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1 Introduction 

1.1 Neuropsychiatric diseases / Mental disorders 

Neuropsychiatric diseases are a heterogeneous group of mental disorders including major 

depressive disorder, bipolar disorder, anxiety disorder, schizophrenia, and various other 

indications. Mental disorders are defined as syndromes “characterized by clinically significant 

disturbances in an individual’s cognition, emotion regulation, or behavior that reflects a 

dysfunction in the psychological, biological, or developmental processes underlying mental 

functioning” (American Psychiatric Association, 2013; Telles-Correia et al., 2018). 

Globally, the public health burden of mental illnesses increases rapidly (Vos et al., 2012). Vos 

and colleagues compared global years lived with disability comparing the years 1990 with 2010 

and showed that per 100.000 people (both sexes combined) the prevalence of mental and 

behavioral disorders increased drastically, with 47.5% for schizophrenia, 37.5% for major 

depressive disorder, 40.9% for bipolar affective disorder, and 36.4% for anxiety disorders, 

amongst numerous other indications (Vos et al., 2012).  

Worldwide, mental disorders account for five of the top ten causes of morbidity and remain to 

be the foremost cause of premature death (Bloom et al., 2011; Collins et al., 2011; Insel et al., 

2013). Globally, the costs of mental health conditions in 2010 were $2493 billion with an 

estimated increase in global costs of $6046 billion in 2030 (Bloom et al., 2011; Insel et al., 2013). 

These numbers indicate that mental illnesses are the highest societal and economical disease 

burden worldwide with an increasing demand for novel therapeutics (Bloom et al., 2011). 

1.2 Etiology of neuropsychiatric diseases 

As many other diseases, the etiology of mental disorders relies on genetic and environmental 

factors, as well as gene-environment interactions (“nature vs. nurture”). Many of those factors 

are shared across multiple mental illnesses, as especially schizophrenia, bipolar disorder, and 

major depression have been shown to be causally linked (Uher and Zwicker, 2017). These 

indications together with autisms spectrum disorder are the most costly and disabling illnesses 

worldwide, with up to date relatively little insight into the underlying heterogeneous and 

complex mechanisms regarding etiology and progression of disease (Whiteford et al., 2013). 
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Twin-studies (monozygotic/dizygotic) have helped to get insight into the genetic- and 

environmental risk factor of developing mental illnesses. It appears that the genetic factor in the 

cause of mental illness plays a much more fundamental role within the less common but more 

severe illnesses as schizophrenia and bipolar disorder. The genetic influence in less severe 

illnesses as anxiety disorder, and major depressive disorder, has been indicated to be less 

pronounced (Polderman et al., 2015). Many of the genetic and promising variants found are 

highly non-specific and account for various mental illnesses (in depth reviews on genetic risk 

factors: (Cross-Disorder Group of the Psychiatric Genomics, 2013; Cross-Disorder Group of 

the Psychiatric Genomics et al., 2013; Prathikanti and Weinberger, 2005)).  

In terms of environmental influence, a number of factors including pregnancy and perinatal risk 

factors, childhood environment, drug abuse and social stressors throughout childhood, 

adolescence, and adulthood have been implicated (Uher and Zwicker, 2017). Nevertheless, it 

has been shown that the exposure to one of these environmental factors increases the risk for 

developing various mental illnesses, indicating the same heterogeneous and comorbid nature in 

terms of etiology as shown for genetic influences. Thus, environmental influences are complex 

factors ranging from social, physical, and chemical origin of which exposure in different time-

windows of life may cause various mental diseases (Uher and Zwicker, 2017). Of note, not all 

individuals exposed to adverse life-events develop a mental illness, as some human beings are 

more resilient to these factors than others (in-depth reviews on resilience: (Rutten et al., 2013; 

Ungar and Theron, 2019)). Thus, the detailed understanding of the etiology of mental illnesses 

remains elusive, as these disorders are very heterogeneous and complex by spanning 

multifactorial levels of causation, ranging from genetic (epigenetic), physical (neurobiological; 

chemical), to social factors including potential adverse-life-events. 

1.3 Moving beyond DSM-5 and ICD-10: Transforming diagnostics with the RDoC 

concept 

Even though major advances in the methods and findings of central nervous system research 

have been achieved, there is still a great need to advance prevention, treatment, or even cure of 

mental illnesses. Particularly under pathophysiological conditions there is still relatively few 

known about the underlying mechanisms. Up to now, mental illnesses are diagnosed based on 

manuals as the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) or the 
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International Classification of Diseases (ICD-10) established by the American Psychiatric 

Association (APA) and the World Health Organization (WHO), respectively (American 

Psychiatric Association, 2013; World Health Organization, 2015). These manuals define and 

outline mental disorders based on checklists of signs and symptoms, derived from observations 

by clinicians and self-report from the patient (questionnaires). These approaches pose multiple 

challenges for various reasons as psychiatric diseases are very heterogeneous and overlapping 

which leads to symptomatic comorbidities across diagnoses (Cuthbert and Insel, 2013). The 

diagnostic approach, using the DSM-5 or ICD-10, results in a classification of disorders which 

are grouped by checklists of signs and symptoms rather than pathophysiology or underlying 

mechanisms of dysfunction (Insel et al., 2010). 

In 2008, the national institute of mental health (NIMH) addressed the abovementioned challenge 

by developing a new framework for research purposes including the development “[of] new 

ways [to classify] mental illnesses - based on dimensions of observable behavior and 

neurobiological measures’’ – entitled the Research Domain Criteria (RDoC) project (Cuthbert, 

2014; National Institute of Mental Health). The RDoC project aims to move beyond the 

diagnostic approach based mainly on the report of symptoms to a multidimensional and 

integrative approach und thus the understanding of health and disease. 

The RDoC project led to the development of a matrix (Fig. 1) implementing major neural 

systems including the negative- and positive valence systems, cognitive systems, systems for 

social processes, arousal/modulatory systems, as well as sensorimotor systems (Sanislow et al., 

2019). These domains are assessed amongst various units of analysis ranging from genes, 

molecules, cells, circuits, physiology, behavior, (patient) self-report, and paradigms (National 

Institute of Mental Health). 
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Fig. 1: The NIHM Research Domain Criteria Matrix. Reprinted from Sanislow et al., (2019), Advancing Translational 
Research Using NIMH Research Domain Criteria and Computational Methods. Neuron 101, 779-782, Copyright (2019), with 
permission from Elsevier. 

 

Overall, the RDoC matrix is not intended to replace the DSM-5 criteria or the ICD-10 for the 

diagnosis of mental illnesses, but shall provide a multidimensional and integrative framework 

with many levels of information to organize recent research efforts in the field of mental 

illnesses. Thus, the RDoC approach encourages researchers to identify the underlying 

mechanisms of mental disorders, ranging from genes to self-report from normal to abnormal 

functioning (Sanislow et al., 2019). Additionally, the RDoC approach frees clinicians and 

scientists to move beyond the restraint symptom-based definition of mental illnesses with their 

traditional classification that have been shown to be very heterogeneous, over-specified and 

overlapping (Cuthbert and Insel, 2013; Sanislow et al., 2019). Studies have shown that patients 

diagnosed with one mental indication, also meet the criteria for other mental disorders described 

in the DSM-5 (Adam, 2013). Thus, mental illnesses cannot be seen purely in categories, but 
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rather as multidimensional and overlapping disorders which lie on a spectrum with various 

shared symptoms and risk factors (Rizzo et al., 2013). Thus, the RDoC aids to better understand 

basic dimensions of mental functioning in health and disease with the potential to enhance the 

translational stream (Sanislow et al., 2019). 

1.4 Drug targets in neuropsychiatric drug discovery – challenges and opportunities for 

new treatment options 

The main treatment options for mental disorders are psychosocial/cognitive-behavioral therapy 

(CBT) and/or pharmacological treatment options. Despite tremendous advances in basic 

research in the field of neuroscience as well as research on neural circuitry and mechanisms 

underlying the etiology and pathophysiology of mental illnesses, there is still a great unmet 

medical need for innovative treatment options in terms of new therapeutic concepts or 

mechanisms of action (Brady et al., 2009). As mental illnesses are very heterogeneous with 

comorbid symptom domains, the behavioral and pharmacological treatment options to date 

mainly focus on symptom reduction. 

The past and current research focus in terms of therapeutic treatment options primarily targets 

the monoaminergic system, including pharmacological manipulations of serotonin (5-HT), 

dopamine (DA), norepinephrine (NE), and histamine (e.g., H1), amongst others. Especially, 

selective serotonin reuptake inhibitors (SSRIs), monoamine oxidase inhibitors (MAOIs), 

tricyclic antidepressants (TCAs), and therapeutics targeting the dopaminergic system showed 

beneficial activity, i.e. in depressed patients (Dunlop and Nemeroff, 2007; Mann, 2005; Mathew 

et al., 2008). Therapeutic treatment of positive and negative symptoms of schizophrenia was 

and is still predominantly based on the dopamine hypothesis formulated in the 1960s, indicating 

that a hyperdopaminergic state underlies the symptomology (Howes and Kapur, 2009). Even 

though there do exist numerous treatment options for various mental illnesses on the market, it 

has been shown that in some indications treated patients do not or only insufficiently respond to 

these treatment options. Non-monoaminergic systems as potential new therapeutic targets have 

received increasing attention in the field of neuropsychiatric diseases (Mathew et al., 2008), 

which will be addressed in the following paragraphs. 



Introduction 

6 
 

1.4.1 New therapeutic targets (I) – ionotropic glutamate receptors (NMDA receptors) 

In recent years, glutamate receptors have been implicated as new therapeutic targets in multiple 

neuropsychiatric diseases (Raith et al., 2020). Glutamate is the major excitatory 

neurotransmitter in the central nervous system and its transmission is mediated via ionotropic 

(ion channels) or metabotropic (G-protein-coupled) glutamate receptors. Three ionotropic 

glutamate receptors are evident in the central nervous system with diverse confirmations and 

subunit composition: NMDA (N-methyl-D-aspartate), AMPA (α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid), and kainate (kainic acid) receptors (Rasmussen, 2016). Especially 

NMDA receptors and respective antagonists and modulators have been identified as attractive 

targets for new therapeutics.  

NMDA receptors are abundantly and ubiquitously expressed throughout the brain and have been 

shown to play a fundamental role in memory function and neuroplasticity processes (Lakhan et 

al., 2013; Li and Tsien, 2009). “NMDA receptors are heterodimeric complexes, containing two 

GluN1- and two GluN2 (A-D) subunits” (Raith et al., 2020, p. 11). “Heterotrimeric complexes 

(GluN1/GluN2A/GluN2B) [have been shown to be] evident within the neocortex and 

hippocampus in adult rodent brains [(Wyllie et al., 2013)]. The GluN1 subunit binds to the co-

agonist glycine (or D-serine), whereas the GluN2 subunit binds the agonist glutamate. Both 

agonists together with cell depolarization are necessary to activate NMDA receptors” (Raith et 

al., 2020, p. 11) with subsequent passage of non-selective cations, including Ca2+ (Lakhan et al., 

2013; Wyllie et al., 2013). 

The discovery that the non-selective NMDA receptor antagonist ketamine [2-(2 chlorophenyl]-

2-(methylamino) cyclohexanone] is not only a reliable anesthetic (discovery in 1966 by Corssen 

and Domino) but also exerts antidepressant effects has driven researchers to understand the 

underlying mechanisms of action (Corssen and Domino, 1966; Rasmussen, 2016). Various 

clinical studies showed, that non-selective NMDA receptor antagonism via a single ketamine 

administration (0.5 mg/kg; i.v.; over 40 min), induced rapid antidepressant effects in treatment-

resistant depression (TRD) patients, i.e. suicidal patients (Berman et al., 2000; Raith et al., 2020; 

Zarate et al., 2006). Nevertheless, the antidepressant effects were accompanied by 

psychotomimetic/dissociative as well as euphoric side effects after acute administration (Li and 

Vlisides, 2016; Raith et al., 2020; Rasmussen, 2016). Various preclinical studies with rodents 
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were able to confirm antidepressant-like behavioral effects of ketamine, e.g. in behavioral tests 

as the forced swim test (FST), tail suspension test (TST), sucrose preference test (SPF), or 

novelty suppressed feeding (NSF) (Browne and Lucki, 2013). 

“The investigation of ketamine has led to a strong interest to investigate [other NMDA receptor 

antagonists or modulators] in more detail as potential therapeutics for major depressive disorder 

(MDD) [and other mental illnesses]” (Raith et al., 2020, p. 2). Traxoprodil (CP-101,606, Pfizer) 

as a selective negative allosteric modulator of the GluN2B subunit has been characterized with 

significant antidepressant efficacy in animals as well as in a small phase II trial in patients with 

treatment-refractory MDD (Poleszak et al., 2016; Preskorn et al., 2008a; Raith et al., 2020). The 

specific targeting of the GluN2B subunit of the NMDA receptors together with less or even 

none psychotomimetic/dissociative side effects shown in preclinical and clinical trials 

underlines the potential value of targeting allosteric binding sites of the NMDA receptor for 

novel therapeutic treatment options (Preskorn et al., 2008a; Raith et al., 2020). 

1.4.2 New therapeutic targets (II) – metabotropic glutamate receptors (mGlu) 

An alternative and novel approach to target the glutamatergic system might be the 

pharmacological manipulation of metabotropic glutamate receptors. Metabotropic glutamate 

receptors are coupled to G-proteins which either stimulate or inhibit further signaling pathways 

and thereby control glutamatergic and GABAergic neurotransmission. 

The eight different metabotropic glutamate receptors (mGlu1-8) are currently categorized in three 

different groups (I-III) based on sequence homology, receptor pharmacology and transduction 

pathways (Pin and Duvoisin, 1995; Schoepp et al., 1999). The mGlu4 belongs to group III, 

together with mGlu6-8, and is negatively coupled to adenylyl cyclase. Pre-embedded 

immunohistochemistry showed expression of mGlu4 in rat and mice cerebellar cortex, basal 

ganglia, sensory nuclei of the thalamus, and hippocampal areas (Corti et al., 2002). With its 

predominant presynaptic expression within the active zone of neurotransmitter release (Corti et 

al., 2002; Shigemoto et al., 1997), the mGlu4 is able to mediate glutamate transmission as an 

autorecepor, and GABA as an heteroreceptor (Cartmell and Schoepp, 2000; Schoepp, 2001). 

Especially the balancing act between excitation and inhibition (excitatory-inhibitory (E-I)-

balance) mediated via glutamate and GABA has been indicated as disturbed in various 



Introduction 

8 
 

neuropsychiatric diseases, such as MDD (Selten et al., 2018). It has been hypothesized that 

mGlu4 activation may restore the aforementioned imbalance; thus indicating a fruitful target in 

terms of the development and therapeutic treatment of neuropsychiatric diseases as well as 

anxiety disorders. Besides mGlu4 agonists (e.g. LSP1-2111, LSP4-2022), mGlu4 positive 

allosteric modulators (PAMs) as Lu AF21934 or Lu AF32615 have shown to dampen excessive 

brain excitability and thus were able to act anxiolytic in animal studies (Sławińska et al., 2013b; 

Wierońska et al., 2010). Furthermore, such mGlu4 activators showed efficacy within the positive, 

negative, and cognitive symptom domain of schizophrenia (Sławińska et al., 2013a; Wierońska 

et al., 2015). Another mGlu4 PAM (ADX88178; 5-methyl-N-(4-methylpyrimidin-2-yl)-4-(1H-

pyrazol-4-yl)thiazol-2-amine) has been described and characterized in preclinical models 

indicating its potential within anxiety, MDD, obsessive compulsive disorder (OCD), and 

psychosis showing positive results within the elevated plus maze, marble burying test, fear 

conditioning, forced swim test, DOI-induced head twitches, and MK-801-induced hyperactivity 

(Kalinichev et al., 2014). Overall, these preclinical studies highlight that the mGlu4 receptor and 

its allosteric modulation appear to be a fruitful target for novel treatment options in the field of 

neuropsychiatric diseases. 

1.4.3 New therapeutic targets (III) – phosphodiesterases (PDEs) 

Phosphodiesterases (PDEs) represent a family of enzymes that terminate the metabolic 

activation of the second messengers’ cAMP and cGMP through hydrolysis of their cyclic 

phosphate bonds and thereby modulate respective intracellular signaling pathways (Baillie et al., 

2019; Reierson et al., 2011). Recently, PDEs have been shown to play fundamental roles in 

learning and memory processes, as well as in psychiatric diseases, e.g. schizophrenia, anxiety 

or MDD (Xu et al., 2011; Zhang et al., 2017). As mentioned earlier, mental illnesses lay on a 

spectrum with shared comorbid symptom domains, e.g. cognitive deficits (Millan et al., 2012; 

Zhang et al., 2017). PDE inhibitors have shown to improve cognitive function in preclinical 

trials (Reneerkens et al., 2013). Phosphodiesterase 2A (PDE2A) is of particular interest as 

potential pharmacological target, as it is expressed in several brain areas which are substantial 

for cognitive processing (Reneerkens et al., 2009). In fact, high expression levels have been 

shown in the hippocampus and cortex, suggesting PDE2A’s importance in learning and memory 

as measured by specific cognitive behavioral tasks (Repaske et al., 1993). Moreover, PDE2A is 
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expressed in other limbic brain areas as the entorhinal cortex, striatum, amygdala, and medial 

habenula which, apart from their importance for cognitive function, have been implicated in 

emotional processing (Zhang et al., 2017).  

PDE2 is a dual specific enzyme that is capable of hydrolyzing both cyclic nucleotides - cGMP 

and cAMP. By this means, PDE2 is able to mediate the ‘cross-talk’ between both signaling 

cascades as a substantial part of the nitric-oxide (NO) synthase/guanyl cyclase signaling 

pathway in the central nervous system (Masood et al., 2009; Zhang et al., 2017). According to 

its presumably presynaptic localization, PDE2 mediates transmitter release like glutamate to 

facilitate short-term plasticity (Fernandez-Fernandez et al., 2015; Stephenson et al., 2012). 

These mechanisms have been shown to be fundamentally important in synaptic plasticity and 

thereby in learning and memory processes (Zhang et al., 2017). Recent evidence indicates that 

second messenger signaling pathways are perturbed in neuropsychiatric diseases, which might 

be associated with cognitive impairments in schizophrenia-, depression- or Alzheimer’s patients 

(Hesse et al., 2017; Schoffelmeer et al., 1985; Wang et al., 2015). Thus, PDE2 inhibition may 

have the potential to ameliorate some of the symptom domains of mental illnesses.  

Recently, selective PDE2 inhibitors have been identified (e.g. Bay 60-7550, ND7001, Lu 

AF64280, TAK-915, PF-05180999), demonstrating e.g. anxiolytic effects or positive impact on 

cognitive function in animals, for instance in cognitive behavioral tasks as object/social 

recognition, contextual fear conditioning task, radial arm maze, or 

extradimensional/intradimensional (ED/ID) shift (Boess et al., 2004; Gu et al., 2019; Helal et 

al., 2018; Masood et al., 2009; Mikami et al., 2017; Redrobe et al., 2014). Hence, interfering 

with the intracellular cAMP/cGMP-signaling pathways via PDE2A inhibitors and thereby 

studying PDE2 in behavioral rodent models may provide further insights into its role in 

cognitive and network function, as it resembles an attractive drug target in neuropsychiatric 

disorders (Zhang et al., 2017). 



Introduction 

10 
 

1.5 Psychiatric drug discovery – in need of functional biomarkers 

1.5.1 Definition of biomarker 

The “Biomarker Definitions Working Group” defined the term biomarker (“biological marker”) 

in terms of drug discovery projects as follows: “A characteristic that is objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacological responses to a therapeutic intervention.” (Atkinson A.J. et al., 2001). 

Furthermore, the working group described that biomarkers shall establish “proof of concept”. 

Thus, a biomarker shall be a precise, quantifiable and objective measure, which indicates the 

likelihood of clinical benefit or risk (translatability) by showing pharmacological or biological 

response (Leiser et al., 2011). Furthermore, biomarkers can be used to diagnose a certain stage 

of disease and/or the response to a compound/therapeutic in the clinic (Kuhlmann, 2007; Leiser 

et al., 2011).  

1.5.2 Importance of biomarkers in drug discovery and developmental projects 

Over the last decades, major scientific and technological advances have been achieved within 

drug discovery and developmental projects. Nonetheless, drug development to date, especially 

within the field of mental illnesses, is very costly with a low success rate in launching new 

therapeutic drugs. Assessing the success rate of entities within overall drug developmental 

projects between 1990 and 2010 revealed that less than 12% of novel compounds which entered 

clinical trials made it to the market (Hay et al., 2014; Kola and Landis, 2004; Zhao et al., 2015). 

In comparison to other medical indications, the attrition rates within preclinical and clinical 

trials in the field of mental illnesses are disproportionally high. The Food and Drug 

Administration’s (FDA) center for drug evaluation and research (CDER) reported 38 new 

drugs/new molecular entities (NME’s) so far for 2019, with seven indications for diseases of the 

nervous system, of which only one was approved within the field of mental illnesses (U.S. Food 

& Drug Administration, 2019). 

Thus, robust and functional biomarkers are substantial in early drug discovery phases to identify 

new and attractive compounds of interest and predict clinical target engagement, which aids to 

reduce attrition rates in clinical trials (Raith et al., 2020). These biomarkers should be 
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translatable across species, highly predictive and accessible in preclinical and clinical trials as 

fundamental basis for successful drug discovery projects aiming to identify novel compounds 

as future therapeutics to counteract the present unmet medical need, i.e. in the field of mental 

disorders (Hurko, 2009; Hurko and Ryan, 2005; Pangalos et al., 2007).  

It is now increasingly recognized that changes in electroencephalographic (EEG) readouts, 

including quantitative EEG recordings (qEEG), substantially aid drug discovery projects as 

powerful tools with the potential to unravel biomarkers in health and disease (Leiser et al., 2011; 

Raith et al., 2020). 

1.6 Electroencephalography (EEG)  

The term ‘electroencephalography’ is derived from greek and latin and means ‘electrical brain 

picture’. Electroencephalography as a medical imaging technique enables to measure the 

electrical activity of the brain. These changes in activity are alterations in electrical potentials 

which are measurable by using electrodes on or below the scalp surface. 

The source of the electrical activity is predominantly localized in the cerebral cortex of the brain. 

Specialized neurons in the cortex, the pyramidal neurons, are spatially aligned in parallel to each 

other, and simultaneously perpendicular to the scalp surface. The electrical communication 

between neurons is the essential key brain activity (Beres, 2017). There exist two main forms 

of neural activation: rapid action potentials generated by cell depolarization and mediated by 

ion in- and efflux, and slower postsynaptic potential changes mediated by various 

neurotransmitter systems (Lopes da Silva, 2010). Postsynaptic potentials (PSPs) can be either 

excitatory (EPSP) or  inhibitory (IPSP) depending on the neurotransmitter-mediated receptor 

activation and subsequent signalling cascade. An EPSP is generated due to positive ion influx 

(sodium; Na+) and an IPSP by negative ion influx (chloride; Cl-) or positive ion efflux by 

potassium (K+). This leads to the generation of a ‘sink’ within the extracellular space following 

EPSP generation, or a ‘source’ following IPSP generation at excitatory or inhibitory synapses, 

respectively. As there is no buildup of charge in the extracellular medium, there are opposite 

currents running along the soma-dendritic membrane to compensate for infux and/or efflux of 

ions at the active zone of the synapse. This consequently leads to an electrical polarization and 

thus a ‘current dipol’ formation for every single neuron. Nevertheless, the detection of a single 
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dipol is too small in magnitude to be detected by EEG electrodes. Only the simultaneous 

stimulation of a large population of pyramidal cells and thus the summation of these dipols 

enables EEG recordings on the scalp surface (Lopes da Silva, 2010; Teplan, 2002).  

The recorded EEG data, as sinusodial voltage changes, are analyzed in comparison to at least 

one reference electrode. The signals can be analyzed in a time-locked manner, when referring 

to a certain event of interest (e.g. event-related potentials; ERPs) or by using spectral analysis 

which transposes the signal from the time domain to the frequency domain, e.g. by using 

mathematical algorithms as the Fast Fourier transform (FFT). The latter spectral decomposition 

technique enables to identify the distribution of power within a given time window of interest 

and refers to as quantitive EEG (qEEG) measurements (McLoughlin et al., 2014). Within the 

spectral or frequency domain several power bands can be identified in the EEG signal, ranging 

from very low frequent biopotential changes in the delta range (0.5-5 Hz), to very high frequent 

oscillatory changes within the gamma band (e.g. high gamma: 52-100 Hz) (Raith et al., 2020). 

EEG recordings are routinely used in the medical field of neurology and research areas as 

powerful tools to assess brain activity in health and disease. Recently, it has been shown that 

changes in EEG and thus their readouts are highly attractive tools in preclinical and clinical 

trials to unravel potential biomarkers (Raith et al., 2020). 

1.6.1 Clinical vs. preclinical EEG 

The first human EEG was performed by the German physiologist and psychiatrist Hans Berger 

in 1924. Nowadays, clinical human EEG is routinely recorded using EEG-caps using the 

international 10-20 system (10% system), as a standardized electrode-placement system 

allowing comparisons across multiple human recordings. The standard recording system 

consists of 21 recording electrode and one reference electrode. To assemble these electrodes 

according to the 10-20 system, the experimenter first measures the total distance from the 

Nasion (anatomical and depressed landmark above the nose) to the Inion (protuberance of the 

occipital bone at the back of the skull) alongside the midline of the skull (designated as “z”). 

