establishing phase of the CMS model we could observe that the susceptibility to 

develop depression-like symptoms is highly divergent between different Wistar rat substrains, 

which were purchased from different breeders (Harlan, Janvier, Charles River). Intrastrain 

differences have been also reported in a number of studies, demonstrating different 

experimental outcomes when using substrains from different vendors (Baars et al., 2006; 

Goepfrich et al., 2013; Honndorf et al., 2011; Langer et al., 2011; Pare and Kluczynski, 1997; 

Pecoraro et al., 2006; Portelli et al., 2009). Therefore, the choice of a specially suited rat stock 

for depression models should not only take different rat strains, but also different vendors in 

account. As rats purchased from Charles River revealed increased stress vulnerability and rats 

from Janvier increased stress resilience, and given the fact that rats from Harlan were briefly 

not available, we decided to continue our studies with rats from Charles River.  

7.1.4 Establishment of a diagnostic tool to evaluate depressive-like behavior 

Next to intrastrain differences, we could observe that both, hedonic-like and anhedonic-like 

behavior after CMS was accompanied with body-weight loss. Thus, rats might show stress 

disturbances without hedonic deficits, which raise questions regarding the relevance of the 

test. This assumption is also confirmed by divergent and non-reproducible findings 

concerning the anhedonic-like effects between laboratories (D'Aquila et al., 1994; Forbes et 

al., 1996; Matthews et al., 1995; Nielsen et al., 2000) and spontaneous individual fluctuations 

in sucrose intake of unstressed animals (Matthews et al., 1995; Willner et al., 1987).  
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To enhance the translational value of the depression model, a rat diagnostic tool was 

developed that resembles the human assessment instruments such as the Hamilton score 

measure and that measures several antidepressant-like symptoms to detect all possible 

behavioral disturbances. We could demonstrate that the symptom profile varied across 

animals and that hedonic-like behavior was not mandatory associated with positive treatment 

response as it is often interpreted in other studies (Jayatissa et al., 2006). This finding might 

confirm the superiority and necessity of a multifactorial assessment of behavioral parameters. 

By illustration of non-response to chronic citalopram treatment, the pharmacoresistancy of the 

model was shown. The overall number of positive responses to cortical ECS represented a 

30% response rate, which is similar to the 35-80% (Petrides et al., 2001; Sackeim et al., 2008) 

response rate to ECT in clinics. However, less convincing tests for selection of treatment 

responders and nonresponders such as novelty-induced hypophagia might mitigate possible 

therapy effects, which were most evident in sucrose consumption and forced swim test, and 

might decrease unnecessary the number of responders. This lowers the precision to investigate 

statistical differences or make it even impossible such as in Study III. The question rises, 

whether it might not be more sensible for the selection of responders and nonresponders to 

concentrate on cardinal symptoms of depressive-like behavior such as anhedonia or 

behavioral despair. Next to the high expenditure of animals, the model strategy has proved to 

be time consuming, which makes a high-throughput screening of antidepressant therapies 

almost impossible. 

7.2 Bdnf as a possible marker for treatment resistance 

The epigenetic regulation of the Bdnf gene in prefrontal cortex, hippocampus and blood of 

CMS exposed rats, which responded differently to chronic citalopram or ECS treatment was 

analyzed. We focused on the brain regions and blood for following reasons: The hippocampus 

plays a crucial role in learning and memory processes and is linked with emotional responses 

to stimuli such as stress (Reul, 2014). Chronic stress exposure has been shown to decrease 

hippocampal cell proliferation and to reduce Bdnf levels (Krishnan and Nestler, 2008). 

Subregions of the prefrontal cortex connect to brain regions involved in emotion and stress 

response such amygdala, hypothalamus, and midbrain periaqueductal gray (Koenigs and 

Grafman, 2009). To develop an appropriate clinically usable biomarker to predict treatment 

response peripheral Bdnf levels were also measured in blood and compared to brain levels. 

Decreased peripheral Bdnf levels have been observed in depressed patients (Karege et al., 
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2002a; Lee et al., 2007) and there is evidence that hypomethylation of Bdnf exon IV is 

associated with diminished response to antidepressant drugs  (Tadic et al., 2014). 