The measured distance corresponds to 100%. Alongside that midline starting from Nasion to 

Inion or vice versa, intervals of 10%, 20%, 20%, 20%, 20%, and 10% are marked to 

subsequently place the respective electrodes on the skull (Fig. 2). Thus, the name of the 10-20 
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system refers to the percentage distance between adjacent electrodes either from front to back 

and/or from left to right alongside the skull. The nomenclature of the electrodes indicates left-

sided electrodes with respective odd numbers and right-sided electrodes refer to even numbers 

(Sazgar and Young, 2019). The international pharmaco-EEG society (IPEG) initiated guidelines 

summarizing valuable standardizations for pharmaco-EEG (p-EEG) studies in humans, which 

in-depth description will be beyond the scope of the present work (Jobert et al., 2012). 

 

Fig. 2: The international 10–20 system for human EEG recordings. Indicated are the left view (left) and top view (right) on 
the human skull (Sazgar and Young (2019)). 

 
Within the preclinical setting, working with laboratory animals as rodents, it is not possible to 

perform an EEG measurement in the exact same fashion as in the human situation. Overall, the 

electrical brain activity of laboratory animals is also recorded by using EEG electrodes. 

Nevertheless, the standardized EEG caps are not applicable in the preclinical setting. There exist 

different systems for EEG recordings in animals including tethered system (wired), head-stage 

(fixed head implant), and telemetric EEG recordings (Jonak et al., 2018; Lundt et al., 2016; 

Moscardo and Rostello, 2010; Pinnell et al., 2016; Weiergraber et al., 2005). Assessing brain 

activity in the preclinical setting requires the surgical implantation of EEG electrodes on the 

surface of the skull, or above the dura, with typically minimal tissue damage. Nowadays, 

numerous laboratories rely on wireless and thus unrestraint systems to assess biopotential 

changes, as EEG amongst others, as they enable to study conscious animals showing normal 

physiological and behavioral states comparable to the human situation (Lundt et al., 2016). 
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Telemetric EEG recordings are performed by using surgically implantable transmitters 

(‘sensors’), which transmit the recorded biopotentials (e.g. EEG) via radiofrequency to a remote 

receiver. The receiver itself converts the signal from analog to digital, which can then be 

imputed into a data acquisition system for further computerized analysis (Kramer and Kinter, 

2003). Radiotelemetry systems are able to collect various physiological signals ranging from 

blood pressure, biopotential signals as electroencephalography (EEG), electromyography 

(EMG), electrocardiography (ECG) including heart rate (HR), respiratory rate, body 

temperature, activity (e.g. locomotion), amongst others (Kramer and Kinter, 2003). 

Radiotelemetry thus enables “state-of-the-art” monitoring of various physiological functions 

and alterations in conscious, freely moving animals, as rodents (Kramer and Kinter, 2003). 

1.6.2 Preclinical EEG and its potential as translational biomarker 

The anatomical and functional similarities of the central nervous system organisation and its 

pathways between different mammals enable researcher to compare their EEG signals and 

allows translatability across species. It has been shown previously that preclinical EEG 

recordings enable high predictability in terms ot therapeutic efficacy in clinical/human trials. 

Several compound classes have been demonstrated to exhibit unique “EEG fingerprints”, which 

are evident in rodents and humans (Leiser et al., 2011). The most prominent example was the 

characterization of multiple benzodiazepines, comparing pharmacokinetic-pharmacodynamic 

(PK/PD) relationships as well as the “EEG fingerprint” between rodents and humans (Mandema 

and Danhof, 1992). The respective results, especially the consistent benzodiazepine-induced 

beta power, highlighted the excellent translational opportunitites of pharmaco-EEG recordings 

in combination with other target engagement techniques (Drinkenburg et al., 2015a). 

Additionally, sleep-wake architecture have been shown to be highly conserved across mammal 

species, providing ample opportunities for direct comparisons across species and translational 

research in terms of pharmaco-EEG and/or pharmaco-sleep from preclinical to clinical trials 

(Drinkenburg et al., 2015a; Raith et al., 2020). Furthermore, sleep-wake analysis enables the 

detection of unwanted or adverse side effects as sleep disturbances, seizures or sedation 

associated with the drug/compound under investigation and thus resembles a readout of 

therapeutic effect (Drinkenburg et al., 2015a). Hence, assessing novel therapeutic compounds 

requires sleep-wake architecture analysis to reveal potential alterations in vigilance states. 
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EEG measurement ranging from spontaneous EEG to event-related/evoked potential (ERPs) 

changes are objectively measurable and indicate either normal physiologic and biologic 

processes or pharmacological-induced changes following therapeutic intervention. Pharmaco-

EEG studies in preclinical drug developmental trials enable to screen for central drug-target 

engagement and CNS penetration, compound induced adverse side effects, CNS safety and 

toxicity, PK/PD properties, and dose selection (Leiser et al., 2011; Raith et al., 2020). This 

highlights the value of p-EEG as predictable biomarker with ample opportunities to assess 

normal and pathological brain functioning as well as target engagement, efficacy and tolerability 

in early preclinical drug discovery projects (Drinkenburg et al., 2015b; Jones et al., 2015; Leiser 

et al., 2011; Raith et al., 2020). 

1.7 Aim of the thesis 

The present project aims to support the integrative, multidimensional approach of the RDoC 

concept to move beyond considering mental illnesses as unitary constructs and to instead 

examine the relationship between core-brain behavior dimensions and specific symptom 

profiles in an integrative research approach.  

As mentioned earlier, rodent p-EEG recordings obtained from centrally active compounds are 

of high value for their expected translation to human EEG. Thus, EEG readouts could resemble 

promising biomarkers of central pharmacodynamic activity that could help reducing clinical 

attrition rates.  

To support the multidimensional approach of the RDoC concept, the first and foremost aim of 

the present work was to set up a state-of-the-art telemetric EEG recording system in combination 

with behavioral tracking as well as the implementation of peripheral readouts, i.e. 

electrocardiography (ECG). Hereby, we took advantage of new DSI (Data Sciences 

International) multichannel transmitters in an optimal experimental environment and applied 

advanced and novel approaches in in vivo radiotelemetry: 

(I) One fundamental concept was to set up stable reliable EEG in groups of rats, which were 

not confounded by changes in vigilance and sleep wake cycles. This was defined as the 

basis to evaluate drug-induced EEG effects and effects induced by behavioral 

manipulations. 
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(II) In terms of circuit engagement, we aimed to not only perform telemetric recordings 

limited to electrical brain activity generated by coherent inhibitory and excitatory 

postsynaptic potentials principally from cortical neurons, but intended to also take 

advantage of local field potential recordings (LFPs) from new therapeutic concept brain 

structures. 

(III) In addition to the central EEG recordings, we aimed to implement telemetry channels to 

record peripheral electrocardiographic (ECG) alterations of the heart muscle, 

electromyographic (EMG) alterations as well as body temperature and ambulatory 

activity alterations to obtain a broad physiological response evaluation. 

(IV) In line with the multidimensional approach, we aimed to assess compound induced 

changes at the behavioral level in parallel to the radiotelemetry recording procedure. 

(V) In addition to the behavioral assessment under home cage conditions, the present work, 

in line with the RDoC concept, aimed to investigate core-brain behavioral dimensions in 

selected behavioral tests to assess cognition, sociability, and social recognition.  

 

Following the set-up of the state-of-the-art and multidimensional radiotelemetry system, we 

aimed to investigate new therapeutic targets in the field of neuropsychiatric diseases. After 

evaluation of multiple potential targets, we planned and executed three individual studies 

highlighting the value of p-EEG studies in preclinical trials to obtain insights on 

electrophysiological target engagement by investigating: 

(a) a NMDA receptor antagonist and negative allosteric modulator: (study I: 

Differential effects of traxoprodil and S-ketamine on quantitative EEG readouts in 

freely moving rats),  

(b) a mGlu4 positive allosteric modulator (study II: Characterization of a mGlu4 

positive allosteric modulator (ADX88178) by telemetric EEG/ECG recordings and 

sociability assessment in freely moving rats), and  

(c) a phosphodiesterase 2A inhibitor: (study III: Pharmacological phosphodiesterase 

2A inhibition elicits procognitive behavioral effects accompanied with increased 

brain cyclic nucleotide levels and altered qEEG measures in rats). 
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We here present a multidimensional and integrative approach combining qEEG/p-EEG, 

behavior and ECG measurements for preclinical assessment of potential new therapeutic 

compounds in the field of mental disorders.
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2 Material & methods 

Within the present thesis, three different studies were performed as previously highlighted in 

the introduction, indicated as the following:  

• Study I: Differential effects of traxoprodil and S-ketamine on quantitative EEG 

readouts in freely moving rats 

• Study II: Characterization of a mGlu4 positive allosteric modulator (ADX88178) by 

telemetric EEG/ECG recordings and sociability assessment in freely moving rats 

• Study III: Pharmacological phosphodiesterase 2A inhibition elicits procognitive 

behavioral effects accompanied with increased brain cyclic nucleotide levels and altered 

qEEG measures in rats. 

All three studies share common surgery, recording, and analysis procedures. Study-dependent 

differences are indicated below within the respective paragraphs. 

2.1 Animals 

Male, adult Wistar rats (RjHan:WI; 300 ± 50 g; (study I);  440 ± 50 g (study II & III); Charles 

River Laboratories, Germany) were used in all experiments, if not stated otherwise (n=16, 

respectively). For in vivo micordialysis studies (study III), adult male Wistar rats (RjHan:WI; 

1.5-3-month-old; 304 – 547 g; Harlan, Horst, the Netherlands) were used (n=8/treatment group). 

The animals were housed in stainless steel cages (3-5 rats/cage) and kept on a 12:12 h light/dark 

cycle. Rats had free access to food and water ad libitum, in temperature- (22 ± 2°C) and 

humidity- (55 ± 10%) controlled rooms (Raith et al., 2020).  

“All procedures were approved by the appropriate institutional governmental agency 

(Regierungspräsidium Tübingen, Germany) and performed in an AAALAC (Association for 

Assessment and Accreditation of Laboratory Animal Care International) – accredited facility in 

accordance with the European Convention for Animal Care and Use of Laboratory Animals” 

(Raith et al., 2020, p. 2). 
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In vivo microdialysis experiments (study III) were conducted externally (Charles River 

Laboratories, Groningen, the Netherlands) in strict accordance with the National Institutes of 

Health guide for the Care and Use of Laboratory Animals guidelines, in accordance with the 

Dutch law and were approved by the Animal Care and Use Committee of the University of 

Groningen, the Netherlands. 

2.2 Drugs 

All drugs and chemicals used for the respective studies are provided below (Table 1). Study-

specific formulation and administration volumes are provided in the following paragraphs 

(2.2.1 - 2.2.3). 

Table 1: List of drugs and chemicals used in the present studies. 

Drugs & chemicals Company 

Acetic acid (100%) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Ascorbic acid Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

ADX88178 Dept. Medicinal Chemistry Germany, Boehringer 

Ingelheim Pharma GmbH & Co. KG 

Atipamezole hydrochloride (Alzane®) Pfizer Pharma GmbH, Berlin, Germany 

Bupivacaine Henry Schein, Berlin, Germany 

Donepezil hydrochloride LKT laboratories, Inc., St. Paul, USA 

EntellanTM NEW Merck KGaA, Darmstadt, Germany 

Eosin G solution (1%) Merck KGaA, Darmstadt, Germany 

Fentanyl (Fentanyl®) Janssen-Cilag GmbH, Berlin, Germany 

Flumazenil Hikma Pharma GmbH; Gräfelfing, Germany 

Finadyne® Henry Schein Animal Health, Vienna, Austria 

Formic acid (0.1%) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Haematoxylin (Papanicolaou’s solution 1B) Merck KGaA, Darmstadt, Germany 

HCl (1%) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Internal standards (13C5-cAMP, 13C5-cGMP) Toronto Research Chemicals Inc., Toronto, Canada 

Isoflurane (Vetflurane®) Virbac S.A., Carros, France 

Ketamine hydrochloride (Ketavet®) Pfizer Pharma GmbH, Berlin, Germany/Sigma-

Aldrich Chemie GmbH, Steinheim, Germany 
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Lidocaine hydrochlorid 2% bela-pharm GmbH & Co. KG, Vechta, Germany 

Marbocyl® FD 1% Vétoquinol GmbH, Ravensburg, Germany 

Marcaine - Epinephrine Henry Schein, Berlin, Germany 

Medetomidine hydrochloride (Dorbene®) Pfizer Pharma GmbH, Berlin, Germany 

Methanol Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

 
Midazolam (Dormicum®) Roche Pharma AG, Grenzach-Wyhlen, Germany 

Meloxicam (Metacam®) Boehringer Ingelheim Vetmedica GmbH, Ingelheim, 

Germany 

Naloxone hydrochloride (Naloxon-

ratiopharm®) 

Ratiopharm GmbH, Ulm, Germany 

Natrosol (0.5%) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

PFA (paraformaldehyde) 4% Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

PF-05180999 Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Phloxin B solution (2.5%) Merck KGaA, Darmstadt, Germany 

Reagents for Leica BOND-MAXTM 

autostainer 

Leica Biosystems, Newcastle, United Kingdom 

Reagents in aCSF (NaCl, KCl, CaCl2, 

MgCl2) 

Merck KGaA, Darmstadt, Germany 

Saline (0.9% NaCl) Fresenius Kabi GmbH, Bad Homburg, Germany 

Tween 80 (0.015%) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Xylazine hydrochloride (Rompun®) Bayer Vital GmbH, Leverkusen, Germany 
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2.2.1 Study I: ketamine & traxoprodil 

“S-(+)-ketamine hydrochloride and traxoprodil (Sigma-Aldrich; purity ≥ 98% determined by 

HPLC) were dissolved in 0.9% NaCl (Fresenius Kabi GmbH, Bad Homburg, Germany). The 

solution was vortexed until complete dissolution. 0.9% NaCl was used as respective vehicle 

treatment. Compounds were administered [intraperitoneally] (i.p.) with an [administration] 

volume of 1 mL/kg. All doses refer to the free base” (Raith et al., p. 2). 

“Ketamine doses were selected based on [preceding preclinical and clinical] literature to obtain 

comparable clinically relevant exposure levels in rodents (Shaffer et al., 2014; Zarate et al., 

2012). Shaffer and [coworkers demonstrated] that a clinically efficacious dose [of ketamine] 

reveals a maximum NMDA receptor occupancy (RO) of ~30% at t=40 min [post-

administration]. Analogous RO levels within preclinical trials were achieved by using the 

selected dose of 10 mg/kg (i.p.) in rats (Shaffer et al., 2014). [Traxoprodil doses were selected] 

in a clinical relevant range, as previously published (Nutt et al., 2008; Preskorn et al., 2008a; 

Taylor et al., 2006) [and based on prior] preclinical studies (Nagy et al., 2016)” (Raith et al., 

pp. 2-3). 

2.2.2 Study II: mGlu4 PAM (ADX88178) 

ADX88178 (provided by Dept. Medicinal Chemistry Germany, Boehringer Ingelheim Pharma 

GmbH & Co. KG) was dissolved in 0.5% (w/v) Natrosol and 0.015% Tween 80 (v/v) as an 

aqueous solution (equivalent to vehicle treatment group), and dosed at 10 mg/kg, 30 mg/kg, and 

100 mg/kg (per oral (p.o).; administration volume: 2 ml/kg). Midazolam (experimental control; 

Dormicum®, Roche Pharma AG, Grenzach-Whylen, Germany) was dissolved in saline (0.9% 

NaCl; Fresenius Kabi GmbH, Bad Hornburg, Germany) and dosed at 1 mg/kg (p.o.; 

administration volume: 2 ml/kg). Dosing regimens described were true for all performed 

experiments within this study, including qEEG and the three-chambered social approach task. 

All doses refer to the free base. 

2.2.3 Study III: PDE2A inhibitor (PF-05180999) 

PF-05180999 (purchased from Sigma-Aldrich; purity ≥ 98% determined by HPLC) was 

dissolved in 0.5% (w/v) Natrosol and 0.015% Tween 80 (v/v) in ultrapurified water, and dosed 



Material & methods 

22 
 

at 4 mg/kg and 12 mg/kg (p.o.; administration volume: 2 ml/kg) for qEEG assessment. Within 

the social recognition task doses of 0.4 and 2 mg/kg were applied (p.o.; administration volume: 

5 ml/kg). Donepezil (experimental control; purchased from LKT laboratory, Inc., St. Paul, USA; 

purity ≥ 98% determined by HPLC) was dissolved in saline and dosed at 5 mg/kg for qEEG 

assessment (i.p.; administration volume: 1 ml/kg). For in vivo microdialysis, vehicle (0.5% 

(w/v) Natrosol + 0.015% Tween 80 (v/v) in ultrapurified water), or PF-05180999 (3, 10 or 

30 mg/kg) was administered orally using a volume of administration of 2 ml/kg at t = 0 min. All 

doses refer to the free base. 

2.3 DSI telemetry system 

In order to assess biopotential changes (including electroencephalogram (EEG), 

electrocardiogram (ECG), electromyogram (EMG)) as well as body core temperature and 

locomotor activity in freely moving animals, two different types of radiotelemetry transmitters 

were used, which will be described shortly in the following.  

2.3.1 F40-EET transmitter 

The telemetry system used for study I consisted of a telemetry transmitter implant (TL11M2-

F40-EET, Data Sciences International, St. Paul, USA) capable of measuring two biopotentials 

(EEG, EMG), activity index and body temperature (Fig. 3A) (Raith et al., 2020). The telemetric 

transmitter contains the battery, the transmission electronics, as well as the magnetic on/off 

switch which enables to manually turn on/off the telemetric device. “The data acquired were 

transmitted to a receiver (RPC-1, DSI) which captured the telemetered signals from the implant 

and forwarded them to a data exchange matrix [(MX2)] serving as a multiplexer” (Fig. 4) (Raith 

et al., 2020, p. 3). 

2.3.2 4ET transmitter 

The 4ET implant (4ET transmitter, Data Science International, St. Paul, USA) used for 

study II & III is composed of two modules (dual device): the telemetry module and the sensing 

module. The telemetry module contains the battery, the transmission electronics, as well as the 

magnetic on/off switch which enables to manually turn on/off the telemetric device. The sensing 

module retrieves biopotential data, measures body core temperature, and contains the eight 
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color-coded biopotential leads (four biopotnetial channels with a positive and negative lead, 

respectively). Both modules are interconnected via the IS-1 lead (Fig. 3B). 

The 4ET transmitter is capable of measuring four biopotentials (as cortical EEG or local field 

potential recording (depth electrode), EMG, ECG), activity index and body temperature. The 

activity index is calculated in counts per minute (cpm). Additionally, the 4ET enables the 

transmission of biopotential data via two different frequency ranges (8 MHz & 18 MHz). This 

enables to record two animals simultaneously in the same recording cage and thus pair-housing 

throughout the data acquisition. The data acquired were transmitted to a receiver (RPC-1, DSI) 

which captured the telemetered signals via radiofrequency and forwarded them to a data 

exchange matrix (MX2) serving as a multiplexer (Fig. 4). 

 

 

Fig. 3: Radiotelemetry transmitters (Data Science International, St. Paul, USA). The F40-EET transmitter (A) allows the 
measurement of two biopotential channels, locomotor activity, and body core temperature. The F40-EET transmitter was 
implanted intraperitoneally and contains a magnetic on/off switch. The 4ET transmitter (B) is composed of two modules: the 
telemetry module (TM; containing battery, transmission electronics and magnetic on/off switch), and the sensing module (SM; 
senses biopotential channels and body core temperature, contains color-coded biopotential leads). The 4ET sensing module was 
implanted intraperitoneally. The 4ET telemetry module was implanted subcutaneously. 
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Fig. 4: Schematic representation of the radiotelemetry system (Data Science International, St. Paul, USA). The surgically 
implanted transmitters transfer the acquired data via radiofrequency to the underlying receiver plates (RPC-1, DSI) which 
forward them to a data exchange matrix (MX2) serving as a multiplexer. The router and network switch connect all devices 
including PCs, and MX2 matrices to assure uninterrupted data collection. Modified from ‘DSI Ponemah Implantable Telemetry 
System Manual’, DSITM, Copyright© 2019 Data Sciences International, Part Number 007678-007, Rev. 03. 

 

2.4 Surgical implantation of telemetric transmitters 

“Rats were anaesthetized with a mixture of Medetomidine hydrochloride (150 µg/kg, i.m.; 

Dorbene®, Pfizer Pharma GmbH, Berlin, Germany), Midazolam (2 mg/kg, i.m.; Dormicum®, 

Roche Pharma AG, Grenzach-Wyhlen, Germany) and Fentanyl (5 µg/kg, i.m.; Fentanyl®, 

Janssen-Cilag GmbH, Berlin, Germany), as well as administration of Meloxicam (200[-

400] µg/kg, s.c.; Metacam®, Boehringer Ingelheim Vetmedica GmbH; Ingelheim, Germany) 

after induction of anaesthesia. Lidocaine hydrochlorid 2% (bela-pharm GmbH & Co. KG, 

Vechta, Germany) was applied locally to all incisions” (Raith et al., 2020, p. 3). 

A telemetric transmitter (TL11M2-F40-EET (Raith et al., 2020) (Fig. 3A) or 4ET (Fig. 3B), 

Data Sciences International (DSI), St. Paul, USA) was inserted under aseptic conditions into the 

intraperitoneal (i.p.) cavity of rats, and secured with a surgical stitch. Within studies using the 

4ET transmitter, the sensing module was implanted i.p., whereas the telemetry module was 

places subcutaneously (s.c.; Fig. 5). Within the 4ET transmitter implantation surgery, additional 

electrocardiogram (ECG) electrodes were placed. These were passed through a subcutaneous 
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tunnel and placed in a modified lead-II configuration where the electrodes are secured with 

sutures, as described earlier (Sgoifo et al., 1996). 

 

 
Fig. 5: Illustrated surgical procedure for 4ET transmitter implantation. The sensing module is placed in the body cavity 
(i.p.). The telemetry module is implanted subcutaneously (s.c.). The biopotential leads channel through the muscle layer 
alongside the body flank for subsequent EMG, and EEG electrode placement in the neck muscle, and on the skull, respectively. 
ECG electrode placement is not shown here. L: left; R: right. Modified from ‘4ET Device User Guide and Surgical Manual’, 
DSITM, Copyright© 2012 Data Sciences International, Part Number 391-0095-001, Rev. 04. 

 

“The electroencephalogram (EEG) and electromyogram (EMG) wires were passed through a 

subcutaneous tunnel [alongside the flank within all studies, either using the TL11M2-F40-EET 

or 4ET]. EMG electrodes were inserted into the neck muscle of the rats [to record muscle 

activity (Fig. 6A), which is important for subsequent sleep wake analysis (vigilance staging/ 

vigilance states determination; described below)]. Rats were then fixed in a stereotaxic frame 

(David Kopf Instruments, Tujunga, CA, USA). Two [or four] holes were drilled (K4 4914, 

KaVo Dental GmbH, Leutkirch, Germany) in the rat skull [for either one, or two EEG recording 

channels, by taking advantage of the F40-EET or 4ET transmitter, respectively]” (Raith et al., 

2020, p. 3). Within all studies the cortical EEG electrodes were placed by using a direct wire 

method in a loop-fashion, in which the streched lead wires are inserted as a loop above the dura 

(Fig. 6B). 
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Fig. 6: Illustrated placement of EMG and EEG electrodes. (A) The EMG electrodes are inserted into the neck muscle for 
subsequent muscle activity recordings. The EEG lead wire is bent in a loop-fashion and inserted above the dura (direct wire 
method). The EEG leads are fixed on the skull surface with dental acrylic cement. Adapted from the ‘4ET Device User Guide 
and Surgical Manual’, DSITM, Copyright© 2012 Data Sciences International, Part Number 391-0095-001, Rev. 04. 

 

Within the three different performed studies, varying stereotaxic coordinates wer chosen in 

accordance to study aim, brain region of interest and telemetric transmitter specifications, which 

will be described briefly in the following. 

Study I (ketamine & traxoprodil) was performed using the F40-EET transmitter. The following 

coordinates were chosen for cortical EEG recordings: “AP (anterior-posterior): - 4.3 mm 

(relative to Bregma), ML (medial-lateral): - 2.5 mm and the reference electrode at 

AP: + 3.0 mm, ML: + 1.5 mm” (Raith et al., 2020, p. 3). 

Within study II (mGlu4 PAM: ADX88178), both electrode channels (4ET transmitter) were 

placed above the dura for cortical recordings. The first EEG channel (EEG1) was placed at 

following coordinates: anterior-posterior (AP): + 3.2 mm, medial-lateral (ML): - 0.6 mm 

(relative to Bregma; respective reference electrode was placed contralaterally above the 

cerebellum). The second EEG channel (EEG2) was placed above the dura at AP: - 4.3 mm, and 

ML: - 2.5 mm (relative to Bregma; reference electrode was placed contralaterally above the 

cerebellum).  

Within study III (PDE2A inhibitor: PF-05180999), the 4ET electrodes for subsequent EEG 

recordings were placed in four predrilled holes for one cortical and one intrahippocampal 

recording. For the first EEG recording (EEG1) two electrodes were placed above the dura for 

cortical recordings above the prefrontal cortex (PFC; anterior-posterior (AP): + 3.2 mm, medial-
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lateral (ML): - 0.6 mm (relative to Bregma); respective reference electrode was placed 

contralaterally above the cerebellum). The second EEG-channel (EEG2) was used for local field 

potential recordings (LFP) by placing depth electrodes in the CA1 (Cornu Ammonis 1) region 

of the hippocampus. This was performed by mechanical attachment to a unipolar stainless-steel 

pin (diameter: 0.2 mm, PlasticsOne®, USA). The following stereotaxic coordinates were used 

for LFP recordings: AP: 4.3 mm, ML: - 2.5 mm, dorsal-ventral (DV): - 3.0 mm (relative to 

Bregma), with the reference electrode placed contralaterally above the cerebellum. Correct 

depth electrode placement was verified before, by using India ink and subsequent brain 

sectioning and Haematoxylin and Eosin (H&E) staining (procedure described below under 2.5.).  