In the present study, Bdnf DNA methylation of 20 CpG sites in the promoter region of exon 

IV was assessed. We focused on Bdnf Exon IV as it is considered to control neuronal activity-

dependent Bdnf expression (Tsankova et al., 2006). Furthermore, it was analyzed whether 

Bdnf methylation levels might be reflected on Bdnf protein expression level. We could 

demonstrate that Bdnf methylation rates were increased in blood samples compared to brain 

tissue, which is in line to the fact that Bdnf is more concentrated in brain tissue (Suliman et 

al., 2013). In this study, antidepressant treatment response was not linked with increased Bdnf 

protein expression rates or reduced Bdnf DNA methylation rates. This finding is contrary to 

several studies reporting increased Bdnf brain and blood levels after chronic antidepressant 

drug and ECS treatment (Nibuya et al., 1995; Nibuya et al., 1996; Russo-Neustadt et al., 

2004; Ryan et al., 2013; Tsankova et al., 2006). However, these studies revealed 

methodological differences concerning the affective state of the rodents. The antidepressant 

effect was estimated in healthy rodents or the used depression models varied in stressors, 

duration and severity. It has been reported, that depending on the type of stressor, different 

brain regions are involved in stress response. Chronic predator stress causes increased 

methylation of Bdnf exon IV and reduced Bdnf mRNA expression in the hippocampus but not 

prefrontal cortex of adult rats (Roth et al., 2011). In contrast early life stress by infant 

maltreatment mediates long-lasting decreased Bdnf mRNA expression and increased 

methylation of Bdnf exons IV and XI in prefrontal cortex but not the hippocampus (Roth et 

al., 2009).  

Hansson et al. observed a robust downregulation of hippocampal mRNA Bdnf expression by 

escitalopram in female rats, which was accompanied with decreased immobility times in the 

forced swim test (Hansson et al., 2011). This indicates, together with the findings of the 

thesis, that elevated Bdnf expression might be not necessarily required for antidepressant 

response and that Bdnf’s role as biomarker needs to be further investigated. 

Nevertheless, the small group sizes should be also taken into account. Furthermore, 

unfavorable approaches concerning DNA and protein extraction of brain tissue were 

performed. Just parts of the hippocampal and cortical tissue were lysed and not the whole 

brain regions. Therefore, it could not be ensured that the used sections of the brain of each 

animal had always been exact the same and it has been demonstrated that hippocampal 

subregions respond differently to stress (Gronli et al., 2006; Hawley et al., 2012). 



CONCLUSION AND OUTLOOK

125 

8. Conclusions and Outlook 

The present thesis makes contribution to increase the validity and translational value of 

experimental models of pharmacoresistant depression and ECS.  

The change from auricular to cortical ECS increased the construct validity and diminished the 

occurrence of adverse reactions. To enhance the translational value of cortical ECS it is 

appropriate to perform stimulation under anesthesia. Moreover, the cortical ECS method 

provides the opportunity to perform unilateral stimulation, which is the preferred electrode 

placement for human ECT (Sackeim et al., 2008), and which would further enhance the 

translational value of the method. 

The combination of the CMS model of depression and the multifactorial assessment tool for 

the individual evaluation of depressive-like behavior provides a valid method to remodel 

pharmacoresistant depression in rats, and enables the selection of treatment responders and 

non-responders with a high translational value. However, it remains to be examined whether 

all used behavioral tests have the same significance to provide a basis for the selection of 

treatment responders. Crucial intrastrain- and within strain variations in vulnerability to stress 

as well as response and resistance to antidepressant therapy were detected. In this regard, it is 

essential to perform experiments, which include both sexes. In particular as women suffer 

twice as often from depressive illness as men (Jacobi et al., 2004), and that there seem to be 

differences in the therapeutic response to drugs (Marazziti et al., 2013). 

The selection of ECS responders and nonresponders provides the possibility to investigate 

promising biomarker that predict clinical outcome to antidepressant therapy, and to develop 

novel therapeutic approaches. Therapy resistance was not reflected in Bdnf protein expression 

and Bdnf exon IV methylation, mainly due to a small number of sample sizes. Therefore 

experiments with increased group size should be performed for overall conclusion.
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