Within all studies, the electrodes “were secured with dental acrylic cement. Post-surgery, 

anesthesia was antagonized with a mixture of Atipamezole hydrochloride (750 µg/kg, s.c.; 

Alzane®, Pfizer Pharma GmbH, Berlin, Germany), Flumazenil (200 µg/kg, s.c.; Hikma Pharma 

GmbH; Gräfelfing, Germany), and Naloxone hydrochloride (120 µg/kg, s.c.; Naloxon-

ratiopharm®, Ratiopharm GmbH, Ulm, Germany). [Subsequently, animals were housed 

individually, until incisions had healed.] The rats received further Metacam® (200[-400] µg/kg, 

s.c.) and antibiotics ([2 mg/kg], s.c.; Marbocyl FD 1%, Vétoquinol GmbH, Ravensburg, 

Germany) for [up to] five days. Rats were given a two-week recovery period before 

experimental use” (Raith et al., 2020, p. 3). 

2.5 Haematoxylin and Eosin (H&E) staining of brain slices 

Before implanting LFP electrodes for the third study (PDE2A inhibitor; PF-05180999), the 

respective stereotaxic coordinates were verified by test electrode placement and injection of 

India ink (500 µl per injection site). Subsequently, the animals were sacrificed by decapitation, 

the brain removed and fixated in 4% PFA (paraformaldehyde) overnight. Next, the PFA solution 

was replaced by sucrose solution, in which the brains remained for two days. Following, coronal 

sections (12 µm) of the brain (at the injection sites) were made by using a cryostat (Leica CM 

1900) and subsequently transferred onto glass slides (Superfrost Ultra Plus®, Gerhard Menzel 

GmbH, Braunschweig, Germany) and stored in staining racks to air dry. The H&E staining 

procedure was carried out on a Leica BOND-MAXTM
 autostainer (Leica Biosystems Nussloch 

GmbH, Nussloch, Germany) using a standard H&E staining protocol (see detailed protocol in 
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the following paragraph 2.5.1). Last, the sections were mounted with EntellanTM NEW (Merck 

KGaA, Darmstadt, Germany) for cover slippers. 

2.5.1 H&E staining protocol 

The below enclosed reagents and procedure steps were followed for the H&E staining of brain 
slices. 

Reagents: 

- Haematoxylin (Papanicolaou’s solution 1B) 
- 2.5% Phloxin B solution 
- 1% Eosin G solution  
- Ethanol (70%, 80%, 96%, 100%) 
- 1% HCl (1mL HCl/100 mL 70% EtOH) 
- Xylol (100%) 
- Acetic acid (100%)  
- EntellanTM NEW 
- Aqua dest. 

 
Preparation of Eosin-Phloxin solution: 

- 780 mL EtOH (96%) 
- 7 mL Phloxin B solution (2.5%) 
- 100 mL Eosin solution (1%) 
- 10 mL Acetic acid (100%) 

 
Procedure H&E staining: 

- Transfer coronal sections in Haematoxylin (Papanicolaou’s solution 1B) for 10 min 
- Shortly rinse with Aqua dest. 
- Differentiation with 1% HCl 
- Rinse with tap water – 9 min 
- Transfer shortly in 80% EtOH, and subsequently in 96% EtOH 
- Stain 2 min in Eosin-Phloxin solution 
- Transfer sections for ~20 s in 96% EtOH 
- Transfer sections for ~20 s in 96% EtOH 
- Transfer sections for ~20 s in 100% EtOH 
- Transfer sections for ~30 s in 100% EtOH 
- Transfer sections for ~30 s in 100% Xylol 
- Transfer sections for ~30 s in 100% Xylol 

 
- Dehydrate, clear and subsequently mount sections with EntellanTM NEW 
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2.6 Telemetric recordings & behavioral assessment under home cage conditions 

All studies were performed in a latin-square design if not otherwise mentioned. Thus, each 

individual animal received all respective treatment doses, including vehicle treatment and 

positive/experimental control (as indicated under ‘2.2. Drugs’). Within all studies, animals were 

“acclimatized to the handling procedures and were administered a mock injection of saline 

([study I:] 1 ml/kg, i.p.” (Raith et al., 2020, p. 3); study II: 2 ml/kg (p.o.); study III: 2 ml/kg 

(p.o.)/1 ml/kg (i.p.)) respectively before the start of the first experimental day. 

2.6.1 Recording procedure study I: ketamine & traxoprodil 

Within study I, each animal received either saline (0.9% NaCl), ketamine (10 mg/kg, 30 mg/kg, 

i.p.), or traxoprodil (6 mg/kg, 18 mg/kg, i.p.) treatment with seven days washout-period in-

between treatments (Raith et al., 2020). “On the day of the experiment, data acquisition was 

started at 08.00 am (“light on”) and continuous recording of EEG, EMG, core body temperature, 

and locomotor activity was performed for 32 hours. A baseline period was recorded for 1 h prior 

to compound administration. At t = 0 min (10.00 am), rats were administered either saline 

(1 ml/kg, i.p.), ketamine (10 mg/kg, 30 mg/kg, i.p.), or traxoprodil (6 mg/kg, 18 mg/kg, i.p.) and 

then immediately returned to their home cage. All experimental time points were expressed 

relative to the time point of injection” (Raith et al., 2020, p. 3). 

2.6.2 Recording procedure study II & III: mGlu4 PAM (ADX88178) & PDE2A 

inhibitor (PF-05180999) 

For study II, every animal received vehicle treatment (Natrosol 0.5%, Tween 80 0.015%; p.o.), 

three different doses of the mGlu4 PAM (ADX88178; 10 mg/kg, 30 mg/kg, and 100 mg/kg; p.o.) 

and the experimental control Midazolam (1 mg/kg; p.o.) across all treatment days.  

Within study III, each rat received vehicle treatment (Natrosol 0.5%, Tween 80 0.015%; p.o.), 

two different doses of the PDE2A inhibitor (PF-05180999; 4 mg/kg and 12 mg/kg; p.o.) and the 

experimental control Donepezil (5 mg/kg; i.p.) across all treatment days. Within both studies, a 

washout period of three days was chosen in-between treatments. 
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In both studies, the animals were placed in the test room two hours before “lights-off” at the day 

of the experiment. Ten minutes before “lights-off” the telemetric transmitter was turned on via 

the magnetic switch. Subsequently, the animals were transferred individually to their respective 

recording cage (35 cm x 56.5 cm; Fig. 7), where a parallel behavioral video assessment was 

performed throughout the recording time for behavioral analysis under home cage conditions 

(EthoVision® XT 12 software, Noldus Information Technology Inc., Wageningen, the 

Netherlands). One and a half hours after “lights-off” rats were administered with the respective 

compound according to the latin-square design and were immediately returned to their recording 

cage (corresponds to t = 0 min). Data was recorded for further four (study II) or three (study III) 

hours, before being analyzed. All experimental time points were expressed relative to the time 

point of injection. 

 

 
Fig. 7: Telemetric recording cage with parallel top-view video recording system (Gig-E cameras and infrared lighting). 

Cage walls of Makrolon type IV cages (35 x 56.5 cm) are elevated by self-manufactured, sandblasted Plexiglas top to ensure 
video recording without interfering wall-reflections. 
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2.6.3 Behavioral assessment under home cage conditions (EthoVision® XT, Noldus) 

To assess pharmacological induced behavioral changes in parallel to the biopotential recordings, 

we took advantage of the automated rat behavior recognition module within the software 

EthoVision® XT 12, provided by Noldus Information Technology Inc. (Wageningen, the 

Netherlands). EthoVision® XT 12 is a video-based automated motion/behavioral analysis 

software, capable of analyzing various rat behaviors including distance traveled, drinking, 

eating, rearing behavior (supported/unsupported), grooming and sniffing besides various others 

(descriptions of individual behaviors are indicated in Table 2). The software first detects the 

animal within the arena/cage by extracting the bitmap composed of pixels resembling each 

individual video image, which itself has different gray-scale values. Based on this information, 

EthoVision® XT 12 calculates the area of the subject itself by subtracting the contrast of the 

background (arena/bedding) from the subject itself, indicated by the grey value of each pixel 

(Pham et al., 2009; van Dam et al., 2013). 

For video tracking, top-view Gig-E cameras (Basler AG, Ahrensburg, Germany) were installed 

55 cm above each individual recording cage. Each camera contained a varifocal lens with an 

infrared filter to match the parallel installed infrared lighting (Raytec, Ashington, United 

Kingdom). Additionally, dimmable LED-lights were mounted above all recording cages to 

ensure even illumination across all recording cages. To ensure a full and unrestricted top-view 

of the cameras, we elongated commercially available Makrolon IV cages for rats with a self-

build Plexiglas-top without a lid (Fig. 7). The feeder and water bottle were attached on the 

outside of the cage. All cage surfaces (bottom cage & top) were sandblasted to avoid light 

reflections and thus video tracking problems (Fig. 7). Within all 4ET studies with parallel 

behavioral assessment, dark grey bedding (Back to Life® Vogel Voliereinstreu, Hugro GmbH, 

Saerbeck, Germany) was used to ensure a good subject-background contrast. 

All video files were recorded using the software Media Recorder (Noldus Information 

Technology Inc., Wageningen, the Netherlands) und subsequently analyzed by 

EthoVision® XT 12. In order to recognize and distinguish between the different rat behaviors, 

the software uses a three-point detection method, indicating three points on the rat body 

including nose-point, center-point, and tail-base. This method ensures and improves the video-
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based behavior recognition accuracy and enables a more detailed pose representation (Lorbach 

et al., 2018; Lorbach et al., 2015). 

 

Table 2: Automated rat behavior recognition by EthoVision® XT 12. Modified and adapted from (van Dam et al., 2013). 

Tracked behavior Description 

Distance traveled The distance moved within the arena, detected by displacement of the 
animals’ center, nose- or tail-base point in 2D comparing video frame by 
frame. 

Drinking Animal licks water bottle drinking spout. 

Eating Animal eats from defined feeder crib area, or is eating food from floor, 

e.g. by holding pellets/food in forepaws. 

Rearing supported Animal exploring while standing on hind legs in an upright posture, while 

supporting itself on the cage walls. 

Rearing unsupported Animal exploring while standing in an upright posture, without supporting 

itself with front paws on any object including cage walls. 

Grooming Animal grooms itself, including snout, head, fur, and anogenital area. 

Grooming includes licking of paws and scratching. 

Sniffing Animal explores environment by making slight movements of the head, 

including discontinuous displacement of the body. Sniffing includes 

sniffing the air, walls and/or floor, or other objects within the recording 

cage. 

2.7 Vigilance states (sleep-wake discrimination) and power spectral analysis 

The data retrieved from each animal including EEG (cortical and/or local field potential 

recordings), EMG, core body temperature, and locomotor activity were processed with 

Ponemah v6.41 acquisition software (Data Sciences International, St. Paul, USA) and imported 

into NeuroScore v3.2.1 (Data Sciences International, St. Paul, USA) for biopotential 

(EEG/EMG) and vigilance states analysis. Within the following, the term “vigilance state(s)” is 

used to merely refer to different sleep/wake states (Raith et al., 2020). Vigilance state scoring 

and the exclusion of movement-related artefact was performed manually as the automated 

scoring implemented in the software NeuroScore did not result into the same accurate and 

reliable outcomes. Artifact-free data was acquired in 4 s epochs, and EEG activity was sampled 
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at 500 Hz with a hardware filter cut-off at 50 Hz. The EEG power spectral frequency bands, 

consisting of delta (0.5-5 Hz), theta (5-9 Hz), alpha (9-12 Hz), beta (12-20 Hz), low 

gamma (20-50 Hz) (Raith et al., 2020), and high gamma (52-100 Hz) oscillations, were 

analyzed using NeuroScore v3.2.1 (Fast Fourier transformation; FFT). Overall, the F40-EET 

transmitter (study I) is able to record up to 50 Hz, whereas the 4ET transmitter, used for study 

II & III is able to capture biopotential changes up to 100 Hz. 

The different vigilance states were manually determined for each individual 4 s time window 

based on EEG, EMG, activity, and power spectral criteria within the NeurScore software (Raith 

et al., 2020). Overall, the vigilance states active wake (AW), quiet wake (QW), slow wave sleep 

(SWS) or NREM1/NREM2, and rapid eye movement (REM) sleep were distinguished and 

scored, respectively.  

“In brief, active wake is characterized by a low amplitude EEG signal characterized by a high 

frequency [component] in line with variable and high muscle activity (high EMG signal) and 

active movement of the animal (high locomotor activity signal). Quiet wake is characterized 

similarily to the active wake state, with the difference that during QW no activity signal is 

evident, indicating absent locomotor activity” (Raith et al., 2020, p. 3). Overall, QW shows no 

characteristics of sleep, as indicated further on for slow wave sleep (SWS), or REM sleep. 

Within the first study (ketamine/traxoprodil), we distinguished between two different NREM 

states (NREM1&2) (Raith et al., 2020), which in the other two studies were combined to the 

previously mentioned SWS (study II & III). “NREM1&2 are both characterized as SWS, with 

a high-amplitude EEG signal, lack of body movement […], and dominant delta power (0.5-

4 Hz). NREM1 was scored accordingly, when delta power was below 45% of the total power 

within the 4 s epoch, whereas NREM2 was determined when delta power was equal or greater 

than 45% of overall power within the respective time window. REM sleep, or paradoxical sleep, 

is characterized by a lack of locomotion (no activity signal; […]), low-amplitude EMG signal 

with occasional muscle twitches (predominantly before vigilance state transitions), low-

amplitude and highly regular EEG signal with predominant theta power (5-9 Hz)” (Raith et al., 

2020, p. 3). Overall, similar criteria for vigilance state scoring have been described elsewhere 

(Gradwohl et al., 2015; Stephenson et al., 2009). 
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For subsequent analysis, the 4 s time windows were averaged into 30 min epochs, to be 

normalized to the vehicle-treated group within the same time window (time-matched 

normalization (Raith et al., 2020)) or were chosen accordingly to express percentage of 

difference from baseline (within-group normalization; baseline represents 100%). 

2.8 Heart rate variability (HRV) analysis 

The acquired continuous raw ECG data (sampled at 1000 Hz) obtained in the 4ET studies 

(study II & III) was processed and analyzed with Ponemah v6.41 (Data Sciences International, 

St. Paul, USA). The software scans the raw signal to verify proper ECG quality for subsequent 

heart rate variability analysis in the time- and frequency domain. Within Ponemah v6.41 (DSI) 

subsequent R-peaks were detected according to sinus depolarization, and the Normal-to-

Normal-intervals (NN-intervals equivalent to RR-intervals) were determined. Following, a fast 

Fourier transformation (FFT)-based time- and frequency domain analysis was performed. Power 

spectral densities within the frequency domain analysis were estimated for a 3-4 min parsing 

interval with FFT performed within 1 min segment duration. Analysis time windows were 

chosen according to reported cmax times of the PDE2A inhibitor and mGlu4 PAM, respectively 

(Helal et al., 2018; Le Poul et al., 2012). The analysis time window for the PDE2A inhibitor 

(PF-05180999) was chosen 20 min post-treatment, whereas the analysis time window for the 

mGlu4 PAM was chosen 60 min post-treatment. Within both studies, a Welch’s protocol with 

Hanning window and an interpolation rate of 50 Hz was chosen. Following frequency bands 

were assigned: very low frequency (VLF) from 0.05-0.25 Hz, low frequency (LF) from 0.25-

1 Hz and high frequency (HF) from 1-3 Hz. The total power (TP) is the sum of VLF, LF, and 

HF. Normalized values of LF and HF were obtained using the following formulas: 

LF� =
��

��	
����
 ;           HF� =

��

��	
����
 . 

The time domain analysis was performed for one hour pre- and 60-120 min post-treatment for 

the mGlu4 PAM study, and for one hour pre- and post-treatment for the PDE2A inhibitor study. 

Within both studies a reporting period of 5 min was used, as it has been shown that respective 

small time windows limit potential errors to make reliable statements about pharmacological 

effects on heart rate variability in rodents (Thireau et al., 2008). Following parameters in the 

time domain were analyzed: NN-interval length (equivalent to RR-inveral length), number of 
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cycles, the standard deviation of normal-to-normal intervals (SDNN) - quantifying the total 

variability of successive RR-intervals across the whole signal (long-term component variations 

of HRV), and the square root of the mean squared differences of successive NN-intervals 

(RMSSD) - estimating short-term component variations of HRV (Malik et al., 1996). 

Additionally, the number of successive NN-intervals that differ by more than 9 ms (NN9), the 

proportion (pNN9) derived by dividing NN9 by all NN-intervals in the given parsing window, 

and the overall cycle number were included in the analysis. 

2.9 Exposure measurements 

Compound exposure measurements were performed for study II (mGlu4 PAM). The exposure 

of ADX88178 was measured in blood plasma and cerebrospinal fluid (CSF) by using a new 

cohort of naïve male, adult Wistar rats (n=3/group). ADX88178 (10 mg/kg, 30 mg/kg, 

100 mg/kg) and the experimental control Midazolam (1 mg/kg) were administered p.o. in a 

staggered fashion with an administration volume of 2 ml/kg. Following 60 min post-treatment, 

the animals were anaesthetized with a mixture of ketamine (70 mg/kg, i.p.; Pfizer Pharma 

GmbH, Berlin, Germany) and xylazine (6 mg/kg, i.p.; Rompun®, Bayer Vital GmbH, 

Leverkusen, Germany). Animals were subsequently transferred to a stereotaxic frame (David 

Kopf Instruments, Tujunga, CA, USA). CSF samples were taken via puncture of the cisterna 

magna. Blood samples were obtained by decapitation. Blood was collected in 1.5 ml Eppendorf 

tubes containing EDTA. Blood plasma was collected by centrifugation at 3200 x g (4°C) for 

15 min (Centrifuge Sigma 3-18 K, Sigma Laborzentrifugen GmbH, Osterode am Harz, 

Germany). For each animal, 100 µl plasma and 20 µl CSF were transferred to a microwell plate 

(Thermo Fisher Scientific GmbH, Schwerte, Germany), sealed and frozen at -80°C for 

subsequent analysis by using LC-MS/MS. 

2.10 Pharmacokinetic studies 

Pharmacokinetic studies were performed for study III (investigation of PDE2A inhibitor PF-

05180999). These were conducted in collaboration with the Drug Discovery Sciences 

department (Dr. Raimund Külzer; Boehringer Ingelheim). Male Wistar rats (RjHan:WI; 200–

250 g; Janvier Labs, Le Genest-Saint-Isle, France) were orally administered with 4 mg/kg PF-

05180999. Blood samples were collected from the Vena facialis at 0.25, 0.5, 1, 2, 4, 8 and 24 h 
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post-treatment into EDTA-coated tubes which were placed on ice. Plasma was separated by 

centrifugation and stored at -20°C. In a separate study, male Wistar rats were orally administered 

with 4 mg/kg PF-05180999, and after 30 min the rats were anaesthetized with isoflurane and 

CSF was collected by puncturing the cisterna magna using stereotaxic guidance. The CSF 

samples were stored at -20°C. Plasma and CSF concentrations of PF-01580999 were determined 

by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). 

2.11 LC-MS/MS analysis 

Plasma and CSF samples following treatment (study II; ADX88178, and Midazolam) were 

analyzed using LC-MS/MS by the Drug Discovery Sciences department at Boehringer 

Ingelheim. The mobile phase A consisted of 0.1% formic acid (HCOOC), whereas the mobile 

phase B consisted of methanol/acetonitrile (MeOH/ACN; 1:1) + 0.1% formic acid. The LC 

gradient was chosen as follows (Table 3). 

Table 3: Step-gradient elusion profile for the liquid-chromatography (LC). 

Step Total time [min] Flow rate [µl/min] Eluent A [%] Eluent B [%] 

0 0.00 400 90.0 10.0 

1 0.10 400 90.0 10.0 

2 2.30 400 5.00 95.0 

3 3.20 400 5.00 95.0 

4 3.30 400 90.0 10.0 

5 4.00 400 90.0 10.0 

 

Eluates were delivered onto a reversed-phase column (YMC Triart, C18, 30x2 mm, 3 µl; YMC 

Europe GmbH, Dinslaken, Germany). Eluates were detected by using the API5000 triple 

quadrupole mass spectrometer (AB Sciex, Darmstadt, Germany), within the positive 

electrospray ionization (ESI) mode. The MS was operated in the multiple reaction monitoring 

(MRM) mode (specific parameter indicated in Table 4). 
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Table 4: API5000 mass spectrometer parameters to measure transitions of ADX88178 and Midazolam. The given 
MRM (multiple reaction monitoring) transitions were used for quantification. 

 MRM transitions  

[DA] 

Declustering potential 

[V] 

Collision energy  

[V] 

ADX88178 273.1135.2 143 28 

Midazolam 326.1291.2 165 28 

2.12 Behavioral tests  

2.12.1 Three-chambered social approach task in rats 

The three-chambered social approach task was performed within study II only, investigating the 

mGlu4 PAM ADX88178 and potential pharmacological induced changes in sociability and 

social recognition behavior. The three-chambered social approach task was performed similarily 

as described earlier for mice and rats (Deiana et al., 2015; Moy et al., 2004; Yang et al., 2001). 

The apparatus and the enclosures for the stimulus animals were adjusted in size to be performed 

for rats as previosly outlined (Deiana et al., 2015). The grey matt Perspex® apparatus used, 

sized 120 cm (length) x 60 cm (width) x 40 cm (height), was divided in three chambers where 

the left and right chamber measured 50 cm in length, whereas the center measured 20 cm 

(length) x 60 cm (width). The interconnecting, manual removable clear Perspex® doors 

measured 10 cm x 10 cm. The left and right chamber contained one transparent Perspex® 

square-based pyramid (length/width: 15 cm, height: 25 cm) each, which later on were used as 

enclosures for the stimulus animals. The apparatus was placed in a movable metallic frame with 

installed LED lights to fully control light conditions (indirect illumination; 100 lux). A Gig-E 

camera (ace Gig-E camera, Basler AG, Ahrensburg, Germany) was installed above the center 

of the apparatus for subsequent video tracking. Before the test days, test animals (male Wistar 

rats, n=9 per treatment group) underwent mock injections (p.o. saline; administration volume: 

2 ml/kg) to reduce injection-dependent stress-levels. The juvenile stimulus rats (same sex and 

strain, age: 3-4 weeks) were previously habituated to the enclosures to reduce stress levels. At 

the test day (light phase), the animals were brought to the test room to habituate for one hour. 

In the following, the test animals were treated in a between-subject design (p.o.; administration 

volume: 2 ml/kg; doses tested as described under 2.2.2.) in staggered intervals to allow each 
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animal to be tested within the three-chambered social approach task at t = 60 min post-injection 

to match previous reported cmax times (Le Poul et al., 2012). 

The test phase began with a habituation period, in which the experimenter placed the test animal 

in the refined center for 10 min. Subsequently, the test animal was allowed to freely explore all 

three chambers of the apparatus (with enclosures) by manually opening the interconnecting 

doors. In the following, the animal was refined in the center by closing the interconnecting doors. 

Within the first phase, the sociability phase, the first stimulus animal was introduced in the left 

or right enclosure. The choice whether to place the stimulus rat in the left or right enclosure was 

based on previous preference in the 10 min habituation period. If the test animals e.g. spent more 

time in the left chamber in the habituation period, the stimulus rat was then placed in the opposed 

chamber to avoid temporal preferences further on. After the 10 min sociability phase the test 

animal was again refined in the center. In the following second and last phase, the social 

recognition phase, a second unfamiliar stimulus rat was introduced in the formerly empty 

enclosure. Based on the recorded videos, the time spent within the respective chamber as well 

as around the enclosure (direct proximity) were scored by taking advantage of the behavioral 

analysis software EthoVision® XT 12 (Noldus Information Technology Inc., Wageningen, the 

Netherlands). 

2.12.2 Social recognition task in rats 

The social recognition task as part of study III was conducted by Andrea Blasius (CNS Diseases, 

Boehringer Ingelheim) in accordance to the procedure adopted from Staay and colleagues (van 

der Staay et al., 2008). Thirty minutes before start of trial 1 (T1), adult male Wistar rats (~400 g; 

n=9/treatment group) were administered orally with vehicle or PDE2A inhibitor PF-05180999 

(0.4, or 2.0 mg/kg). Then, a male juvenile rat (~ 180 g; same strain) was placed into the testing 

arena (Makrolon type IV cage within black observation box: 60.5 cm x 40.5 cm x 40 cm) of the 

adult, allowing to interact for 3 min, while social investigation was monitored by an 

experimenter. In between animal testing the observation boxes were cleaned using 70% ethanol. 

24 hours later, adult rats were reintroduced to their testing arena with a familiar juvenile (same 

as T1) allowing to interact for 3 min (T2). Sniffing and grooming of body parts, anogenital 

sniffing, and close following were scored. Social investigation times at T1 and T2 were recorded 

and the difference in total social investigation time (SIT) between T1 and T2 was used as an 
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index of social memory performance. The change in social investigation time is expressed as 

percentage reduction in SIT (%RSIT) calculated by using following formula: 

%RSIT = 100 −
���×����

��
 . 

2.13 Determination of cyclic nucleotide levels in rat brain 

Quantification of cyclic nucleotide levels in rat brain were conducted in collaboration with Dr. 

Gunnar Flik, Charles River Laboratories, Groningen, the Netherlands.  

2.13.1 Microdialysis probe implantation 

Rats were anesthetized using isoflurane (2% and 500 mL/min O2). Before surgery, Finadyne® 

(1 mg/kg, s.c.) was administered for analgesia during surgery and the post-surgical recovery 

period. A mixture of bupivacaine and epinephrine was used for local anesthesia of the incision 

site and skull. Each animal was placed into a stereotaxic frame (Kopf instruments, USA). A 

microdialysis probe with a 3 or 4 mm exposed surface (polyacrylonitrile membrane, Brainlink, 

the Netherlands) was implanted into the STR or PFC, respectively (coordinates for STR: 

AP: + 0.9 mm (relative to bregma), ML: + 3.0 mm (relative to midline), DV: - 6.0 mm (vs. 

dura); coordinates for PFC: AP: + 3.4 mm (relative to bregma), ML: - 0.8 mm (relative to 

midline), DV: - 5.0 mm (vs. dura); the incisor bar was set at - 3.3 mm (Paxinos and Watson, 

1998)). The probes were attached to the skull with stainless steel screws and dental cement. 

Following surgery animals were housed individually and allowed to recover for 24 hours. 

2.13.2 In vivo microdialysis 

In vivo microdialysis was performed one day after surgery. The microdialysis probes were 

connected with flexible PEEK tubing (Western Analytical Products Inc. USA; PK005-020) to a 

microperfusion pump (CMA) and perfused with artificial CSF (perfusate), containing 147 mM 

NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2 at a flow rate of 1.5 μL/min. After two 

hours of pre-stabilization, microdialysis samples were collected in mini-vials (Microbiotech/se 

AB, Sweden; 4001029) containing 15 μL 20 mM formic acid and 0.04% ascorbic acid in 

ultrapure water using an automated fraction collector (UV 8301501, TSE, Univentor, Malta). 

All samples were stored at -80°C for off-line analyses. After the experiment, the rats were 
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sacrificed and brain tissue and plasma samples (Na-EDTA treated) were collected from each 

animal. Brain tissue samples were used to verify the probe position. 

2.13.3 Quantification of cyclic nucleotide levels in microdialysates 

Concentrations of cAMP and cGMP were determined by HPLC with tandem mass spectrometry 

(MS/MS) detection with 13C5-cAMP and 13C5-cGMP as the internal standards. For this purpose, 

an aliquot of a solution containing the internal standard was mixed with an aliquot of each 

experimental sample (LC-MS sample). Of each LC-MS sample, 30 μl were injected onto the 

HPLC column by an automated sample injector (SIL30AC, Shimadzu, Japan). 

Chromatographic separation was performed on an Atlantis T3 (150 x 2.1 mm, 3 μm) analytical 

column (Waters, Netherlands) held at a temperature of 40°C. Components were separated using 

a gradient of acetonitrile + 0.1% formic acid in ultrapurified H2O + 0.1% formic acid at a flow 

rate of 0.2 ml/min. 

The MS analyses were performed using an API 4000 MS/MS system consisting of an API 4000 

MS/MS detector and a Turbo Ion Spray interface (both from Applied Biosystems, USA). The 

acquisitions were performed in positive ionization mode, with optimized settings for the 

analytes. The instrument was operated in multiple-reaction-monitoring (MRM) mode. Data 

were calibrated and quantified using the Analyst™ data system (Applied Biosystems, USA, 

v1.5.2). 

2.14 Statistical analysis 

Statistical comparisons were made using GraphPad Prism v8.00, if not stated otherwise 

(GraphPad Software Inc., San Diego, CA. USA). Data obtained via telemetric recordings was 

analyzed by repeated measures (RM) two-way ANOVA with drug treatment and time as 

independent factors, followed by Dunnett’s multiple comparisons post-hoc test. RM one-way 

ANOVA, followed by Dunnett’s multiple comparisons post-hoc test was used for post-treatment 

analysis of locomotor activity, body temperature, and sleep-wake architecture (vigilance states). 

The one-sample t-test versus the theoretical value of 0% (study I&II) or 100% (study III) was 

used for EEG power spectral analysis to compare drug treatment to percentage of difference 

from vehicle (study I&II) or baseline (study III), respectively. Ordinary one-way ANOVA 
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followed by Dunnett’s multiple comparisons post-hoc test or Fisher’s LSD (least significant 

difference) test were used for the time and frequency domain analysis of ECG heart rate 

variability analysis.  

Home cage behavior (video-based; EthoVision® XT) was statistically analyzed by RM one-

way ANOVA with treatment as independent measures and the respective behavior (distance 

traveled, rearing (supported, unsupported), grooming, eating, drinking, sniffing) as dependent 

measures, followed by Dunnett’s multiple comparisons post-hoc test. Statistical analysis of the 

social recognition test was performed by RM two-way ANOVA with treatment as independent- 

and interaction time at T1 and T2 as dependent variables, followed by Bonferroni multiple 

comparisons post-hoc test. Statistical analysis of the three-chambered social approach task was 

performed by two-way ANOVA with treatment as independent- and time interacting with the 

social stimuli as dependent variables, followed by Tukey’s multiple comparisons post-hoc test.  

For in vivo microdialysis, four pre-treatment samples (cAMP/cGMP in PFC and STR, 

respectively) with less than 50% variation were taken as baseline. Their mean was set at 100%. 

Data are expressed as percentage of basal level (mean + SEM), within the same subject. Prior 

to performing inter-group analyses, outlier analyses were performed: relative levels deviating 

from the group means at the same time point by more than two standard deviations were 

excluded. Statistical analyses were performed using SigmaPlot for Windows, version 12 (SPSS 

Corporation) and GraphPad Prism v8.00. Time and treatment effects were compared using two-

way ANOVA (mixed-effects model) for repeated measurements followed by Dunnett’s multiple 

comparisons post-hoc test, if appropriate. 

Overall, if not stated differently, outlier data points were detected using the Grubbs’ or ROUT 

test and eliminated from final statistical analysis. All data are expressed as mean ± SEM. 

Detailed statistical results are provided only where significance is reached. Significance was 

determined at the level of p≤0.05. 
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3 Results 

3.1 Study I: Differential effects of traxoprodil and S-ketamine on quantitative EEG 

readouts in freely moving rats 

3.1.1 Ketamine induced hyperactivity and hypothermia is not evident following 

traxoprodil treatment 

Motor activity and body core temperature were analyzed for one hour pre- and post-treatment 

for ketamine (10 and 30 mg/kg) and traxoprodil (6 and 18 mg/kg). The time intervals were 

subdivided in 30 min time bins for subsequent analysis. During baseline conditions (-60 to 0 min) 

there were no significant differences evident, when comparing all treatment groups to vehicle 

(p>0.05; Fig. 8A&B) (Raith et al., 2020). 

“Two-way ANOVA revealed an overall treatment (F(4,44)=26.1; p≤0.0001), time 

(F(3,33)=37.8; p≤0.0001), and interaction effect (treatment x time; F(12,132)=5.31; p≤0.0001) 

on locomotor activity” (Raith et al., 2020; p. 6). Dunnett’s multiple comparisons post-hoc test 

revealed that the high dose of ketamine (30 mg/kg) significantly elevated locomotor activity 

from 5 to 65 min post-treatment (p≤0.0001) (Raith et al., 2020). “In contrast, traxoprodil 

treatment did not affect locomotor activity (p>0.05 at any dose; Fig. 8A)” (Raith et al., 2020, 

p. 6). 

“Two-way ANOVA demonstrated an overall treatment (F(4,44)=5.51; p=0.0011), time 

(F(3,33)=7.00; p=0.0009), and interaction effect (treatment x time; F(12,132)=16.4; p≤0.0001) 

on body [core] temperature” (Raith et al., 2020, p. 6). Dunnett’s multiple comparisons post-hoc 

test showed a significant decrement of body core temperature following ketamine treatment (5-

65 min: ketamine 10 mg/kg, p≤0.0001; 35-65 min: ketamine 30 mg/kg, p≤0.0001), whereas no 

alterations in body temperature were evident following traxoprodil treatment (p>0.05 at any 

dose; Fig. 8B) (Raith et al., 2020). 
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Fig. 8: Alterations in locomotor activity and body temperature pre- and post- traxoprodil and ketamine treatment. 

Biopotential signals were recorded using the F40-EET transmitter (DSI, USA). Baseline recordings were performed one hour 
pre-treatment (-60 to 0 min). The dashed line indicates the time point of injection (i.p.) for vehicle, traxoprodil (6 mg/kg; 
18 mg/kg), and ketamine (10 mg/kg; 30 mg/kg), respectively. (A) Locomotor activity and (B) body temperature time windows 
of one hour were subdivided and analyzed in 30 min time bins. The first 5 min post-injections were excluded from analysis due 
to high amounts of artefacts. Data are presented as means ± SEM (n=12) and were analyzed by two-way ANOVA followed by 
Dunnett’s multiple comparisons post-hoc test. ****p≤0.0001 compared to vehicle-treated group. Adapted from Raith et al., 
(2020), Neuropharmacology, 171, Raith, H., Schuelert, N., Duveau, V., Roucard, C., Plano, A., Dorner-Ciossek, C., Ferger, B., 
Differential effects of traxoprodil and S-ketamine on quantitative EEG and auditory event-related potentials as translational 
biomarkers in preclinical trials in rats and mice, p. 7, Copyright Elsevier (2020), with permission from Elsevier. 
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3.1.2 Ketamine but not traxoprodil alters vigilance states of rats 

Alterations in vigilance states were investigated over one hour pre- and post-treatment. There 

were no significant differences between treatment groups during baseline (one hour pre-

treatment; Fig. 9A, C, E, G) (Raith et al., 2020). 

RM one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test revealed that 

ketamine (30 mg/kg) significantly increased time spent in active wake (p≤0.0001; Fig. 9A), 

whereas the lower ketamine dose (10 mg/kg) significantly increased time spent in quiet wake 

(p=0.0050; Fig. 9B) (Raith et al., 2020). Both tested doses of ketamine led to a significant 

decrease in time spent in NREM1 and NREM2 (NREM1: ketamine 10 mg/kg: p=0.001; 

ketamine 30 mg/kg: p≤0.0001; NREM2: ketamine 10 mg/kg: p=0.0290; ketamine 30 mg/kg: 

p=0.0138; Fig. 9C&D) (Raith et al., 2020). Post-treatment analysis following traxoprodil did 

not show any pharmacological induced alterations in sleep-wake architecture (Raith et al., 2020). 

Traxoprodil treatment did not change time spent in AW, QW, NREM1 nor NREM2 when 

compared to vehicle (Fig. 9A-D) (Raith et al., 2020). REM sleep was not included in the analysis 

as a result of a too small number of REM epochs within the one hour analysis window (Raith et 

al., 2020). 
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Fig. 9 (continued on page 46) 
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Fig. 9 (continued): Sleep-wake architecture pre- and post- traxoprodil and ketamine treatment (vigilance states analysis). 

Changes in EEG, EMG, locomotor activity level and power spectra were recorded by using the F40-EET transmitter (DSI, 
USA). These parameters were subsequently used to determine differential vigilance states for baseline (-60 to 0 min) and post-
treatment (0 to 60 min). Depicted are time spent in active wake (baseline (A); post-treatment (B)), quiet wake (baseline (C); 
post-treatment (D)), NREM 1 (baseline (E); post-treatment (F)), and NREM 2 (baseline (G); post-treatment (H)). REM sleep 
analyses are not shown due to the paucity of REM epochs post-treatment for the analysis window of 0 to 60 min. Data are 
presented as means ± SEM (n=12) and were analyzed by RM one-way ANOVA followed by Dunnett’s multiple comparisons 
post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. Adapted from Raith et al., 
(2020), Neuropharmacology, 171, Raith, H., Schuelert, N., Duveau, V., Roucard, C., Plano, A., Dorner-Ciossek, C., Ferger, B., 
Differential effects of traxoprodil and S-ketamine on quantitative EEG and auditory event-related potentials as translational 
biomarkers in preclinical trials in rats and mice, p. 6, Copyright Elsevier (2020), with permission from Elsevier. 

  



Results 

47 
 

3.1.3 Ketamine and traxoprodil reveal distinctive qEEG (power spectra) alterations 

Alterations in power spectra were analyzed for one hour post-treatment in 30 minute time bins, 

to observe short-term drug effects at cmax for ketamine and traxoprodil treatment (Fig. 10A&B) 

(Raith et al., 2020). Biopotential data were collected from 16 rats, of which 12 animals presented 

evaluable cortical EEG signals (epidural recording) with sufficient quality for subsequent 

analysis. Power spectra values have been averaged and expressed as percentage of difference 

from vehicle. Changes from 0-60 min post-treatment are presented in 30 min time bins within 

the respective vigilance states (AW, QW, and NREM1 and NREM2) (Raith et al., 2020). 

3.1.3.1 Active Wake 

Within the first 30 min post-injection (Fig. 10A), the high dose of ketamine (30 mg/kg) showed 

a significant percentage increase of gamma power during active wake (t(10)=2.48, p=0.0324), 

whereas the 10 mg/kg of ketamine induced a significant decrement of beta (t(10)=3.56, 

p=0.0051) (Raith et al., 2020). “The lower dose of traxoprodil (6 mg/kg) [revealed] significant 

decreases in delta ([5-35 min following treatment]; t(10)=2.36, p=0.0402) theta (t(10)=3.21, 

p=0.094), alpha (t(10)=2.81, p=0.0183), beta (t(10)=4.23, p=0.0017) and gamma [power] 

(t(10)=3.72, p=0.0040). The higher dose (18 mg/kg) significantly reduced beta (t(10)=4.39, 

p=0.0014) and gamma power (t(10)=4.67, p=0.0009; Fig. 10A; respectively)” (Raith et al., 2020, 

p. 5). 

Power spectral analysis from 35 to 65 min showed that “the higher dose of ketamine (30 mg/kg) 

[led to] a decrease in beta (t(9)=3.01, p=0.0147) and a significant increase of gamma power 

(t(9)=2.48, p=0.0350) during active wake (Fig. 10B)” (Raith et al., 2020, p. 5). The 18 mg/kg 

dose of traxoprodil revealed a decrease of beta (t(7)=2.83, p=0.0253) and gamma power 

(t(7)=4.14, p=0.0043), whereas the reduction in gamma power was also present for the lower 

dose (6 mg/kg) of traxoprodil (t(9)=3.03, p=0.0141) (Raith et al., 2020). 

3.1.3.2 Quiet Wake 

Power spectral analysis within the quiet wake state (5-35 min post-injection; Fig. 10A) revealed 

a significant reduction of alpha power following 10 mg/kg ketamine (t(10)=2.63, p=0.0250), 

whereas the high dose (30 mg/kg) of ketamine led to an increase in delta (t(10)=2.53, p=0.0299), 
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“and a decrement of theta (t(10)=2.72, p=0.0215), alpha (t(10)=2.52, p=0.0303), and beta power 

(t(10)=4.44, p=0.0013). Administration of 18 mg/kg traxoprodil revealed a [decrease] of beta 

(t(10)=2.33, p=0.0422) and gamma [power] (t(10)=4.56, p=0.0010), whereas [6 mg/kg] 

traxoprodil did not [elicit significant alterations in power spectra] when compared to baseline 

conditions” (Raith et al., 2020, p. 5). 

Within the second analysis window (35 to 65 min post-treatment; Fig. 10B), both ketamine 

doses significantly decreased “theta (ketamine 10 mg/kg: t(9)=3.94, p=0.0075; ketamine 

30 mg/kg: t(9)=3.45, p=0.0072), alpha (ketamine 10 mg/kg: t(9)=5.56, p=0.0004; ketamine 

30 mg/kg: t(9)=5.79, p=0.0003), and beta power (ketamine 10 mg/kg: t(9)=5.05, p=0.0007; 

ketamine 30 mg/kg: t(9)=6.28, p=0.0001). Traxoprodil [(18 mg/kg)] treatment revealed a 

[decrease] of theta (t(8)=3.93, p=0.0043), alpha (t(9)=2.73, p=0.0232), beta (t(9)=2.31, 

p=0.0463) and gamma power (t(9)=3.13, p=0.0121), [whereas 6 mg/kg of traxoprodil did not 

result in significant power spectral changes] when compared to baseline conditions” (Raith et 

al., 2020, p. 5). 

3.1.3.3 NREM1 & NREM2 sleep 

As ketamine treatment suppressed overall NREM1 & NREM2 sleep epochs, solely a few data 

points were recorded with insufficient power for subsequent analysis (Raith et al., 2020). Hence, 

no power spectral analysis was performed within NREM sleep due to too less data points (blank 

cells, Fig. 10) (Raith et al., 2020). Overall, the two tested doses of traxoprodil did not reveal 

significant effects on NREM1 power spectral analysis (Raith et al., 2020). The 30 mg/kg dose 

of traxoprodil led to a decrease of beta (t(5)=3.27, p=0.0222) and gamma power (t(5)=2.89, 

p=0.0341) from 5 to 35 min post-injection (Fig. 10A) (Raith et al., 2020). In line, power spectral 

analysis from 35 to 65 min (Fig. 10B) showed that the 6 mg/kg dose of traxoprodil also led to a 

reduction of beta (t(10)=2.75, p=0.0203) and gamma power (t(10)=2.75, p=0.0203) (Raith et al., 

2020). Power spectral analysis within REM sleep was not included, as too few REM epochs 

within all treatment groups were evident post-treatment (Raith et al., 2020).
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Fig. 10: Heatmap representation of power spectral changes following traxoprodil and ketamine treatment within the 

respective vigilance states. (A) Alterations in power spectra during drug-on within 5-35 min post-treatment. (B) Alterations in 
power spectra during drug-on within 35-65 min post-treatment. The first 5 min post-injections were excluded from analysis due 
to high amounts of artefacts. Power spectral changes compared to vehicle-treated group are indicated as positive (increment; 
depicted in red) or negative percentage values (decrement; depicted in green). Blank cells indicate no or too few data points due 
to compound related suppression of the respective vigilance state. Trax (traxoprodil), Ket (ketamine). Data are represented as 
means (n=12) and were analyzed by one-sample t-test versus the theoretical value of 0%. Reprinted from Raith et al., (2020), 
Neuropharmacology, 171, Raith, H., Schuelert, N., Duveau, V., Roucard, C., Plano, A., Dorner-Ciossek, C., Ferger, B., 
Differential effects of traxoprodil and S-ketamine on quantitative EEG and auditory event-related potentials as translational 
biomarkers in preclinical trials in rats and mice, p. 5, Copyright Elsevier (2020), with permission from Elsevier. 
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3.2 Study II: Characterization of a mGlu4 positive allosteric modulator (ADX88178) by 

telemetric EEG/ECG recordings and sociability assessment in freely moving rats 

3.2.1 ADX88178 does not alter locomotor activity or body temperature 

Locomotor activity and body temperature were monitored one hour pre-treatment (baseline) up 

to 3.5 h post-treatment. Two-way ANOVA revealed an overall time effect on locomotor activity 

(F(9,90)=9.273; p≤0.0001). During baseline two-way ANOVA followed by Dunnett’s multiple 

comparisons post-hoc test revealed a slight increase in locomotor activity for the 10 mg/kg 

ADX88178 within 30 min prior to treatment (p=0.0384) and a significant decrease of 

locomotion following Midazolam within the 0-30 min post-treatment (p=0.0307; Fig. 11A). 

Analysis of the total 1 h baseline prior treatment revealed no significant differences when 

compared to vehicle treated animals (Fig. 11B). Post-treatment (0-60 min) there was a dose-

dependent trend visible following the mGlu4 PAM, showing a slight decrease in locomotor 

activity with increasing dose, even though not significant (Fig. 11C). RM one-way ANOVA 

revealed that Midazolam significantly decreased locomotor activity from 0 to 60 min post-

treatment (p=0.0261). Within the 60 to 120 min time window post-treatment, there were no 

significant alterations evident, when compared to vehicle (Fig. 11D).  
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Fig. 11: Alterations in locomotor activity following ADX88178 and Midazolam treatment in adult, male Wistar rats. 

EEG, EMG, activity and body temperature signals were recorded using the 4ET-transmitter (DSI, USA). Animals received p.o. 
administrations of ADX88178 (10 mg/kg, 30 mg/kg, 100 mg/kg), or Midazolam (1 mg/kg). Locomotor activity was analyzed 
for one hour baseline prior to treatment (-60 to 0 min) up to 240 min post-treatment in 30 min time intervals by two-way 
ANOVA followed by Dunnett’s multiple comparisons post-hoc test (A). Analysis of locomotor activity in 1 h time intervals by 
RM one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test is depicted for baseline (B), from 0-60 min 
(C), and from 60-120 min post-treatment (D). The first 5 min post-injections were excluded from analysis due to high amounts 
of artefacts. Data are presented as means ± SEM (n=11). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-
treated group. 

 

Two-way ANOVA revealed an overall time effect on body temperature (F(9,90)=3.836; 

p=0.0004). Baseline (-60 to 0 min) measurements did not show any differences between the 

tested groups. Dunnett’s multiple comparisons post-hoc test elicited a significant decrease of 

body temperature following Midazolam from 90 to 120 min (p=0.0353), 120 to 150 min 

(p=0.0135), and from 150 to 180 min (p=0.0135; Fig. 12A). The mGlu4 PAM did not alter body 

temperature post-treatment (p>0.05; Fig. 12A-D). 
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Fig. 12: Alterations in body temperature following ADX88178 and Midazolam treatment in adult, male Wistar rats. 

EEG, EMG, activity and body temperature signals were recorded using the 4ET-transmitter (DSI, USA). Animals received p.o. 
administrations of ADX88178 (10 mg/kg, 30 mg/kg, 100 mg/kg), or Midazolam (1 mg/kg). Body temperature was analyzed for 
one hour baseline prior to treatment (-60 to 0 min) up to 240 min post-treatment in 30 min time intervals by two-way ANOVA 
followed by Dunnett’s multiple comparisons post-hoc test (A). Analysis of body temperature in 1 h time intervals by RM one-
way ANOVA followed by Dunnett’s multiple comparisons post-hoc test is depicted for baseline (B), from 0-60 min (C), and 
from 60-120 min post-treatment (D). The first 5 min post-injections were excluded from analysis due to high amounts of 
artefacts. Data are presented as means ± SEM (n=11). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-
treated group. 

 

3.2.2 ADX88178 does not alter sleep-wake architecture (vigilance states) 

Vigilance states analysis was performed for one hour pre-treatment up to 240 min post-treatment. 

Drug effects were analyzed in 30 min time bins. As previously mentioned for EEG and vigilance 

states analysis, the first 5 min after drug administration were eliminated from data analysis as 

the drug administration procedure causes diverse artefacts, including movement-related 

artefacts. 

Two-way ANOVA revealed an overall time effect for active wake (F(9,90)=11.81; p≤0.0001), 

quiet wake (F(9,90)=3.098; p=0.0028), NREM (F(9,90)=6.542; p≤0.0001), and REM sleep 
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(F(9,90)=5.818; p≤0.0001). Dunnett’s multiple comparisons post-hoc test revealed a significant 

decrease of time spent in AW following 30 mg/kg ADX88178 from 150 to 180 min post-

treatment (p=0.0074), whereas all other treatment groups showed no alterations in AW, when 

compared to vehicle (Fig. 13A). Dunnett’s multiple comparisons post-hoc test revealed no 

significant changes in time spent in QW, NREM, and REM sleep, when compared to vehicle 

treated animals (Fig. 13B-D). 

 

Fig. 13 (continued on page 54) 
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Fig. 13 (continued): Alterations in vigilance states following ADX17888 and Midazolam treatment in adult, male Wistar 

rats. Changes in biopotential signals, activity level and power spectra were recorded by using the 4ET-transmitter (DSI, USA) 
and subsequently used to determine differential vigilance states for baseline (-60 to 0 min) and post-treatment from 0-240 min. 
Indicated are the times spent in (A) Active Wake (AW), (B) Quiet Wake (QW), (C) NREM, and REM sleep. Data are presented 
as means ± SEM (n=11) and were analyzed by two-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test. 
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.2.3 Quantitative EEG power spectral analysis 

Biopotential data were collected from 16 rats, of which 11 animals presented evaluable cortical 

EEG signals (epidural recording; PFC; EEG1). Nine animals elicited evaluable EEG signals 

retrieved by epidural recordings above the hippocampus (EEG2), with sufficient quality for 

subsequent analysis. Power spectral values have been averaged and expressed as percentage of 

difference from vehicle. Changes from 60-120 min post-treatment are presented in 30 min time 

bins within the respective vigilance states (AW, QW, and NREM). 

3.2.3.1 EEG1: epidural recording (PFC) 

During AW (60-90 min post-treatment), ADX88178 (10 mg/kg) significantly increased beta 

(t(10)=2.245; p=0.0486), whereas the highest dose of the mGlu4 PAM significantly decreased 

slow gamma (t(9)=2.825; p=0.0199), an high gamma (t(9)=3.998; p=0.0031; Fig. 14A). Within 

QW, 30 mg/kg ADX88178 elicited a significant increase within the alpha band (t(10)=2.376; 

p=0.0389), whereas all other treated groups did not alter power spectra when compared to 

vehicle (p>0.05; Fig. 14A). Power spectral analysis during NREM sleep revealed a significant 

increase of delta power (t(7)=2.984; p=0.0204) following the lowest dose of ADX88178, and 

significant decrements of alpha (t(6)=3.780; p=0.0092), beta (t(6)=12.543; p≤0.0001), and low 

gamma (t(6)=2.908; p=0.0271) following 100 mg/kg ADX88178 (Fig. 14A). During REM sleep 

the highest dose of the mGlu4 PAM led to a significant increase of alpha (t(3)=3.273; p=0.0467), 

and beta (t(3)=6.449; p=0.0076), whereas high gamma (t(3)=8.000; p=0.0041) was significantly 

reduced. Midazolam significantly increased delta (t(5)=2.938; p=0.0323), theta (t(5)=2.789; 

p=0.0385), and beta (t(5)=2.825; p=0.0369; Fig. 14A). 

Within the time window of 90-120 min Midazolam significantly decreased high gamma within 

AW (t(9)=3.740; p=0.0046; Fig. 14B). During QW (90-120 min), the highest dose of 

ADX88178 significantly decreased low gamma (t(9)=7.264; p≤0.0001; Fig. 14B). During 

NREM sleep the lowest dose of the mGlu4 PAM significantly increased alpha (t(7)=2.399; 

p=0.0475), and beta power (t(7)=2.619; p=0.0344), whereas 30 mg/kg ADX88178 significantly 

increased delta (t(7)=3.067; p=0.0182) and theta power (t(7)=3.415; p=0.0112). The highest 

dose of the mGlu4 PAM revealed a decrement within the low gamma power band (t(6)=5.232; 
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p=0.002) during NREM sleep (Fig. 14B). No significant findings were evident post-treatment 

within REM sleep (Fig. 14B). 

 
Fig. 14: Heatmap representation of power spectral changes following ADX88178 and Midazolam treatment within the 

respective vigilance states (epidural recording, EEG1) in adult, male Wistar rats. (A) Alterations in power spectra during 
drug-on within 60-90 min post-treatment. (B) Alterations in power spectra during drug-on within 90-120 min post-treatment. 
The first 5 min post-treatment were excluded from analysis due to high amounts of artefacts. Power spectral changes compared 
to vehicle-treated group are indicated as positive (increment; depicted in red) or negative percentage values (decrement; depicted 
in green). Data are presented as means (n=11) and were analyzed by one-sample t-test versus the theoretical value of 0%. 

 

3.2.3.2 EEG2: epidural recording (above hippocampus) 

Power spectral analysis of EEG2 during AW (60-90 min post-treatment) revealed a significant 

decrease of low gamma for 100 mg/kg ADX88178 (t(7)=3.460; p=0.0106), and reduced high 

gamma power following 30 mg/kg (t(7)=2.808; p=0.0262), 100 mg/kg (t(7)=2.939; p=0.0217), 

and Midazolam (t(8)=2.538; p=0.0348; Fig. 15A). During QW the mGlu4 PAM elicited an 

increment within beta power following 10 mg/kg (t(8)=2.668; p=0.0285) of the mGlu4 PAM 

(Fig. 15A). Analysis within NREM sleep did not show any significant effects following 

treatment on any of the power bands (Fig. 15A). Within REM sleep the highest dose of 

ADX88178 elicited a significant increase of low gamma (t(2)=5.072; p=0.0367; Fig. 15A) 

Analysis of power spectra changes from 90 to 120 min post-treatment revealed a significant 

decrease of theta power following 30 mg/kg ADX88178 (t(8)=3.356; p=0.0100; Fig. 15B), 
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whereas the high dose (100 mg/kg) elicited a significant decrease in high gamma power 

(t(8)=2.378; p=0.0447; Fig. 15B). The same significant decrease of high gamma power was 

evident during QW following 100 mg/kg ADX88178 (t(8)=3.157; p=0.0135; Fig. 15B). During 

NREM, all mGlu4 PAM doses tested significantly increased theta power (ADX88178 10 mg/kg: 

t(6)=2.507; p=0.0461; 30 mg/kg: t(6)=2.710; p=0.0351; 100 mg/kg: t(6)=3.014; p=0.0236; 

Fig. 15B). Additionally, 10 mg/kg ADX88178 increased alpha power (t(6)=2.652; p=0.0379). 

Power spectral analysis during REM within that time window showed a significant decrease of 

delta following ADX88178 10 mg/kg (t(1)=12.92; p=0.0492), whereas Midazolam significantly 

increase theta power (t(1)=399.92; p=0.0016; Fig. 15B). 

 
Fig. 15: Heatmap representation of power spectral changes following ADX88178 and Midazolam treatment within the 

respective vigilance states (epidural recording, EEG2) in adult, male Wistar rats. (A) Alterations in power spectra during 
drug-on within 60-90 min post-treatment. (B) Alterations in power spectra during drug-on within 90-120 min post-treatment. 
The first 5 min post-treatment were excluded from analysis due to high amounts of artefacts. Power spectra changes compared 
to vehicle-treated group are indicated as positive (increment; depicted in red) or negative percentage values (decrement; depicted 
in green). Data are presented as means (n=9) and were analyzed by one-sample t-test versus the theoretical value of 0%. 

 

3.2.4 Heart rate variability analysis in the time and frequency domain 

One-way ANOVA revealed an overall treatment effect for LF (F(4,57)=4.083; p=0.0056), and 

TP (F(4,55)=4.083; p=0.0057) within the frequency domain analysis. Uncorrected Fisher’s LSD 

test revealed a significant decrease of LFn (p=0.0432; Fig. 16A), a significant increase of HFn 

(p=0.0432; Fig. 16B), and a significant decrease of the LF/HF ratio (p=0.0104; Fig. 16C) 
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following 10 mg/kg ADX88178. The LF/HF-ratio was also significantly decreased following 

30 mg/kg (p=0.0216), and 100 mg/kg ADX88178 (p=0.0358), as well as following Midazolam 

treatment (p=0.0348; Fig. 16C). Total power was not significantly changed following drug 

treatment (Fig. 16D).  

 
Fig. 16: Heart rate variability changes within the frequency domain following ADX88178 and Midazolam treatment in 

adult, male Wistar rats. Indicated are changes in (A) normalized low frequency (LFn), (B) normalized high frequency (HFn), 
(C) low-frequency/high-frequency (LF/HF) ratio, (D) total power (TP). The power spectral densities within the frequency 
domain analysis refer to a 3 min parsing interval with a FFT performed with a segment duration of 1 min. Analysis time windows 
were chosen 60 min post-injection, using Welch’s protocol with Hanning window and an interpolation rate of 50 Hz. Following 
frequency bands were assigned: low frequency (LF) at 0.25-1 Hz and high frequency (HF) at 1-3 Hz. Data are presented as 
means ± SEM (n=13) and were analyzed by ordinary one-way ANOVA followed by uncorrected Fisher’s LSD test. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 

 

One-way ANOVA revealed no significant effects prior or post-treatment within the time domain 

analysis. Dunnett’s multiple comparisons post-hoc test revealed no significant changes 
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following treatment regarding all parameters under investigation as NN interval length, SDNN, 

RMSSD, NN9, pNN9, or cycle number (Fig. 17A-F).  

 
Fig. 17: Heart rate variability changes within the time domain following ADX88178 and Midazolam treatment in adult, 

male Wistar rats. Indicated are alterations in (A) NN Interval length, (B) SDNN, (C) RMSSD, (D) NN9, (E) pNN9, and (F) 
cycle number. The time domain analysis was performed for one hour prior treatment (-60 to 0 min; not shown here) and post-
treatment (60 to 120 min) with a reporting period of 5 min. Data are presented as means ± SEM (n=13) and were analyzed by 
ordinary one-way ANOVA followed by Dunnett’s multiple comparisons  post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, 
****p≤0.0001 compared to vehicle-treated group.  
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3.2.5 Exposure measurements 

Exposure levels within blood plasma and CSF samples taken one hour post-treatment are 

depicted in Table 5. CSF exposure levels following Midazolam treatment were below the level 

of quantification (BLQ). 

 
Table 5: Blood plasma and CSF exposure levels of ADX88178 and Midazolam 60 min following oral administration (p.o.) 

in adult, male Wistar rats. Exposure levels were determined via LC-MS/MS. Data are presented as means ± SEM 
(n=3/treatment group). BLQ: below level of quantification. 

 ADX88178 
10 mg/kg 
 

ADX88178 
30 mg/kg 

ADX88178 
100 mg/kg 

Midazolam 
1 mg/kg 

Plasma [nM] 1368.00 ± 504.58 2147.50 ± 380.07 5612.50 ± 505.67 69.17 ± 47.44 

CSF [nM] 62.50 ± 0.00 68.0 ± 4.00 150.50 ± 14.79 BLQ  

 

3.2.6 Home cage behavior  

In parallel to the biopotential recordings and physiological data obtained via the telemetric 

transmitter, we aimed to investigate alterations in home cage behavior following compound 

administration. EthoVision® XT analysis and subsequent one-way ANOVA revealed no overall 

treatment or time effects. Dunnett’s multiple comparisons post-hoc test revealed a significant 

decrease of eating/time spent around feeder crib following Midazolam treatment (p=0.0293; 

Fig. 18F). ADX88178 (100 mg/kg) revealed a significant increase in sniffing behavior 

following treatment (p=0.0489; Fig. 18H). All other behavioral parameters assessed were not 

significantly different, when compared to vehicle treated animals, e.g. distance traveled 

(Fig. 18A&B), rearing supported and unsupported (Fig. 18C&D), grooming (Fig. 18E), or 

drinking (Fig. 18G). 
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Fig. 18 (continued on page 62) 
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Fig. 18 (continued): Behavioral changes under home cage conditions following ADX88178 and Midazolam treatment in 

adult, male Wistar rats. EthoVision® XT analysis was performed in parallel to the biopotential recording for three hours post-
administration. Indicated are changes in (A) Distance traveled (10 min time bin analysis), (B) Distance traveled (3 h post-
treatment), (C) Rearing supported (cumulative duration), (D) Rearing unsupported (cumulative duration), (E) Grooming 
(cumulative duration), (F) Eating (cumulative duration), (G) Drinking (cumulative duration), and (H) sniffing (cumulative 
duration). Data are presented as means ± SEM (n=13) and were analyzed by ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.2.7 Assessment of sociability and social recognition (three-chambered social 

approach task) 

Analysis of the three-chambered social approach task by using a two-way ANOVA revealed an 

overall effect of time spent in the different compartments of the three-chambered apparatus 

within the sociability phase (first phase; F(2,120)=272.244; p≤0.0001), and the social 

recognition phase (second phase; F(2,120)=40.609; p≤0.0001). 

Tukey’s multiple comparisons test revealed that all treatment groups preferred to spent time 

with the unfamiliar and novel social stimulus during the sociability phase. All treatment groups, 

including vehicle, ADX88178 (10 mg/kg, 30 mg/kg, 100 mg/kg), and Midazolam treated 

animals, spent significantly more time around the social stimulus enclosure when compared to 

the center (p≤0.0001), or compared to the empty enclosure (p≤0.0001, respectively; Fig. 19A).  

Within the second phase of the three-chambered social approach task (social recognition), the 

vehicle treated animals spent significantly more time around the second unfamiliar social 

stimulus when compared to time spent in the center (p=0.0002). ADX88178 treated animals 

spent significantly more time around the second social stimulus when compared to the center 

compartment (ADX88178 10 mg/kg: p=0.0025; 30 mg/kg: p≤0.0001; 100 mg/kg: p=0.0007; 

Fig. 19B). Only the lower and middle dose of the mGlu4 PAM were able to significantly increase 

the time spent around the novel second social stimulus when compared to the first social 

stimulus (ADX88178 10 mg/kg: p=0.0316; 30 mg/kg: p=0.0360). The ADX88178 (100 mg/kg) 

treated animals spent significantly more time around the social stimuli, when compared to the 

center compartment (social stimulus 1: p=0.0002; social stimulus 2: p=0.0007; Fig. 19B). 

Midazolam treated animals significantly spent more time around the stimulus 1 (p=0.0151), and 

stimulus 2 enclosure (p=0.0006), when compared to the center compartment (Fig. 19B). 
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Fig. 19: Time spent around social stimuli within the three-chambered social approach task following ADX88178 and 

Midazolam in adult, male Wistar rats. Depicted are time spent around enclosure (social interaction zone, nose-point detection) 
within the first phase, the sociability phase (A), and the second phase, the social recognition phase (B). Data are presented as 
means ± SEM (n=9) and were analyzed by two-way ANOVA followed by Tukey’s multiple comparisons test. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3 Study III: Pharmacological phosphodiesterase 2A inhibition elicits procognitive 

behavioral effects accompanied with increased brain cyclic nucleotide levels and 

altered qEEG measures in rats 

3.3.1 Pharmacokinetics of PF-05180999 in rats 

Following oral administration of 4 mg/kg PF-01580999, compound exposure analysis indicated 

that the maximum plasma concentration of PF-01580999 was reached 15 min after dosing with 

406 ± 138 nM (mean ± SEM, Table 6). The concentration of PF-01580999 in CSF, which was 

used as a surrogate for free brain concentration, was 26% of the plasma concentration. 

 
Table 6: Plasma concentrations of PF-05180999 in rats 0.25, 0.5, 1, 2, 4 and 8 h following oral administration of 

4 mg/kg. N=2 animals were used for each experiment. SEM: standard error of the mean. 
 

Time [h] 0.25 0.5 1.0 2.0 4.0 8.0 

Mean (SEM) plasma 

concentration [nM] 

rat 

406 (138) 316 (148) 202 (19) 240 (2) 26 (0.2) 5 (2) 

3.3.2 Social recognition test in rats 

Based on the initial characterization of PF-05180999 by Helal and coworkers and the obtained 

exposure levels depicted in Table 6, we chose different doses for the social recognition test in 

rats (Helal et al., 2018). 

Two-way ANOVA revealed an overall interaction effect (time x treatment; F(2,18)=8.834; 

p=0.0021), time effect (F(1,18)=13.951; p=0.0015), and subject effect (F(18,18)=2.746; 

p=0.0192). Bonferroni’s multiple comparisons test revealed that PF-05180999 significantly 

decreased the investigation time between T1 and T2 following oral dosing of 2 mg/kg 

(p≤0.0001; Fig. 20A), indicating improved episodic memory performance in naïve rats.  

These results correspond to CSF concentrations of PF-05180999 in the range of 30-fold PDE2A 

IC50 (1.6 nM) based on the exposure levels in rats (Table 6) and the potency data for PDE2A 

described by Helal and colleagues (Helal et al., 2018). The 0.4 mg/kg PF-05180999 dose 

showed no alterations in investigation time between the first and second animal encounter. The 
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higher dose chosen (2.0 mg/kg; p.o.), revealed a significant decrease of investigation time, when 

comparing T1 and T2 (p≤0.0001; Fig. 20A). The percentage reduction in social interaction time 

(%RSIT) analyzed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons 

post-hoc test indicated a significant increase following PF-05180999 2.0 mg/kg (p=0.0274; 

Fig. 20B). 

 
Fig. 20: Alterations in social recognition memory following PF-05180999 in adult Wistar rats. PF-05180999 and vehicle 
administrations (p.o.) were given 30 min before T1. Time duration between T1 and T2 is 24 h. Depicted are (A) social 
investigation time between the adult and juvenile male Wistar rat for total 3 min, and (B) the percent reduction in social 
interaction time (%RSIT = 100-(T2*100)/T1). Data are presented as means ± SEM (n=9) and were analyzed by (A) two-way 
ANOVA followed by Bonferroni’s multiple comparisons test and (B) ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to (A) T1 investigation time of 
same treatment group or (B) to vehicle-treated group. 

 

3.3.3 In vivo microdialysis (PFC & STR) 

Baseline levels for the analytes were determined for the PFC and STR, respectively (Table 7).  

Table 7: Respective baseline levels for PFC and STR. Cyclic nucleotide levels are presented as mean ± SEM. 

Brain region Cyclic nucleotide Mean ± SEM 

PFC cAMP 0.18 ± 0.02 nM 

cGMP 0.05 ± 0.01 nM 

STR cAMP 0.12 ± 0.01 nM 

cGMP 0.07 ± 0.01 nM 
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Statistical analysis of microdialysates revealed significantly increased cAMP and cGMP levels 

in the PFC and STR following PF-05180999 treatment (Fig. 21A-D). Mixed-effects analysis 

revealed time, as well as time x treatment effects for the analysis of cAMP PFC (time: 

F(9,246)=3.667, p=0.0003; time x treatment (F(27,246)=1.638, p=0.0281), cGMP PFC (time: 

F(9,131)=7.594, p<0.0001; time x treatment (F(27,131)=6.301, p<0.0001), cAMP STR (time: 

F (9,229)=3.059, p=0.0018; time x treatment (F(27,229)=1.822, p=0.0101), and cGMP STR 

(time: F(9,203)=5.130, p<0.0001; time x treatment (F(27,203)=2.492, p=0.0002). 

Dunnett’s multiple comparisons post-hoc analysis revealed no significant alteration in cyclic 

nucleotide levels for the 3 and 10 mg/kg PF-05180999 doses, when compared to t = 0 min. The 

highest dose of the PDE2A inhibitor (30 mg/kg) led to a significant increase of cAMP levels in 

the PFC (p=0.0008; Fig. 21A) at t = 30 min, which was similarly evident in the STR (p=0.0205; 

Fig. 21B) at t = 60 min, when compared to t = 0 min, respectively. Cyclic GMP levels were 

significantly increased in the PFC following 10 mg/kg (p=0.0327) at t = 30 min, and 30 mg/kg 

PF-05180999 (p<0.0001) at t = 60-180 min, when compared to t = 0 min (Fig. 21C). Within the 

STR the 30 mg/kg dose of PF-05180999 led to a significant increase of cGMP levels at 

t = 60 min (p=0.0003), t = 90 min (p<0.0001), and t = 120 min (p=0.0041), when compared to 

t = 0 min (Fig. 21D). The doses chosen and the subsequent effects on cyclic nucleotide levels 

correspond to CSF concentrations of PF-05180999 in the range of 50 to >150-fold PDE2A IC50 

based on the reported exposure levels in rats (Table 6) and the potency data described by Helal 

and colleagues for PDE2A (Helal et al., 2018). 

Time-matched comparisons revealed significantly increased cAMP levels within the PFC at 

t = 30 min (p=0.0184) and at t = 60 min (p=0.0395), following 30 mg/kg of PF-05180999, when 

compared to vehicle treatment at the same time points (Fig. 21A). Striatal cAMP levels were 

significantly elevated following 30 mg/kg PF-05180999 (p=0.0459) at t = 60 min, when 

compared to vehicle treated animals (Fig. 21B). The middle dose of PF-05180999 (10 mg/kg) 

significantly increased cGMP levels in the PFC one hour post-treatment (p=0.0361), when 

compared to vehicle treated animals at t = 60 min (Fig. 21C). During the time window from 90 

to 180 min, 30 mg/kg PF-05180999 let to a significant increase of cGMP levels within the PFC 

(p<0.0001), when compared to vehicle (Fig. 21C). Striatal cGMP levels were also significantly 

elevated, when comparing 10 mg/kg (p=0.0295) and 30 mg/kg PF-05180999 (p<0.0001) to 
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vehicle at t = 60 min (Fig. 21D). The lowest dose of PF-05180999 (3 mg/kg) revealed a 

significant increase in cGMP levels within the STR at t = 90 min (p=0.0491), concomitant with 

the 30 mg/kg dose (p=0.0053), when compared to vehicle treated animals (Fig. 21D). In 

accordance, 3 mg/kg PF-05180999 led to a significant increment of cGMP levels at t = 120 min 

(p=0.0352; Fig. 21D). Overall analysis of microdialysates revealed that the dose-dependent 

increase in cGMP levels was less pronounced in the STR than in the PFC. 

 

Fig. 21: Relative effect of PF-05180999 (3, 10, 30 mg/kg, p.o. at t = 0 min) on cyclic nucleotide levels in the brain. Depicted 
are changes in cAMP and cGMP in the prefrontal cortex (PFC; A&C) and striatum (STR; B&D) in % of baseline change. The 
time point of administration refers to t = 0 min. Data are presented as means ± SEM (PFC: n = 8 for all groups; STR: n = 8 for 
vehicle, 3 and 10 mg/kg PF-05180999, n = 7 for 30 mg/kg PF-05180999) and were analyzed by two-way ANOVA (mixed-
effects model) followed by Dunnett’s multiple comparisons post-hoc test. #p≤0.05, ##p≤0.01, ###p≤0.001, ####p≤0.0001 compared 
to t = 0 min of the same treatment group. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3.4 PF-05180999 altered locomotor activity and body temperature  

Locomotor activity and body temperature data were transmitted via telemetric transmitters and 

analyzed one hour pre- and post-treatment to determine potential PF-05180999-induced short-

term effects at cmax. Baseline analysis (one hour pre-treatment) of locomotor activity and body 

temperature revealed no statistical difference between treatment groups (Fig. 22A&B). 

Pharmacological induced post-treatment effects were analyzed by two-way ANOVA in 30 min 

time bins. The first 5 min after drug administration were removed from data analysis to eliminate 

movement related artefacts according to the administration procedure. 

Statistical analysis by two-way ANOVA showed an overall time (F(3,36)=8.650, p=0.0002), 

treatment (F(3,36)=6.704, p=0.0010), and interaction effect (time x treatment; F(9,108)=2.989, 

p=0.0032) on locomotor activity. Dunnett’s multiple comparisons post-hoc test revealed a 

significant decrease in locomotion following Donepezil treatment from 0 to 30 min (p=0.0025), 

and from 30 to 60 min post-treatment (p=0.0489; Fig. 22A). Post-treatment analysis from 0-

60 min by one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test 

revealed that 4 mg/kg PF-05180999 significantly enhanced locomotor activity (p=0.0107; 

Fig. 22C). The exposure levels obtained in rats (Table 6) and the PDE2A potency data described 

by Helal et al., (2018) indicate that the effect on locomotion corresponds to PF-05180999-CSF 

concentrations of >50-fold PDE2A IC50 (Helal et al., 2018). The experimental control Donepezil 

(5 mg/kg), led to a highly significant decrease of locomotion, when compared to vehicle treated 

animals (p≤0.0001; Fig. 22A&C). 

Analysis of body temperature by two-way ANOVA revealed an overall time (F(3,36)=16.869, 

p≤0.0001), treatment (F(3,36)=62.213, p≤0.0001), and interaction effect (time x treatment; 

F(9,108)=38.322, p≤0.0001). Dunnett’s multiple comparisons post-hoc analysis showed that 

4 mg/kg PF-05180999 significantly increased body temperature from 30 to 60 min post-

treatment (p=0.0085; Fig. 23A), whereas Donepezil, as experimental control, led to a significant 

decrement in body temperature from 0 to 30 min and 30 to 60 min post-treatment (p≤0.0001; 

respectively; Fig. 23A). Post-treatment analysis of body temperature from 0 to 60 min by RM 

one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test confirmed the 

highly significant decrease following Donepezil treatment (p≤0.0001; Fig. 23C).  
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Fig. 22: Alterations in locomotor activity following PF-05180999 and Donepezil treatment in adult Wistar rats. EEG, 
EMG, activity and body temperature signals were retrieved from the 4ET-transmitter (DSI, USA). Animals received p.o. 
administrations of vehicle, PF-05180999 (4 mg/kg; 12 mg/kg), or Donepezil (5 mg/kg; i.p.). Depicted are locomotor activity 
analysis in 30 min time bins during baseline and post-treatment (A), locomotor activity during one hour baseline (pooled data) 
from -60 to 0 min (B), and locomotor activity post-treatment (pooled data) from 0 to 60 min (C). The first 5 min post-injections 
were excluded from analysis due to high amounts of injection related artefacts. Data are presented as means ± SEM (n=13) and 
were analyzed by (A) two-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test and (B&C) RM one-way 
ANOVA followed by Dunnett’s multiple comparisons post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared 
to vehicle-treated group. 
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Fig. 23: Alterations in body temperature following PF-05180999 and Donepezil treatment in adult Wistar rats. EEG, 
EMG, activity and body temperature signals were retrieved from the 4ET-transmitter (DSI, USA). Animals received p.o. 
administrations of vehicle, PF-05180999 (4 mg/kg; 12 mg/kg), or Donepezil (5 mg/kg; i.p.). Depicted are body temperature 
analysis in 30 min time bins during baseline and post-treatment (A), body temperature during one hour baseline (pooled data) 
from -60 to 0 min (B), and body temperature post-treatment (pooled data) from 0 to 60 min (C).The first 5 min post-injections 
were excluded from analysis due to high amounts of injection related artefacts. Data are presented as means ± SEM (n=13) and 
were analyzed by (A) two-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test and (B&C) RM one-way 
ANOVA followed by Dunnett’s multiple comparisons post-hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared 
to vehicle-treated group. 
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3.3.5 Behavioral assessment under home cage conditions 

In addition to the analysis of the physiological data obtained via the telemetric 4ET transmitter, 

we in parallel aimed to investigate pharmacological induced changes on home cage behavior. 

Rat behavior analysis by EthoVision® XT and successive ordinary one-way ANOVA 

confirmed the transmitter-retrieved data, revealing a significant treatment effect 

(F(3,51)=22.658, p≤0.0001) on distance traveled. One hour post-treatment analysis by ordinary 

one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test showed a 

significant increase of distance traveled following 4 mg/kg PF-05180999 (p=0.0323), whereas 

Donepezil, as experimental control, substantially decreased distance traveled (p≤0.0001; 

Fig. 24A). Moreover, statistical analysis one hour post-treatment revealed a treatment effect on 

supported rearing behavior (animal supports itself e.g. on cage walls; F(3,51)=11.501, 

p≤0.0001), with a significant decrease following Donepezil treatment (p=0.0003), whereas 

PDE2A inhibition did not alter supported rearing behavior (Fig. 24B). Analysis by ordinary one-

way ANOVA revealed a significant treatment effect (F(3,46)=21.785, p≤0.0001) on 

unsupported rearing behavior (e.g. without support on cage walls). Analysis by Dunnett’s 

multiple comparisons post-hoc test showed an increased trend of unsupported rearing behavior 

following PF-05180999 4 mg/kg (p=0.0721), and a significant decrease after the experimental 

control Donepezil (p≤0.0001; Fig. 24C). Ordinary one-way ANOVA analysis of grooming 

behavior showed a significant treatment effect (F(3,51)=3.800, p=0.0155), with a significant 

elevation of grooming frequency following the experimental control Donepezil (p=0.0067; 

Fig. 24D). Statistical analysis of time spent eating did not reveal significant treatment effects, 

when compared to vehicle (Fig. 24E). Ordinary one-way ANOVA revealed a significant 

treatment effect for drinking behavior from 0 to 60 min following treatment (F(3,68)=6.867; 

p=0.0004). Dunnett’s multiple comparisons post-hoc test revealed a significant decrease of time 

spent drinking following the experimental control Donepezil, when compared to vehicle 

(p=0.0017; Fig. 24F). Analysis of sniffing behavior by ordinary one-way ANOVA revealed a 

significant treatment effect within the first hour following treatment (F(3,72)=4.033; p=0.010). 

Subsequent analysis by Dunnett’s multiple comparisons post-hoc test showed a significant 

increase of sniffing behavior following Donepezil treatment, when compared to the vehicle 

treated animals (p=0.0054; Fig. 24G). 



Results 

73 
 

 
Fig. 24: Behavioral changes under home cage conditions following PF-05180999 and Donepezil treatment in adult Wistar 

rats. EthoVision® XT analysis was performed in parallel to the biopotential recordings for three hours post-administration. 
Indicated are changes in (A) Distance traveled, (B) Rearing supported (cumulative duration), (C) Rearing unsupported 
(cumulative duration), (D) Grooming (frequency), (E) Eating (cumulative duration), (F) Drinking (cumulative duration), and 
(G) Sniffing (cumulative duration) from 0-60 min post-administration. Data are presented as means ± SEM (n=14) and were 
analyzed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc test. *p≤0.05, **p≤0.01, 
***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3.6 PF-05180999 altered sleep-wake architecture (vigilance states) 

Analysis of sleep-wake architecture (vigilance states alteration) was performed one hour pre- 

and post-treatment. As previously described, the first 5 min after drug administration were 

removed from data analysis, to eliminate movement related artefacts according to the 

administration procedure. 

RM one-way ANOVA revealed a treatment effect for AW (F(3,36)=28.579; p≤0.0001), QW 

(F(3,36)=57.124; p≤0.0001), and NREM sleep (F(3,36)=12.524; p≤0.0001) within the first hour 

after treatment. Dunnett’s multiple comparisons post-hoc test showed that the lower dose of PF-

05180999 led to a significant increase of time spent in active wake (AW; p=0.0078), whereas 

the experimental control Donepezil elicited a significant decrease (p≤0.0001; Fig. 25A). 

Analysis of the quiet wake (QW) state revealed that PF-05180999 did not elicit any effect, 

whereas Donepezil significantly increased time spent in QW (p≤0.0001; Fig. 25B). PF-

05180999 treatment did not affect NREM sleep 60 min post-treatment, whereas Donepezil 

totally supressed NREM sleep (p≤0.0001, Fig. 25C). REM sleep analyses are not shown due to 

the paucity of REM epochs post-injection within the time window of 0-60 min. 
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Fig. 25: Alteration in vigilance states following PF-05180999 and Donepezil treatment in adult Wistar rats. Changes in 
biopotential signals, activity level and power spectra were recorded by using the 4ET-transmitter (DSI, USA) and subsequently 
used to determine differential vigilance states from 0-60 min post-treatment. Indicated are the times spent in (A&B) Active 
Wake (AW), (C&D) Quiet Wake (QW), and (E&F) NREM sleep during baseline and post-treatment, respectively. REM sleep 
analyses are not shown due to the paucity of REM epochs post-injection within the time window of 0-60 min. Data are presented 
as means ± SEM (n=13) and were analyzed by RM one-way ANOVA followed by Dunnett’s multiple comparisons post-hoc 

test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3.7 Heart rate variability in the time and frequency domain 

3.3.7.1 Time domain analysis 

HRV time domain analysis by one-way ANOVA revealed an overall treatment effect on SDNN 

(F(3,40)=35.721; p≤0.0001), RMSSD (F(3,44)=2.877; p=0.0466), NN9 (F(3,39)=6.717; 

p=0.0009), and pNN9 (F(3,38)=7.628; p=0.0004). Dunnett’s multiple comparison post-hoc test 

showed a significant reduction in the time domain for the SDNN (p=0.0002; Fig. 26B) and NN9 

(p=0.0410; Fig. 26D), following 12 mg/kg PF-05180999. This corresponds, based on the 

exposure level assessment in rats (Table 6) and the potency data for PDE2A described by Helal 

et al., (2018), to total plasma and CSF concentrations of PF-05180999 in the range of >50-fold 

and >150-fold PDE2A IC50, respectively. Within the time domain the experimental control 

Donepezil gave rise to a significant decrease of SDNN (p≤0.0001; Fig. 26B), RMSSD 

(p=0.0254; Fig. 26C), NN9 (p=0.0002; Fig. 26D), and pNN9 (p≤0.0001; Fig. 26E). NN-interval 

length (Fig. 26A), and cycles number (Fig. 26F) were not affected by pharmacological treatment 

of PF-05180999, nor Donepezil, when compared to vehicle treated animals. 
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Fig. 26: HRV changes within the time domain following PF-05180999 and Donepezil treatment in adult Wistar rats. 

Indicated are alterations in (A) NN Interval length, (B) SDNN, (C) RMSSD, (D) NN9, (E) pNN9, and (F) cycle number. The 
time domain analysis was performed for one hour pre- and post-treatment with a reporting period of 5 min. No differences 
between groups was evident before treatment (baseline; not shown here). Data are presented as means ± SEM (n=12; n=9 for 
PF-05180999 12 mg/kg) and were analyzed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons post-

hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3.7.2 Frequency domain analysis 

Frequency domain HRV analysis by one-way ANOVA revealed an overall treatment effect on 

normalized LF (LFn), normalized HF (HFn) (F(3,43)=9.421; p≤0.0001), and the LF/HF ratio 

(F(3,40)=9.766; p≤0.0001), whereas there were no evident changes in total power (TP). 

Dunnett’s multiple comparison post-hoc test showed that PDE2A inhibition has no significant 

effect on HRV within the frequency domain (Fig. 27), when compared to vehicle treated 

animals. Donepezil treatment, as the experimental control, elicited a significant decrease of LFn 

(p=0.0003; Fig. 27A), an increase in HFn (p=0.0003; Fig. 27B) and a significant reduction of 

the LF/HF ratio (p=0.0003; Fig. 27C). Analysis of total power (TP; Fig. 27D) revealed no 

significant difference of treatment groups, when compared to vehicle treated animals. 

  



Results 

79 
 

 
Fig. 27: HRV changes within the frequency domain following PF-05180999 and Donepezil treatment in adult Wistar 

rats. Indicated are alterations in (A) normalized low frequency (LFn), (B) normalized high frequency (HFn), (C) low-
frequency/high-frequency (LF/HF) ratio, and (D) total power (TP). The power spectral densities within the frequency domain 
analysis refer to a 4 min parsing interval with a FFT performed with a segment duration of 1 min. Analysis time windows were 
chosen approx. 20 min post-injection, using Welch’s protocol with Hanning window and an interpolation rate of 50 Hz. 
Following frequency bands were assigned: low frequency (LF) = 0.25-1 Hz; high frequency (HF) = 1-3 Hz. Data are presented 
as means ± SEM (n=12) and were analyzed by ordinary one-way ANOVA followed by Dunnett’s multiple comparisons post-

hoc test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 compared to vehicle-treated group. 
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3.3.8 EEG power spectral analysis  

Electroencephalography recordings were acquired from 16 animals, of which 13 rats presented 

evaluable cortical EEG signals (EEG1) with sufficient quality for subsequent analysis. 

Regarding EEG data acquired by depth electrode measurements (EEG2), seven animals elicited 

evaluable biopotential signals for ensuing power spectral analysis. EEG power spectra values 

were averaged and expressed as percentage of difference from baseline conditions. Hereafter, 

the baseline is represented as 100%. Alterations in power spectra within the time window from 

0 to 60 min post-treatment are presented in 30 min time bins within the respective vigilance 

states (AW, QW, and NREM). 

3.3.8.1 Epidural recording (prefrontal; EEG1) 

The tested PDE2A inhibitor PF-05180999 did not produce significant power spectral changes 

within AW (Fig. 28A&B). The experimental control Donepezil led to a significant increase in 

delta (0-30 min: t(12)=3.649, p=0.0033; 30-60 min: t(10)=2.894, p=0.0160), and a significant 

decrease in alpha (0-30 min: t(12)=9.094, p≤0.0001; 30-60 min: t(10)=7.724, p≤0.0001), beta 

(0-30 min: t(12)=4.012, p=0.0017; 30-60 min: t(10)=5.055, p=0.0005), and high gamma power 

(0-30 min: t(12)=5.897, p≤0.0001; 30-60 min: t(10)=5.590, p=0.0002).  

During QW, 4 mg/kg PF-05180999 produced a significant decrement of alpha and beta power 

(p≤0.01 & p≤0.001; respectively), whereas 12 mg/kg of the PDE2 inhibitor elicited a decrease 

in theta and alpha power (0-30 min: p≤0.05 & p≤0.01; respectively). Power spectral analysis 

within the Donepezil treated group revealed a significant increase in delta power (0-30 min: 

t(12)=2.241, p=0.0447), and a significant decrease in theta (0-30 min: t(12)=6.116; 30-60 min: 

t(12)=7.758, p≤0.0001 respectively), alpha (0-30 min: t(12)=18.534; 30-60 min: t(12)=21.057, 

p≤0.0001 respectively), beta (0-30 min: t(12)=16.310; 30-60 min: t(12)=18.066, p≤0.0001 

respectively), low gamma (0-30 min: t(12)=5.928; 30-60 min: t(12)=6.655, p≤0.0001 

respectively) and high gamma power (0-30 min: t(12)=7.589; 30-60 min: t(12)=10.684, 

p≤0.0001 respectively, Fig. 28A&B).  

During NREM, 12 mg/kg PF-05180999 produced a significant decrease in theta (0-30 min: 

t(5)=2.647, p=0.0456, 30-60 min: t(7)=2.441, p=0.0447; respectively), alpha (0-30 min: 

t(5)=5.621, p=0.0025), and beta power (0-30 min: t(5)=5.338, p=0.0031; Fig. 28A&B). As 
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NREM sleep was completely suppressed by Donepezil treatment, no values are depicted in 

Fig. 28 (blank cells).   

 
Fig. 28: Heatmap representation of power spectral changes following PF-05180999 and Donepezil treatment within the 

respective vigilance states (epidural EEG recording – PFC) of adult Wistar rats. (A) Alterations in power spectra during 
drug-on within 0-30 min post-treatment. (B) Alterations in power spectra during drug-on within 30-60 min post-treatment. The 
first 5 min post-administration were excluded from analysis due to high amounts of artefacts. Power spectral changes compared 
to baseline (baseline represents 100%) are indicated as positive (increment; depicted in red) or negative percentage values 
(decrement; depicted in green). Blank cells indicate no data points. PF-999 (PF-05180999). Data are presented as means (n=13) 
and were analyzed by one-sample t-test versus the theoretical value of 100%. 

 

3.3.8.2 Local field potential recording (hippocampus – CA1 region; EEG2) 

3.3.8.2.1 Verification of depth electrode placement  

As described in the material & methods section (under 2.5), LFP electrode placement in the 

CA1 region of the hippocampus was verified by a test electrode placement with additional India 

ink und subsequent H&E staining. As indicated in Fig. 29 the stereotaxic surgery procedure and 

depth electrode placement was able to aim the CA1 region of the hippocampus. These results 

enabled subsequent power spectral analysis of EEG2 data, described below within the respective 

vigilance states. 
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Fig. 29: LFP electrode placement confirmation by H&E staining. LFP recordings were aimed to reach the CA1 region of 
the hippocampus. Electrode placement and accuracy of predefined stereotaxic coordinates (AP: - 4.3 mm, ML: - 2.5 mm, dorsal-
ventral (DV): - 3.0 mm; relative to Bregma) (A) were investigated in test electrode placement and subsequent H&E staining 
(B&C). CA 1-3 (Cornu Ammonis 1-3), DG (Dentate Gyrus), LFP (Local field potential). Fig. 29A based on Paxinos and Watson, 
The rat brain in stereotaxic coordinates, 1998; Bregma: - 4.30; Figure 37. 

 

3.3.8.2.2 Power spectral analysis EEG2 

During AW, 12 mg/kg PF-05180999 revealed a decrease in theta power from 0 to 30 min post-

treatment (t(6)=4.614, p=0.0036). The lower dose of the PDE2A inhibitor (4 mg/kg) decreased 

beta power from 30 to 60 min (t(5)=3.536, p=0.0166; Fig. 30A&B), which was not apparent 

following the cortical (EEG1) analysis described above. Power spectral analysis of the 

A 

B C 
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experimental control Donepezil revealed a similar trend in results when comparing EEG1 and 

EEG2 power spectra. Power spectral analysis of LFP recordings following Donepezil treatment 

showed a significant increase in delta power (0-30 min: t(6)=3.914, p=0.0079), and a significant 

decrease in alpha (0-30 min: t(6)=7.084, p=0.0004; 30-60 min: t(5)=18.256, p≤0.0001), beta (0-

30 min: t(6)=2.145, p=0.0757; 30-60 min: t(5)=5.360, p=0.0030), and high gamma power (0-

30 min: t(6)=3.724, p=0.0098; 30-60 min: t(5)=8.324, p=0.0004; Fig. 30A&B). 

During QW, PF-05180999 did show a significant decrease of theta (p≤0.05) following the 

4 mg/kg dose from 0 to 30 min post-treatment. The higher dose of the PDE2A inhibitor revealed 

a significant decrease in alpha (t(6)=2.971, p=0.0249), and beta power during QW from 0 to 

30 min (t(6)=2.724, p=0.0345). Analysis of the Donepezil treated control group elicited a 

significant increment of delta power (0-30 min: t(6)=5.1419, p=0.0016), and a significant 

decrement of theta (30-60 min: t(6)=3.541, p=0.0122), alpha (0-30 min: t(6)=3.597, p=0.0114 

and 30-60 min: t(6)=12.541, p≤0.0001), beta (0-30 min: t(6)=4.153, p=0.0060; 30-60 min: 

t(6)=7.707, p=0.0003), low gamma (0-30 min: t(6)=7.458, p=0.0003 & 30-60 min: t(6)=6.822, 

p=0.0005), and high gamma power (0-30 min: t(6)=5.116, p=0.0022; 30-60 min: t(6)=7.525, 

p=0.0003; Fig. 30A&B).   

Power spectral analysis during NREM sleep revealed that 4 mg/kg PF-05180999 significantly 

decrease theta power from 0 to 30 min following administration (t(1)=16.439, p=0.0387; 

Fig. 30A), whereas all other power bands were unaltered. Overall, the analysis of the LFP/EEG2 

data are in line with the analysis results reported for the cortical EEG1 recording. As 

abovementioned for the epidural EEG1 recording results, Donepezil completely suppressed 

NREM sleep, which resulted in no representation of values in the respective heatmap (see blank 

cells Fig. 30). 
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Fig. 30: Heatmap representation of power spectral changes following PF-05180999 and Donepezil treatment within the 

respective vigilance states (depth EEG recording – hippocampus/CA1) of adult Wistar rats. (A) Alterations in power 
spectra during drug-on within 0-30 min post-treatment. (B) Alterations in power spectra during drug-on within 30-60 min post-
treatment. The first 5 min post-administration were excluded from analysis due to high amounts of artefacts. Power spectral 
changes compared to baseline (baseline represents 100%) are indicated as positive (increment; depicted in red) or negative 
percentage values (decrement; depicted in green). Blank cells indicate no data points. PF-999 (PF-05180999). Data are presented 
as means (n=7) and were analyzed by one-sample t-test versus the theoretical value of 100%. 
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4 Discussion 

Neuropsychiatric diseases are heterogeneous disorders laying on a disease spectrum as their 

symptom domains are overlapping and thus comorbid (Adam, 2013). Mental illnesses are 

drastically increasing worldwide, indicating the high societal burden and the present unmet 

medical need for novel therapeutic treatment options (Kessler et al., 2009; Vigo et al., 2016). 

Even though major advances have been made in basic research within neuroscience and 

psychiatry, the underlying mechanisms and overall etiology remains largely elusive.  

The discovery and development of new therapeutics demand state-of-the-art multidimensional 

approaches to early in development assess the potential of new therapeutic concepts and thus 

novel targets. One of the biggest challenges in neuropsychiatric drug discovery is to identify 

suitable biomarkers to bridge preclinical findings to clinical outcomes with predictive validity 

and hence to circumvent high clinical attrition rates. As indicated earlier, quantitative and 

pharmaco-EEG studies in combination with other target engagement readouts have been shown 

to provide potential biomarker value in the preclinical and clinical setting (Leiser et al., 2011; 

Raith et al., 2020). 

Within the present work, we demonstrated a novel radiotelemetry setup implementing central 

and peripheral readouts suitable for future preclinical studies assessing new therapeutic concepts. 

Besides the establishment of the system we aimed to investigate new therapeutic concepts in the 

field of neuropsychiatric diseases to potentially underline the value of EEG measurements as 

biomarkers in preclinical trials.  

In the following, the individual performed studies will be discusses separately with a following 

overall discussion attempting to incorporate the achieved aims and major findings in the present 

work. 
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4.1 Study I: Differential effects of traxoprodil and S-ketamine on quantitative EEG 

readouts in freely moving rats 

“The present study demonstrated differential “[EEG] compound fingerprints” of two NMDA 

receptor modulators with S-ketamine as an unselective NMDA blocker and traxoprodil as a 

selective GluN2B NAM by taking advantage of [p-]EEG readouts in rats” (Raith et al., 2020, p. 

11). 

“Our main findings for the qEEG power spectral analysis were evident within the respective 

vigilance states. Ketamine treatment led to a wake-promoting profile with simultaneous sleep 

suppression, which was not evident following traxoprodil treatment. Within wake vigilance 

states ketamine mainly increased delta and gamma power whereas traxoprodil led to an overall 

reduction of all power bands” (Raith et al., 2020, p. 11). This highlighted that qEEG readouts 

enable differentiation of selective GluN2B antagonism from non-selective pan-NMDA receptor 

antagonists (Raith et al., 2020). 

4.1.1 Ketamine induced hyperactivity and hypothermia is not evident following 

traxoprodil treatment 

“We determined the pharmacological induced changes of ketamine and traxoprodil on 

locomotor activity and body temperature as additional physiological readouts in terms of target 

engagement. Effects of NMDA receptor antagonism (e.g. ketamine treatment) on locomotion 

and body temperature have been shown earlier (Ahnaou et al., 2017; Fahim et al., 1973; Irifune 

et al., 1991). Our reported increase in locomotion and the hypothermic phenotype following 

subanaesthetic doses of ketamine is perfectly in line with previous published results (Vučković 

et al., 2014; Wilson et al., 2007). Concerning the hypothermic phenotype following ketamine 

treatment, ample evidence indicates that NMDA receptor antagonists are closely associated with 

thermosensitive hypothalamic neurons and thus affect body temperature via an endogenous 

glutamate-sensitive system (Kao et al., 2007; Vučković et al., 2014)” (Raith et al., 2020, p. 13).  

“In contrary to ketamine, traxoprodil did not affect locomotor activity, nor body temperature 

one hour post-treatment when compared to vehicle. In terms of locomotion, studies performed 

in mice showed that various acute doses of traxoprodil (5, 10, 20, 40 mg/kg; i.p.) did not have 

an impact on spontaneous locomotor activity (distance traveled) when compared to vehicle 
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treated animals (Poleszak et al., 2016; Stasiuk et al., 2016; Stasiuk et al., 2017). Another initial 

study in rats showed that even very high doses of traxoprodil (up to 56 mg/kg; s.c.) did not 

induce hyperlocomotion (Menniti et al., 1998). Overall, these findings are in line with our results 

and furthermore support the qEEG readouts in terms of target engagement” (Raith et al., 2020, 

p. 13). 

4.1.2 Ketamine but not traxoprodil alters vigilance states of rats 

“Ample evidence indicates that sleep is well conserved throughout evolution with similar 

vigilance states differentiation amongst humans, non-human primates and other mammals as 

rodents. Thus, sleep-wake profile analysis opens up valuable opportunities for translational 

research, especially in drug discovery research (Drinkenburg et al., 2015a). Within our study 

we showed that ketamine but not traxoprodil treatment influences the vigilance states of rats. 

Ketamine treatment led to a wake-promoting profile characterized by a significant increase of 

wake states (AW, QW) and a suppression of NREM and REM sleep (not shown here) in line 

with published findings (Ahnaou et al., 2017). The mechanism underlying altered sleep-wake 

profile following ketamine treatment remains to be investigated but may involve alterations in 

various neurotransmitter systems. NMDA receptor blockage has been shown to trigger arousal 

relevant neurotransmitter release involving dopamine, serotonin and histamine in different brain 

regions (Fell et al., 2010; Lorrain et al., 2003; Shirakawa et al., 2014)” (Raith et al., 2020, p. 12).  

“To our knowledge, data regarding potential alterations of sleep-wake profile following an acute 

traxoprodil challenge have not been shown elsewhere. Traxoprodil’s specific targeting of the 

GluN2B subunit might be an indicator for the opposing findings regarding vigilance states when 

compared to ketamine. Other studies pinpointed that sleep suppression and parallel occurring 

high gamma oscillation due to subanesthetic doses of NMDA receptor antagonists are subunit-

specific. These alterations in vigilance states and neuronal oscillations were only evident after 

blockade of the GluN2A subunit but not for the GluN2B subunit which supports our findings 

following traxoprodil treatment (Kocsis, 2012a; Kocsis, 2012b)” (Raith et al., 2020, p. 12).  

“Overall, we showed that sleep-wake analysis has the potential to unravel differential compound 

fingerprints within drug developmental projects. Additionally, evidence is accumulating that 
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sleep biomarkers may aid diagnostics, treatment response and prognosis of psychiatric diseases 

(Steiger and Kimura, 2010)” (Raith et al., 2020, p. 12). 

4.1.3 Ketamine and traxoprodil reveal distinctive qEEG (power spectra) alterations 

“Within the present study, we report power spectral changes within the respective vigilance 

states. […] Vigilance state consideration in terms of power spectral analysis is of high 

importance to characterize state-specific changes [and thus] to better translate and bridge 

preclinical findings to the clinic. EEG measurements in humans are performed with superficial 

electrodes on the scalp surface, indicating why we deliberately have chosen to use epidural 

recordings in [the present] study with similar subsequent qEEG and vigilance states analysis. 

Considering human EEG recordings, brain activity is recorded in a very controlled, calm and 

relaxed state. Within the preclinical setting, we cannot control vigilance state[s] in the same 

fashion. Thus, the problematic shift between vigilance states and respective changes of power 

spectra, which may not be related to the target engagement of the test compound, is of minor 

importance in human than in rodent studies as vigilance can be better controlled in the human 

set up. One promising [vigilance state], which needs further investigation, might be the quiet 

wake state, which in animals may correspond to the very controlled, calm and relaxed state of a 

human EEG recording” (Raith et al., 2020, p. 12). 

“Several studies demonstrated that traxoprodil and ketamine showed a rapid antidepressant 

effect as well as a similar neurophysiological profile in the drug-off phase (Nagy et al., 2016; 

Preskorn et al., 2008b). The current study focused on the immediate drug-on effects post-

treatment, to elicit treatment effects at cmax in rats, as previously reported by Nagy and 

colleagues (Nagy et al., 2016). S-ketamine and traxoprodil elicited a differential “compound 

fingerprint” immediately after drug dosing. Ketamine induced a significant decrease in theta, 

alpha, and beta power in wake vigilance states with a simultaneous increase of gamma power, 

whereas traxoprodil showed a significant reduction of all power bands” (Raith et al., 2020, p. 12).  

“Considering the changes in wake vigilance states (AW & QW), the most diverse findings 

regarding power spectra between both compounds were evident in the delta and gamma range. 

Traxoprodil treatment led to a decrease of the respective power bands, whereas ketamine in 

contrast showed an increase in gamma. Even though the significance of each individual 



Discussion 

89 
 

frequency band induced by compounds is not yet fully understood, several studies implicated 

potential roles of delta and gamma power alterations in health and disease (Başar et al., 2013; 

Harmony, 2013; Yener and Başar, 2013)” (Raith et al., 2020, p. 12). 

“Delta power is mainly described to occur in deep sleep resulting from burst firing within the 

thalamus (McCormick and Bal, 1997). Only a few actual references investigated delta 

oscillations and potential alterations within this frequency band in other contexts, e.g. its 

importance in cognitive processes (Harmony, 2013). Increase in delta power following NMDA 

receptor blockade by ketamine has been shown in cynomolgus monkeys and rats which supports 

the trend in our findings (Keavy et al., 2016; Nagy et al., 2016). GluN2B negative allosteric 

modulation by traxoprodil did not change delta power when compared to vehicle and only 

showed a significant increase in the drug-off period (Nagy et al., 2016). These findings support 

the opposing effect of ketamine and traxoprodil on delta power. Nevertheless, we found a 

decrease of delta following traxoprodil treatment in the drug-on phase, which was not evident 

in the aforementioned study. The underlying mechanism of this observation bears further 

investigation” (Raith et al., 2020, p. 12). 

“The effect of ketamine on gamma power has been described extensively in humans and 

laboratory animals (de la Salle et al., 2016; Jones et al., 2015; Keavy et al., 2016; Nagy et al., 

2016; Phillips et al., 2012; Sivarao et al., 2014). Parvalbumin-positive interneurons (GABAergic) 

have been proposed to be crucial for the generation of gamma oscillations. Synchronized gamma 

oscillations are fundamental for cognitive processes, whereas disturbed gamma synchrony 

might be one of the underlying causes of various symptoms in psychiatric diseases, e.g. 

schizophrenia. NMDA receptor blockade (e.g. ketamine) leads to disinhibitory effects and 

thereby to altered GABAergic neurotransmission. The resulting disruption of gamma rhythm is 

proposed to be one main candidate mechanism relevant in various psychiatric diseases. The 

opposing findings on gamma power for traxoprodil may result from a lack of GluN2B 

expression within the fast-spiking GABAergic interneurons, which predominantly express the 

GluN2A subunit (Matta et al., 2013)” (Raith et al., 2020, p. 12-13).  

“In cynomolgus monkeys ketamine and traxoprodil effects on qEEG  have been reported earlier 

(Keavy et al., 2016). In this study ketamine produced a significant decrease of beta (13-19 Hz) 

and alpha (9-13 Hz) plus a significant increase within the delta (0.5-4 Hz) and gamma band (30-
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55 Hz) which is in good agreement with our rat data. Following traxoprodil treatment in the 

cynomolgus monkey study, Keavy and colleagues showed a significant decrease of beta 1&2 

(13-19 Hz, 20-30 Hz; respectively), whereas the other power spectra bands, in contrast to our 

findings, were unaltered” (Raith et al., 2020, p. 13).  

“The reasons for the divergent findings across different studies in some of the power bands may 

rely on the heterogeneous experimental protocols which may be harmonized within the next 

years by the European Quality in Preclinical Data (EQIPD) project which involves preclinical 

EEG data acquisition and analysis harmonization (Steckler et al., 2018). Numerous qEEG 

studies focus merely on selected power bands of interest, e.g. gamma power. A study performed 

by Kocsis solely focused on NMDA receptor antagonist induced alterations of cortical gamma 

oscillations and provided evidence that the pharmacological induced changes within the gamma 

range are subunit-specific (Kocsis, 2012a). An increase in gamma oscillations was only evident 

after blockade of the GluN2A subunit but not for the GluN2B, GluN2C, or GluN2D subunits, 

which supports our findings. Nevertheless, within the aforementioned study it would have been 

of great interest whether other power spectra bands would have been affected in the same 

subunit-specific way. Indeed, the present study is one of the few rodent studies which sheds 

light on drug induced qEEG changes in all power spectra bands to get full insight into the overall 

central effects following ketamine and traxoprodil treatment. Furthermore, the full evaluation 

of all power bands might unravel potential biomarkers which are of importance for drug 

development” (Raith et al., 2020, p. 13). 

“Overall, we need to acknowledge that one single study with a relatively restricted n-number is 

not sufficient enough to highlight direct translational findings in terms of qEEG, as it has been 

shown to be controversial when data from a single subject is compared to a large-scale 

normative datasets for a number of reasons (Cavanagh et al., 2017). It is also worth mentioning, 

that the restricted number of electrodes in our telemetric EEG recordings and the overall poor 

spatial resolution render it difficult to localize the source of brain activity (inverse problem) and 

thus the pharmacological induced changes in specific brain areas and their connectivity. 

Additionally, inconsistencies among qEEG studies and their lack of standardization in terms of 

methodology make it rather difficult to interpret, compare and translate these findings. One 

example in terms of qEEG inconsistency throughout preclinical trials is the variable definition 
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of the power band ranges. The International pharmaco-EEG society (IPEG) published 

guidelines, first for human EEG, to pose the inconsistency problem arising from a lack of 

standardization (Drinkenburg et al., 2015a; Drinkenburg et al., 2015b; Jobert et al., 2012). 

Guidelines for the recording and evaluation of pharmaco-EEG data in animals as rodents are 

currently in preparation” (Raith et al., 2020, p. 13).  

“Nevertheless, the opposing findings and the distinctive qEEG fingerprint of ketamine and 

traxoprodil within the respective vigilance states aid to understand the underlying mechanisms 

of NMDA receptor blockade or modulation and might present valuable and translatable 

information from the preclinical setting to the clinic” (Raith et al., 2020, p. 13). 

4.1.4 Conclusion 

In conclusion, the present study provides “evidence that ketamine and traxoprodil show highly 

distinctive “[EEG compound] fingerprints”. The EEG-derived parameters [(power spectral 

analysis)] in conjunction with basic physiological readouts (body temperature and locomotor 

activity) [provided] complementary [information] demonstrating central target effects with 

potential translational value” (Raith et al., 2020, p. 15). The data suggests that multidimensional 

EEG-related readouts may “aid the identification of mechanistically unique compounds that 

yield the desired antidepressant efficacy while effectively avoiding or reducing 

psychotomimetic or other side effects associated with NMDA receptor channel blockers” (Raith 

et al., 2020, p. 15). Thus, qEEG readouts have the potential to “resemble fundamental 

biomarkers, [which may] bridge preclinical studies to clinical [outcomes and] thereby 

substantially aid drug developmental trials” (Raith et al., 2020, p. 15).
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4.2 Study II: Characterization of a mGlu4 positive allosteric modulator (ADX88178) by 

telemetric EEG/ECG recordings and sociability assessment in freely moving rats 

The present study further characterized a mGlu4 PAM by telemetric EEG/ECG recordings, and 

behavioral measurements in freely moving rats using the new multidimensional radiotelemetry 

setup. The compound has been described previously as highly orally available (Kalinichev et 

al., 2014; Le Poul et al., 2012) in line with the present work showing high central and peripheral 

activity. So far, mGlu4 modulators have received most attention in regard to treatment options 

for Parkinson’s disease (Hopkins et al., 2009). Recently, a mGlu4 PAM (PXT002331) 

successfully completed phase 1 and entered phase 2a clinical trials to treat Parkinson’s disease 

(Charvin et al., 2018). Previous mGlu4 modulators as the mGlu4 PAM (Lu AF21934, Lu 

AF32615) indicated the value of targeting mGlu4 besides its orthosteric binding site and have 

been shown to be efficacious in animal models of anxiety, obsessive-compulsive disorder 

(OCD), and depression (Kalinichev et al., 2014; Sławińska et al., 2013a; Sławińska et al., 2013b). 

Its target engagement furthermore has been reported by using male mGlu4 knockout mice in the 

EPM (Davis et al., 2012). Moreover, it has been shown that conditioned freezing responses are 

significantly reduced following ADX88178 in a fear condition learning paradigm (Kalinichev 

et al., 2014).  

The initial characterization of ADX88178 focused on behavioral effects post-treatment by 

taking advantage of animal models in the context of neuropsychiatric diseases, including anxiety, 

major depressive disorder, OCD, and psychosis (Kalinichev et al., 2014). Thus, the present study 

aimed to further characterize the potential of the mGlu4 PAM, ADX88178, to address other 

symptom domains comorbid in various anxiety disorders or psychiatric diseases, such as 

sociability/social withdrawal and cognitive function, as short-term memory retrieval. 

Furthermore, this study aimed to characterize the central and peripheral effects of ADX88178 

by taking advantage of qEEG measurements and HRV analysis. 

4.2.1 ADX88178 does not alter locomotion, body temperature and sleep-wake 

architecture 

As previously described, ADX88178 did not change locomotor activity post-treatment 

(Kalinichev et al., 2014). Thus, the behavioral effects of ADX88178 were not confounded by 
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any alterations in locomotor activity or adverse behavioral side effects, due to the dosing 

regimen. Body temperature analysis over time did also not change post-treatment. Additionally, 

we showed that ADX88178 does not change sleep-wake architecture following treatment. To 

our knowledge, vigilance state alterations following ADX88178 treatment have not been 

assessed previously. Siok and colleagues showed the effects of mGlu2/3 agonists and positive 

allosteric modulation (MTFIP) on sleep-wake architecture compared to Diazepam (Siok et al., 

2012). MTFIP significantly reduced REM sleep from 60 to 120 min post-treatment (Siok et al., 

2012). The mGlu2/3 signaling is similar to mGlu4, being negatively coupled to adenylyl cyclase 

via a Gi/o-protein. Nevertheless, we did not observe a significant decrease in REM sleep 

following ADX88178 nor Midazolam treatment within the time window of interest. The drastic 

decrease of REM sleep within the first 30 min post-treatment of all treatment groups represents 

the injection/administration effect of the respective drug. Thus, even though the signaling of 

mGlu2/3 and mGlu4 is similar, the internal receptor pharmacology and the action of the respective 

compound led to diverse physiological effects including sleep-wake architecture. 

4.2.2 Quantitative EEG power spectral analysis 

Within the present study, power spectral analysis was performed within the respective vigilance 

states. As mentioned earlier, the vigilance states differentiation und the subsequent analysis of 

power spectra is of great importance to fully understand state-specific power-spectra alterations. 

This approach may enable to bridge preclinical findings to the human situation and thus to the 

clinic. 

To our knowledge, there is no data present evaluating the effects of mGlu4 modulators on qEEG 

power spectra or sleep-wake architecture. ADX88178 revealed an overall increase of mid-

frequency power bands (alpha, beta) following 10 and 30 mg/kg and a decrease of gamma power 

following 100 mg/kg.  

Siok and colleagues published data on mGlu2/3 agonists (LY-354740, LY-404039) and a 

positive allosteric modulator (MTFIP) on qEEG and subsequent changes in vigilance states as 

previously mentioned (Siok et al., 2012). MGlu2/3, as a class II metabotropic glutamate receptor, 

is as the mGlu4 negatively coupled to adenylyl cyclase and thus exhibits negative influence on 

glutamate action and thus leads to less excitability (Ferraguti and Shigemoto, 2006). It is 
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expressed throughout various brain regions, and predominantly located in presynaptic terminals 

(Ferraguti and Shigemoto, 2006). The similar signaling of mGlu2/3 and mGlu4, makes potential 

effects on qEEG and sleep-wake architecture interesting to compare. Siok et al. (2012) reported 

the effects of the mGlu2/3 activation on delta, theta, and beta power (cortical EEG recordings). 

In line with the present findings, they showed a significant increase in delta power following 

the mGlu2/3 PAM. Additionally, they showed a decrement within the beta band (21-30 Hz) 

following MTFIP, which in the present work was only evident following the highest dose of 

ADX88178 within NREM sleep. In line with our results, the authors also reported no changes 

on theta power following treatment (Siok et al., 2012). Overall, Midazolam and ADX88178 

changed cortical power spectra in the same fashion, indicating either a percentage increase or 

decrease from vehicle group. One exception was evident in the NREM sleep, where the highest 

dose of the mGlu4 PAM significantly decreased alpha, beta and low gamma, whereas all other 

treatment groups showed opposite effects, albeit not significant. 

To our knowledge, there is no data present on positive allosteric modulation of mGlu4 on power 

spectral changes within the respective vigilance states which makes it rather difficult to compare 

or conclude from these findings. Until recently, it was thought that respective agonists, 

antagonists or allosteric modulators act solely on mGlu4 homodimers. Interestingly, it has been 

shown that mGlu4 and mGlu2 are able to form heterodimers with substantially different 

pharmacological properties and subsequent signaling mechanisms (Doumazane et al., 2011; 

Kammermeier, 2012; Yin et al., 2014). Thus, future studies are warranted to reveal whether 

such heterodimer action may beneficially be involved in the physiological and behavioral effects 

discussed in the present study. 

4.2.3 Heart rate variability analysis 

The present study showed that 10 mg/kg ADX88178 significantly decreased LFn, and increased 

HFn within the frequency domain analysis. Numerous studies have shown that within the 

frequency domain analyses, the low frequency (LF) corresponds to the sympathetic response, 

whereas the high frequency component (HF) refers to the parasympathetic response of the 

autonomous nervous system. The LF/HF ratio is considered to display the balancing act of both 

branches (Rowan et al., 2007; Shaffer and Ginsberg, 2017). 
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The lowest dose significantly decreased the LF/HF ratio indicating the peripheral effect of 

ADX88178. The decrement of the LF/HF ratio was also evident following 30 and 100 mg/kg 

ADX88178 and Midazolam treatment indicating their impact on overall HRV post-treatment 

and thus on the balancing act of the sympathetic and parasympathetic branch of the autonomous 

nervous system. The significant decrease of the LF/HF ratio may underscore that the mGlu4 

PAM pharmacologically enhanced the parasympathetic branch with simultaneous depression of 

the sympathetic branch. HRV analysis in the time domain following ADX88178 and Midazolam 

treatment did not reveal significant alterations. 

HRV analysis has been implemented in clinical studies for more than five decades (Billman, 

2011). Nevertheless, the implementation of ECG recordings for subsequent HRV analysis in the 

time and/or frequency domain is relatively new to rodent research or overall in preclinical 

settings (Rowan et al., 2007). Even though there exist notable differences between the rodent 

and human cardiovascular system (Rowan et al., 2007), there exists a broad agreement across 

multiple laboratories that the frequency spectra is analogous when comparing rats with larger 

mammals, including humans (Akselrod et al., 1985; Cerutti et al., 1991). This makes HRV 

analysis a prognostic valuable tool for translational research approaches, and enables to predict 

treatment outcome or potential adverse side effects within the periphery for clinical applications. 

Thus, HRV analysis has the potential to act as a translational biomarker in preclinical trials and 

gives valuable insight in pharmacological alterations and responsiveness of the autonomous 

nervous system. 

4.2.4 Exposure measurements 

Adequate drug delivery into the brain is an essential prerequisite for drugs designated to act on 

receptors within the CNS (Jiunn, 2008). Analysis of exposure levels within blood plasma and 

CSF enables to determine drug distribution in the periphery and drug permeability across the 

blood-brain-barrier (BBB). Additionally, exposure level determination is essential in early drug 

discovery projects to enable lead optimization and furthermore provides the basis for critical 

decision-points, e.g. candidate entry into development (Jiunn, 2008).  

Exposure level analysis within the present study revealed a dose dependent increase following 

ADX88178. Moreover, p.o. administration of ADX88178 revealed high CSF exposure levels 
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for the three tested doses of 10, 30, and 100 mg/kg of the mGlu4 PAM. The measured CSF levels 

are thought to resemble the free and unbound compound concentration in the brain which appear 

to be pharmacological relevant in terms of receptor interaction and thus target engagement. 

Interestingly, it has also been reported that extracellular free brain concentrations can differ in 

CSF measures depending on chemical drug properties as well as route of administration, CSF 

sampling site and timing (Jiunn, 2008; Shen et al., 2004). Nonetheless, CSF exposure levels 

indicate surrogate measures of CNS accessibility by centrally active compounds (Jiunn, 2008; 

Voehringer et al., 2013).  

Le Poul and colleagues reported increased apparent affinity for glutamate-mediated receptor 

activation following ADX88178 treatment with human and rat EC50 values of 3.5±0.3 nM, and 

9.1±1.0 nM, respectively (Le Poul et al., 2012). These results indicate that the mGlu4 PAM was 

slightly less potent within the rat cell line. Nonetheless, combining the indicated EC50 values 

with the obtained exposure levels in the present study with in vivo CSF exposure levels of more 

than 7 to 17-fold higher values than the in-vitro EC50 indicate the efficacy of ADX88178 in the 

present study. Thus, ADX88178 showed high oral bioavailability and brain-penetrant 

characteristics, in line with the previous characterization of the compound (Kalinichev et al., 

2014). 

4.2.5 Home cage behavior 

Parallel assessment of home cage behavior revealed no adverse side effects following treatment. 

The video-assisted home cage behavior analysis confirmed the transmitter-based results 

regarding locomotor activity, as analysis of distance traveled also showed no significant 

differences between treatment groups. Albeit not significant, ADX88178 slightly increased 

unsupported rearing behavior which decreased with increasing dosing regimen. Unsupported 

rearing behavior (e.g. in the center of the cage) may indicate less anxious behavior in 

unprotected open spaces, as rodents normally prefer to hide or spent time in the proximity of 

the cage or arena walls. Thus, 10 mg/kg of the mGlu4 PAM, which showed the highest increase 

of unsupported rearing behavior, may indicate anxiolytic action. The potential anxiolytic action 

may go hand in hand with the increased sniffing behavior, which increased in a dose-dependent 

manner following ADX88178. Sniffing is a respiratory behavior important for the acquisition 

and distinction of various odors in the environment (Wachowiak, 2011; Wesson et al., 2008). 
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Furthermore, increased sniffing behavior may indicate directed or selective attention (Kepecs et 

al., 2007; Wachowiak, 2011; Wesson et al., 2008). Nevertheless, one needs to be careful with 

the interpretation of increased sniffing behavior and attentional or potentially motivational shift 

as inhalation is necessary for normal respiration/olfaction, which could also indicate increased 

respiratory need/demand following treatment. Thus, further studies are warranted to investigate 

the relationship between sniffing behavior/frequency and attention modulation and/or 

motivational shift.  

4.2.6 MGlu4 PAM (ADX88178) on sociability and social recognition (three-chambered 

social approach task) 

The mGlu4 receptor is expressed in all relevant brain regions involved in social behavior, such 

as cerebral cortex, olfactory bulb, thalamus, hippocampus, and basal ganglia (Corti et al., 2002). 

Various mGlu4 agonists (e.g. LSP4-2022) and positive allosteric modulators (e.g. VU0155041, 

Lu AF21934 or Lu AF32615) have been shown to act prosocial by normalizing social 

interaction deficits in knock-out mice or by reducing pharmacological induced social deficits 

(Sławińska et al., 2013a; Wierońska et al., 2015; Woźniak et al., 2016). To our knowledge, there 

is no data present on positive allosteric modulation of the mGlu4 (ADX88178) and sociability, 

or social recognition by taking advantage of the three-chambered social approach task. All 

studies mentioned previously, assessed social interaction by using the social interaction test 

(SIT). The SIT lacks the second phase of the three-chambered social approach task with its 

assessment of social recognition (social memory/social novelty). Social memory is measured 

based on the natural tendency of rodents, and various other mammals, to interact with unfamiliar 

conspecifics to a greater extent than with already familiar ones. Thus, social recognition is 

evident, when the test animal spends less time with an already familiar conspecific. Overall, 

there are only few studies present investigating the potential role of mGlu4 on social 

memory/social recognition, as mainly metabotropic glutamate receptors of group I & II have 

been investigated in that regard (Clifton et al., 2013; Harich et al., 2007; Hikichi et al., 2013; 

Shimazaki et al., 2007). 

The present work was able to show that ADX88178 does not negatively influence sociability 

behavior, and thus leaves social interaction and approach intact within the three-chambered 

social approach task. All treated animals (including vehicle, ADX88178 at three different doses, 
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and Midazolam) preferred spending time with the novel, unfamiliar conspecific in the first phase 

of the test (sociability phase), rather than spending time in the center compartment or exploring 

the empty enclosure. The second phase of the test, assessing social recognition/social memory, 

revealed that 10 and 30 mg/kg ADX88178 enhanced social recognition memory. Solely, these 

treated animals were capable to distinguish between first, already familiar, and the second, novel 

and so far, unfamiliar social stimulus. As mentioned earlier, the behavioral effects described 

here were not confounded by any alterations in locomotor activity, nor adverse side effects due 

to drug administration.  

The role of mGlu4 in cognitive processes and cognitive flexibility has been demonstrated in 

mGlu4-KO mice which displayed strong deficits in spatial- and long-term memory (Gerlai et al., 

1998). Thus, it is tempting to argue that the mGlu4 PAM ADX88178 within 10-30 mg/kg 

exhibits procognitive effects, improving social memory. Nevertheless, it would have been of 

great interest whether pharmacological induced social deficits would have been reversed by 

ADX88178. Thus, future studies are warranted to elaborate the prosocial and potential 

procognitive effect of the mGlu4 PAM used. 

4.2.7 Conclusion 

The mGlu4 PAM ADX88178 showed central and peripheral effects. Overall, the compound 

revealed potential prosocial, and cognitive enhancing properties by increasing social memory 

retrieval. With its influence on decreasing glutamate levels, and its simultaneous modulatory 

effects on GABA, the mGlu4 is a highly attractive target, as a disturbed E-I-balance has been 

linked to the pathophysiology of various neuropsychiatric diseases. Overall, targeting allosteric 

modulation sites over the highly conserved orthosteric binding sites enables higher specificity 

and selectivity and thus attractive targets for new subtype-selective compounds. The future 

evaluation of the compound in sensitive animal models displaying various specific symptom 

domains is fundamental to further understand the role of mGlu4 in health and disease. Taken 

together, subtype-selective allosteric modulators may provide an attractive alternative 

therapeutic target to counteract the present and unmet medical need in the field of psychiatric 

diseases including major depression, schizophrenia and anxiety disorders, amongst other 

indications.
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4.3 Study III: Pharmacological phosphodiesterase 2A inhibition elicits procognitive 

behavioral effects accompanied with increased brain cyclic nucleotide levels and 

altered qEEG measures in rats 

The present study aimed to investigate the procognitive potential of the PDE2A inhibitor PF-

051809999 concomitant with altered downstream signaling and alterations in qEEG measures. 

The conducted studies demonstrated that the PDE2A inhibitor PF-05180999 significantly 

increased cyclic nucleotide levels in the brain in a dose-dependent manner, concomitant with 

enhanced episodic-memory performance underlining its procognitive effects. The lower dose of 

PF-05180999 (4 mg/kg) enhanced locomotor activity, body temperature and time spent in active 

wake vigilance state, which was not evident for the 12 mg/kg tested dose. In line, the higher 

dose of the PDE2A inhibitor, as well as the experimental control Donepezil decreased overall 

HRV. Quantitative EEG analysis revealed that PF-05180999 decreased theta, alpha, and beta 

power, whereas gamma power was increased, albeit not significantly. Especially the respective 

changes within theta and gamma power may emphasize the procognitive effects seen within the 

behavioral readouts. 

4.3.1 PF-05180999 improved episodic-like memory performance 

The present study demonstrated that PDE2A inhibition by PF-05180999 improves episodic-like 

memory performance, shown within the social recognition task, which to our knowledge, has 

not been reported earlier. As expected, the vehicle treated animals did not show less social 

interaction at T2 with the juvenile animal, indicating no improvement in episodic-like memory, 

as 24 hours result in a lack of memory retention. This has been previously described by other 

laboratories, who showed that an inter-trial interval between T1 and T2 of 120 min is already 

sufficient enough in naїve animals to result in a lack of memory retention (Lemaire, 2003; 

Mathiasen and DiCamillo, 2010). This underlines the positive effect of 2 mg/kg PF-05180999 

on episodic-like memory performance. In line, recent literature indicates that other PDE2 

inhibitors were able to improve memory consolidation in the social recognition test in line with 

our findings, which has been furthermore demonstrated in the novel objection recognition test 

(Boess et al., 2004). PDE2 inhibition with its associated increase in cAMP and cGMP levels has 

crucial effects on synaptic plasticity, and neurotrophic processes, important for learning and 
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memory. Cyclic nucleotides as major second messengers support differential neuronal functions 

ranging from neurotransmission to alterations in neuronal firing pattern (Nishi and Snyder, 2010; 

Schoffelmeer et al., 1985). Cyclic nucleotide modulation and its altered downstream signaling, 

due to PDE inhibition, may impact long-term potentiation and thus ameliorate short-term 

(working-) and long-term memory (Blokland and Boess, 2008; Boess et al., 2004; Prickaerts et 

al., 2002; Reneerkens et al., 2009; van der Staay et al., 2008). In line with the latter statement, 

it has been shown that especially cGMP may play a profound role in memory performance as 

intrahippocampal injections of a cGMP analogue, but not cAMP analogue, positively influenced 

rats in an object recognition task (Prickaerts et al., 2002). Thus, the altered cyclic nucleotide 

levels demonstrated in the present study following PDE2A inhibition may positively impact 

episodic-like memory performance as shown by significant lower social interaction times at T2 

following PF-05180999. 

4.3.2 PF-05180999 increased cyclic nucleotide levels in PFC and STR 

The present study demonstrated that PF-05180999 dose-dependently increases cyclic nucleotide 

levels (cAMP and cGMP) determined in extracellular fluid (rat), by taking advantage of in vivo 

microdialysis within the PFC and STR. The results are in line with the initial characterization 

of PF-05180999, which demonstrated an increase of cGMP levels in a dose-response study in 

mice (Helal et al., 2018). Contrary to our findings, they did not report a significant increase in 

cAMP levels. This discrepancy may relate to different measurement techniques, as Helal and 

colleagues analyzed brain tissue cGMP levels in CD-1 mice by using enzyme immunoassay kits, 

whereas in the present study in vivo microdialysis in combination with highly sensitive LC-

MS/MS analytics was used to assess changes in cyclic nucleotide levels following treatment. 

To our knowledge, in vivo assessment of cyclic nucleotide level alterations in freely moving 

animals following PDE2A inhibition by PF-05180999 has not been reported earlier. 

As mentioned before, cAMP and cGMP and their downstream signaling pathways play a 

fundamental role in neuroplasticity and thus in memory formation processes (Reierson et al., 

2011; Wang et al., 2015). Both cyclic nucleotides activate downstream protein kinases which 

lead to the activation of the transcription factor CREB (cAMP responsive element binding 

protein) which in turn induces gene expression and protein synthesis like BDNF (brain derived 

neurotrophic factor) and VEGF (vascular endothelial growth factor). Both, BDNF and VEGF 
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are involved in neurotrophic and neuroplasticity relevant processes important for memory 

formation (Reierson et al., 2011; Wang et al., 2015). 

PDE2 itself has been proposed to mediate the crosstalk between cAMP and cGMP signaling 

pathways (Zaccolo and Movsesian, 2007). PDE2 is also mentioned in the literature as the 

“cGMP-stimulated cAMP PDE”, as cGMP binding leads to an internal conformational change 

at the catalytic binding site resulting in higher binding affinities for cAMP and thus in cAMP 

hydrolysis (Reierson et al., 2011). The negative cGMP to cAMP feedback-loop may indicate 

why the shown increases in cAMP levels are minor when compared to cGMP levels in the PFC 

and STR in our study. 

Inhibiting the hydrolysis of cyclic nucleotides via PDE inhibitors leads to an increased pool of 

cAMP and cGMP resulting in downstream CREB phosphorylation, BDNF and VEGF 

expression and thus could eventually counteract memory deficits which are evident in various 

neuropsychiatric diseases (Reierson et al., 2011; Wang et al., 2015).  

4.3.3 PF-05180999 increased locomotion, body temperature, and altered exploratory 

behavior  

Within the present study, PF-05180999 (4 mg/kg) significantly increased locomotor activity 

post-treatment. The initial characterization of PF-05180999 revealed no substantial impact on 

locomotor activity (either spontaneous or habituated) but investigated substantial lower doses 

via a different route of administration (s.c.) which might explain these inconsistencies (Helal et 

al., 2018). Body temperature was significantly increased from 30 to 60 min following PF-

05180999 treatment. To our knowledge, changes in body core temperature following PF-

05180999 treatment have not been reported earlier. 

The aforementioned effects on locomotion correlate with our findings of the behavioral changes 

under home cage conditions regarding distance traveled (1 h post-treatment). PF-05180999 

treatment (4 mg/kg) resulted in a significant increase of distance traveled, as well as an increase 

in unsupported rearing behavior when compared to the vehicle treated group. These findings 

indicate that PF-05180999 potentially leads to an increase in exploratory behavior. It is tempting 

to assume that PF-05180999 might act anxiolytic as exploratory behavior and unsupported 

rearing, e.g. in the center of the arena and thus not in the close proximity of the arena walls, was 



Discussion 

102 
 

significantly increased. In line with this assumption, a study investigating Bay 60-7550 in 

stressed and non-stressed mice showed as well anxiolytic effects following administration 

(1 mg/kg), by taking advantage of the elevated plus maze and the hole-board task (Masood et 

al., 2009). The aforementioned study demonstrated elegantly that this anxiolytic effect of PDE2 

inhibition depends on the increment of the second messengers cGMP, by reversing these effects 

via cGMP-synthesis inhibition (Masood et al., 2009), Nevertheless, the present study is the first 

to report such findings following PF-05180999 treatment, assessing behavioral changes under 

home cage conditions. 

Donepezil, chosen as experimental control, showed a significant decrease of locomotion and 

rearing behavior as previously described (Ahnaou et al., 2014; Goverdhan et al., 2012; Myhrer 

et al., 2010). The increase in grooming behavior following Donepezil, which potentially 

highlights repetitive behaviors (Kalueff et al., 2015), was not found to be increased earlier (Kim 

et al., 2014), but Kim and colleagues used substantially lower doses when compared to the 

present study. The decrease in time spent drinking may correlate with the overall reduction in 

locomotion following Donepezil treatment. Thus, the positive control demonstrated its value to 

underline the significance of the other obtained physiological data (behavioral changes; sleep-

wake architecture analysis; EEG) resembling central and peripheral effects following PDE2A 

inhibition. 

4.3.4 PF-05180999 altered sleep-wake architecture (vigilance states) 

Sleep-wake analysis revealed that PF-05180999 increased the time spent in active wake 

vigilance state. To our knowledge, alterations in sleep-wake architecture following PF-

05180999 treatment have not been reported elsewhere. In line, other PDE inhibitors have been 

shown to promote wakefulness, e.g. PDE4 inhibitors as Rolipram (Lelkes et al., 1998). The 

latter study claims that stimulation of the cAMP-system or increasing the availability of cAMP 

via PDE inhibitors leads to a wakefulness-promoting effect. In-vitro hypothalamic brain slice 

recordings were able to show that cAMP applied during daytime is able to induce phase 

advances in the circadian rhythmicity, whereas administration during nighttime did not induce 

such strong effects. This demonstrated the impact of cAMP in daytime signaling pathways 

(Gillette and Abbott, 2009; Gillette and Mitchell, 2002). Overall cyclic nucleotides, including 

cGMP have been proposed to be heavily involved in the regulation of sleep-wake cycles 
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(Ogasahara et al., 1981). Studies demonstrated that the nitric oxide (NO)/cGMP pathway is 

strongly involved in circadian reprogramming, especially the response to light stimuli 

(Golombek et al., 2004). Within the suprachiasmatic nucleus (SCN), it has been shown that 

cGMP levels are increased during daytime and that variations are in line with temporal changes 

in PDE activity (Ferreyra and Golombek, 2001; Golombek et al., 2004). These findings are in 

line with our results, showing that inhibition of PDE2A increases cAMP and cGMP levels which 

both are important key players to mediate and control circadian rhythmicity.  

The positive control Donepezil significantly decreased time spent in active wake, suppressed 

NREM & REM sleep and significantly increased time spent in quiet wake. Amat-Foraster and 

colleagues, in line with our findings, also indicated this substantial increase in QW, in a dose-

dependent manner, as well as the suppression of NREM and REM sleep following Donepezil, 

again highlighting its value as experimental control in the present study (Amat-Foraster et al., 

2017). 

4.3.5 PF-05180999 affects heart rate variability 

PDE2 is expressed in cardiomyocytes of the heart muscle (Sadhu et al., 1999). The initial 

characterization of PF-05180999 showed that the compound was generally well tolerated and 

that a single dose up to 30 mg/kg did not induce heart- or vasculature injuries in rats and dogs 

(Helal et al., 2018). This is in line with the present observations, as no adverse cardiac side 

effects were observed in the current study. 

It has been shown recently that PDE2 mainly regulates heart rate (Vettel et al., 2017). 

Furthermore, PDE2 seems to have protective function (from excessive sympathetic stress), as 

its expression is upregulated in human and experimental heart failure (Vettel et al., 2017). The 

aforementioned study showed that PDE2 inhibition by BAY 60-7550 restored cardiac function 

following pharmacological induced cardiac hypertrophy. 

The current study showed that PF-05180999 induces significant effects in the time domain of 

heart rate variability analyses, revealing a significant decrease of SDNN and NN9 following the 

higher dose (12 mg/kg). The SDNN is a global measure of total heart rate variability, as it 

reflects all variable cyclic components within the time duration chosen (Rowan et al., 2007). As 

the SDNN reflects a measure of total HRV, a decrease may indicate a decrease in 
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parasympathetic activity with a simultaneous increase in sympathetic activity. The high dose of 

PF-05180999 (12 mg/kg) and Donepezil (5 mg/kg) may underlie such decrease of overall HRV. 

The NN9 indicates the number of valid interval differences of successive NN intervals greater 

than 9 ms. Thus, the significant decrease of NN9 indicates that the heart rate increased resulting 

in interbeat-intervals substantially shorter than 9 ms. We explicitly chose to set the pNNx-value 

to 9 ms as it has been reported that x-values smaller than 50 ms provide a better indication of 

vagal tone fluctuations than the standard pNN50 value (Mietus et al., 2002). The decrease of NN9 

and pNN9 indicated reduced vagal (parasympathetic) activity within the heart muscle following 

PF-05180999 and Donepezil treatment. 

Donepezil treatment elicited changes in both the frequency and the time domain of heart rate 

variability analyses. Besides the aforementioned decrease in SDNN, NN9 and pNN9, Donepezil 

treatment elicited a significant decrease of RMSSD indicating the decreased vagal tone in HRV 

measures (Shaffer and Ginsberg, 2017). Furthermore, the AChE-inhibitor led to an increase of 

HFn, and decreased LFn and the LF/HF ratio. It is well known that the neurotransmitter ACh is 

able to decrease heart rate and thus is a fundamental key player mediating the parasympathetic 

influence of the autonomous nervous system (ANS; “rest and digest”). Several studies indicated 

that within the frequency component analyses, the low frequency (LF) corresponds to the 

sympathetic response, whereas the high frequency component (HF) refers to the 

parasympathetic response of the ANS (Rowan et al., 2007; Shaffer and Ginsberg, 2017). The 

ratio is considered to display the balancing act of both aforementioned branches. The significant 

decrease of LF, LF/HF ratio, and significant increase of HF following Donepezil treatment 

underscores its inhibitory effect on AChE resulting in an accumulation of ACh in the heart 

muscle, which promotes the parasympathetic branch. The reduced LF/HF ratio reported here 

reflects the substantial increase of the HF with the simultaneous reduction of LF and thus 

parasympathetic dominance. Hence, Donepezil acts as a parasympathomimetic/cholinomimetic 

drug.  

Overall, time and frequency domain analyses in the present study have shown that besides the 

reported central effects of PF-05180999 and Donepezil, these compounds elicit alterations in 

the periphery (ANS). 
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4.3.6 PF-05180999 decreased power spectra from 5-20 Hz 

Within the present study, we reported changes in power spectra within their respective vigilance 

states. As mentioned in the other performed studies, the distinction between different vigilance 

states is fundamental to get full insight into state-specific power spectral changes and thus to 

potentially bridge preclinical findings to the clinic and thus to the human situation.  

In terms of power spectral changes, the present study showed that PF-05180999 significantly 

reduced theta, alpha, and beta power during QW and NREM sleep. Even though not significant, 

we were able to see a trend of increased gamma oscillations for both doses tested during wake 

vigilance states (AW and QW). These findings were similarly evident for both recording-sites 

(epidural – PFC; LFP-recording – CA1/hippocampus). The initial characterization of PF-

05180999 showed a complete reversal of the MK-801 induced reduction in low delta (0.5-

1.8 Hz) at 0.03 mg/kg (i.v. administration) but did not investigate other qEEG power spectral 

changes (Helal et al., 2018). Additionally, these results were obtained under urethane-anesthesia, 

which is characterized by a dominant synchronous basal oscillation within the 1.8 to 2.4 Hz 

range. These two reasons render it difficult to compare their findings with ours, as we did not 

evaluate the MK-801 induced oscillatory changes in anesthetized animals. Nonetheless, we here 

for the first time, reported a complete power spectra evaluation within differential vigilance 

states following PDE2 inhibition by PF-05180999 by taking advantage of radiotelemetry in 

freely moving rats. 

Within the present study, PF-05180999 treatment elicited a decrement of theta with a 

concomitant slight increase in gamma power. It has been shown in humans that a decrease in 

the theta band with a simultaneous increase in gamma power is evident during successful 

encoding within associative memory formation (Greenberg et al., 2015). It is important to 

mention that the aforementioned human EEG recording was obtained during a memory task and 

thus might elicit a different EEG readout, whilst our preclinical assessment following PF-

05180999 treatment in freely moving rats was obtained under home cage conditions without a 

paired task. Nevertheless, the strong interaction between theta and gamma power has been 

indicated various times within cognitive processes as memory formation or retrieval (Lisman 

and Jensen, 2013). Thus, the trend of increased gamma oscillation following PF-05180999 may 

support procognitive effects in terms of working memory depicted within the behavioral studies 
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shown, as gamma oscillations have been proposed to play a fundamental role in cognitive 

processes, as well as learning and memory (Fries, 2009; Kucewicz et al., 2014). 

It has been postulated that a decrement within the alpha range may be evident in engaged brain 

region, whereas disengaged brain regions show an increment thereof (Klimesch et al., 2007). 

Such decrement of alpha power was evident following PF-05180999 which may indicate the 

engagement of the hippocampus and cortex in cortical and sub-cortical processing and thus the 

pharmacological modulation of brain region-specific engagement (Ahnaou et al., 2014; 

Klimesch et al., 2007).  

Generally, it is important to stress that it is rather difficult to interpret the changes within solely 

one particular frequency band, due to the interdependence of oscillations within different 

frequency bands, as e.g. theta-gamma coupling (Allen et al., 2011; Drinkenburg et al., 2015b). 

Overall, there are divergent findings across published literature which may rely on the 

differential experimental protocols used. For instance, data acquisition and analysis methods are 

still not harmonized, which makes it rather difficult to compare those findings. As previously 

mentioned, the IPEG society (International Pharmaco-EEG Society) as well as the EQUIPD 

consortium (European Quality in Preclinical Data) are currently working on guidelines and 

harmonized protocols regarding preclinical/rodent qEEG studies to achieve harmonization for 

better comparability in the future (Steckler et al., 2018).  

4.3.7 Conclusion 

Selective PDE2A inhibition demonstrated by PF-05180999 may have the potential to improve 

cognitive deficits by interfering with downstream cAMP/cGMP signaling pathways. Indeed, 

selective PDE2 inhibitors and their concomitant increase in neuronal cyclic nucleotide levels 

may represent a novel valuable therapeutic concept in neuropsychiatric diseases sharing the 

heterogeneous symptom domain of cognitive impairment. Especially, the obtained changes in 

power spectra indicated by alterations in theta, alpha, and gamma power following PF-

05180999 may underline the procognitive effects following PDE2 inhibition and thus the value 

of qEEG readouts as translational biomarkers. 

Future studies need to compare PDE2A inhibition with other PDE family members to 

systematically elucidate the role of cGMP and/or cAMP increase for improvement of cognition 
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in neuropsychiatric diseases. It has been anticipated that even though cognitive dysfunction is 

evident across various psychiatric disease, the underlying molecular mechanisms and their 

downstream signaling pathways may be very distinct from each other. Therefore, it is of 

fundamental importance to further investigate which specific PDE isoenzyme might be a 

potential and valid target for which neuropsychiatric condition and its underlying 

pathophysiology (Blokland et al., 2012; Schmidt, 2010).
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4.4 Overall discussion and outlook 

The present thesis constitutes the setup of a novel preclinical state-of-the-art radiotelemetry 

system able to assess central and peripheral readouts. Within a multidimensional approach the 

present work aimed to first establish the radiotelemetry system and second to investigate new 

therapeutic concepts in the field of neuropsychiatric diseases. The current work provides new 

data corroborating the value of EEG measurements in a multidimensional approach to 

investigate new therapeutic targets with potential translational biomarker value in psychiatric 

drug discovery. 

The present work showed that the radiotelemetry system established is able to (I) record resting 

EEG in groups of rats, which were not confounded by changes in vigilance states (sleep-wake 

architecture), as a basis for subsequent analysis of drug-induced EEG alterations. This was 

evident throughout all baseline recordings in the three individual studies performed. Moreover, 

confirmation via the usage of a positive/experimental control added additional information to 

the respective reference compounds and underlined their value as technical controls by 

confirming overall quality of the studies performed. Baseline measurements and experimental 

controls enabled confidence for subsequent interpretation of compound induced central and 

peripheral effects. 

Besides cortical EEG recordings used, which are highly translatable as they are similarly 

performed in the clinic, the present work demonstrated (II) the implementation of local field 

potential recordings by placing intrahippocampal depth electrodes (study III) that enabled to 

assess pharmacological induced changes in new therapeutic concept brain structures and thus 

highlighted alterations in terms of circuit engagement. 

In addition to central EEG readouts, (III) the established radiotelemetry system was used to 

incorporate biopotential recordings in the periphery, as ECG and EMG recordings as well as 

locomotion and body core temperature assessment. Especially, the ECG signal and its 

subsequent HRV analysis highlighted its use in preclinical trials, to assess pharmacological 

induced peripheral changes, as shown as an indicator for autonomous nervous system function.  

It has been shown previously that only the combined evaluation of physiology and behavior 

allows comprehensive understanding of CNS function (Moscardo and Rostello, 2010). Thus, 
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the present radiotelemetry studies, using the 4ET transmitter, (IV) incorporated video-based 

behavioral analysis in parallel to the biopotential recordings to immediately detect 

pharmacological induced behavioral effects.  

Additionally, the present studies investigated core-brain behavior dimensions (V) in line with 

the RDoC domains, as cognitive function, sociability as well as social recognition within 

selected behavioral tests. 

The multidimensional approach used by combining the evaluation of EEG and/or ECG, EMG, 

locomotor activity, body temperature and behavior in the present work enabled the investigation 

of new therapeutic targets as well as new mechanisms of action as  

(a) the negative allosteric modulation of the NMDA receptor GluN2B subunit by 

traxoprodil when compared to the unselective NMDA-channel blocker ketamine,  

(b) the positive allosteric modulation of mGlu4 receptors, and  

(c) the inhibition of phosphodiesterase 2A.  

The investigation of new therapeutic targets highlighted the value of preclinical telemetric EEG 

recordings in rodents. Previous literature concomitant with the present work showed that EEG 

recordings (i.e. qEEG and p-EEG) possess various characteristics of a biomarker and have high 

translatable value across species, including sleep-wake architecture (vigilance states), which has 

been shown to be highly conserved across evolution (Drinkenburg et al., 2015a; Drinkenburg et 

al., 2015b; Raith et al., 2020). As the underlying neuronal pathways and central nervous system 

organization of rodents and humans are similar, EEG measurements provide information about 

central activity and thus enable high translatability across species (Wilson et al., 2014). 

Additionally, EEG measurements are continuous, objective, relatively non-invasive, repeatable 

and reproducible as well as reasonable cost-effective enabling similar incorporation in 

preclinical and clinical trials to assess normal physiological function and pharmacological 

interventions (Atkinson A.J. et al., 2001; Drinkenburg et al., 2015a; Wilson et al., 2014). EEG 

measurements have been shown to be highly sensitive to modulations of all major 

neurotransmitter systems. Thus, pharmacological interventions may have major impact on EEG, 

indicating its value to assess potential pharmacological induced “compound fingerprints” in p-

EEG studies (Drinkenburg et al., 2015a; Raith et al., 2020). The present work constitutes such 

“EEG compound fingerprints” for each individual new therapeutic concept tested throughout 
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the major three studies performed. The demonstrated p-EEG effects and its central activity 

change may translate to the human situation and thus underline clinical outcomes. The 

additional incorporation of vigilance states analysis constituted the value of sleep-wake analysis 

as potential clinical endpoint (Wilson and Danjou, 2015).  

Overall, the present study constitutes that qEEG/p-EEG recordings are valuable tools in drug 

discovery and developmental projects. Taking advantage of such a multidimensional recording 

system enabled the investigation of new therapeutic compounds and their potential efficacy and 

overall tolerability, by monitoring probable adverse side effects and/or toxicity, i.e. sedation 

and/or seizure liability. In terms of efficacy, we nevertheless need to acknowledge the limitation 

that one single biomarker alone (e.g. power spectral alterations in qEEG/p-EEG recordings) is 

not sufficient to evaluate drug efficacy. Considering the pharmacological definition of efficacy, 

it refers to the maximum possible effect of a drug. In the present preclinical setting, we refer to 

efficacy as intrinsic/biological activity. Nevertheless, the two terms efficacy and activity have 

been used interchangeably in the literature, but may be misleading in the different contexts 

(Rizzo et al., 2013). Assessment of efficacy in the sense of desired treatment outcome is still 

difficult in the preclinical setting as no proper animal model is able to constitute the 

heterogeneous, subjective and complex character of various mental illnesses. Thus, modeling 

human mental illnesses in laboratory animals is extremely challenging, as many animal models 

are only able to resemble one single and marginal disease deficit (Nestler and Hyman, 2010). 

Thus, the present project deliberately focused on the investigation of new therapeutic concepts 

in naïve animals to first and foremost assess the pharmacological induced central and peripheral 

fingerprint by taking advantage of the multidimensional radiotelemetry setup. 

Besides the already mentioned strengths and advantage of implementing EEG and overall 

biopotential recordings in preclinical drug discovery and developmental trials, one needs to 

acknowledge certain limitations within the present project. First of all, the present work and the 

implemented studies highlight their potential translatable value, nevertheless one needs to bear 

in mind that according to the relatively restricted n-number one cannot compare and conclude 

direct translational findings, “as it has been shown to be controversial when data from a single 

subject is compared to a large-scale normative datasets […] (Cavanagh et al., 2017)” (Raith et 

al., 2020, p. 13). Additional studies are warranted to reproduce and to compare the present 
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findings. “It is also worth mentioning, that the restricted number of electrodes in [the present] 

telemetric EEG recording [studies] and the overall poor spatial resolution render it difficult to 

localize the source of brain activity (inverse problem) and thus the pharmacological induced 

changes in specific brain areas and their connectivity” (Raith et al., 2020, p. 13). EEG recordings 

are not capable of direct source localization and do not provide information where in the brain 

particular pharmacological induced changes took place. This ‘inverse problem’ and the 

difficulty of source localization is even more challenging in rodent studies in comparison to 

human trials due to the smaller brain size (Lee et al., 2013). Thus, further investigations 

combining multiple techniques are required to understand the underlying mechanism and 

circuit-relevant alterations in psychiatric diseases.  

Overall, the pharmacological induced biopotential changes need careful interpretation, 

including changes in sleep-wake architecture. The analyzed sleep and overall vigilance states 

are modified by various internal and external factors, which need further consideration when 

interpreting pharmacological induced changes (Drinkenburg et al., 2015a). Especially the 

different effects on vigilance states need thoughtful interpretation as the different sleep states 

were defined to great extent on the basis of the EEG signal itself, including signal amplitude, 

power spectra, as well as activity level and EMG signal (Drinkenburg et al., 2015a; Ruigt et al., 

1993). Even though sleep-wake architecture is well conserved throughout evolution in mammals, 

there do exist species-dependent differences considering the EEG signal appearance 

(Drinkenburg et al., 2015a). First, rodent sleep is characterized by a fragmented sleep 

architecture with shorter sleep bouts during the light phase (polyphasic sleep), whereas human 

sleep is monophasic with rare awakenings during the night (Weber and Dan, 2016). Even though 

rodents lack K-complexes (SWS; NREM sleep) which are evident in human sleep, the overall 

characteristics of sleep including sleep spindles are very comparable to the human situation, 

highlighting again its potential translatable value (Drinkenburg et al., 2015a).  

Overall, the present studies constitute the translatable value of multidimensional p-EEG 

radiotelemetry studies, as potential biomarker in psychiatric drug discovery and developmental 

trials. Nevertheless, the full potential of the present EEG data and overall EEG measurements 

in particular were not yet fully able to be realized, due to reproducibility issues in accordance 

with poor standardization of methodology and data analysis rendering meta-analyses and data 
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pooling difficult and thus overall translatability very challenging (Drinkenburg et al., 2015a; 

Raith et al., 2020; Wilson et al., 2014). Thus, in order to develop and unleash the full potential 

of p-EEG and sleep analyses in drug developmental trials a significant improvement in overall 

standardization from methodology to analysis needs to be incorporated from academia to 

industry (Raith et al., 2020; Wilson and Danjou, 2015). As mentioned earlier, the IPEG society 

and EQUIPD consortium are currently working on guidelines and harmonized protocols 

regarding preclinical/rodent EEG studies to achieve harmonization for better comparability and 

translatability in the future (Raith et al., 2020; Steckler et al., 2018). 

Besides better standardization, future CNS drug development and discovery programs need to 

(I) investigate in finding proper preclinical disease-relevant models, (II) perform profound 

research on the neuronal circuitry level to investigate underlying mechanisms of normal and 

abnormal CNS function to elucidate new therapeutic targets, and (III) advance the translational 

and back-translational stream aiming to incorporate both positive and negative preclinical and 

clinical outcomes to pose the current challenges in psychiatric drug discovery (Rizzo et al., 

2013). 
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5 Summary 

Neuropsychiatric diseases are very heterogeneous and comorbid characterized by overlapping 

symptom domains. Globally, mental illnesses are drastically increasing demonstrating the 

enormous societal burden and the urge for new treatment options. Early discovery and 

developmental programs for new therapeutics demand state-of-the-art multidimensional 

approaches and translatable biomarkers to assess the therapeutic potential of new therapeutic 

concepts, aiming to reduce clinical attrition rates. 

The overarching aim of the present project was to setup a multidimensional radiotelemetry 

system that enables the direct combination and thus evaluation of physiologic parameters and 

behavior to investigate new therapeutic targets in the field of neuropsychiatric diseases. Besides 

central activity assessment (cortical electroencephalography (EEG) and local field potential 

recordings (LFPs)), peripheral readouts, as electrocardiography (ECG) and subsequent heart 

rate variability (HRV) analysis, were implemented as profound addition to investigate new 

therapeutic compounds. Three individual studies were conducted investigating new therapeutic 

concepts, including the investigation of S-ketamine and traxoprodil (CP-101,606) as an 

unselective NMDA receptor blocker vs. a negative allosteric modulator of the NMDA GluN2B 

subunit (study I), positive allosteric modulation of the metabotropic Glu4 receptor by 

ADX88178 (study II), and pharmacological inhibition of phosphodiesterase (PDE) 2A by PF-

05180999 (study III). For this purpose, we took advantage of telemetric EEG and/or ECG 

recordings to reveal pharmacological induced alterations in EEG power spectra, sleep-wake 

architecture (vigilance states), locomotor activity, body temperature and/or HRV. Additionally, 

in vivo microdialysis, pharmacokinetic and exposure measurements as well as behavioral tests 

in social and cognition relevant domains enabled the respective assessment of pharmacological 

induced alterations in downstream signaling pathways, dose evaluation and the characterization 

of behavioral phenotype alterations post-treatment. 

Study I revealed that ketamine and traxoprodil elicit very distinct quantitative EEG “compound 

fingerprints” enabling the differentiation of selective GluN2B modulation by traxoprodil from 

non-selective pan-NMDA receptor blockage by S-ketamine. Alterations in sleep-wake 

architecture underpinned the differential mode of action, as S-ketamine treatment led to a wake-

promoting profile and sleep suppression with increased delta and gamma power, whereas 
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traxoprodil did not alter vigilance states with an overall decrease of all power bands. 

Additionally, S-ketamine induced hyperactivity (increased locomotion), and hypothermia was 

not evident following traxoprodil treatment.  

Study II enabled the characterization of ADX88178, a positive allosteric modulator of 

metabotropic Glu4 receptors. Targeting allosteric modulation over highly conserved orthosteric 

bindings sites enabled higher specificity and selectivity and revealed an attractive target in the 

field of neuropsychiatric diseases. ADX88178 led overall locomotor activity and body 

temperature unaltered, whereas time spent in active wake vigilance state was significantly 

decreased following treatment. HRV analysis showed a decrement in the normalized low 

frequency (LFn), concomitant with an increase in the normalized high-frequency (HFn) 

component and an overall reduction of the LF/HF ratio. The mGlu4 positive allosteric modulator 

revealed no positive or negative effects on sociability, while 10 and 30 mg/kg revealed increased 

social recognition memory potentially highlighting its cognitive enhancing potential.  

Study III demonstrated the procognitive potential of the phosphodiesterase 2A inhibitor PF-

05180999, in line with increased downstream cyclic nucleotide levels in the prefrontal cortex 

and striatum. The lower dose tested (4 mg/kg) increased locomotion, body temperature and time 

spent in wake vigilance states, which was not evident for the 12 mg/kg tested. HRV was 

decreased for the high dose of the PDE2 inhibitor. Quantitative EEG analysis revealed changes 

in theta and gamma power following treatment which may support the procognitive effects seen 

in the behavioral readouts. 

The present studies demonstrated that the multidimensional combination of various readouts 

enables comprehensive assessment of central and peripheral functions, in line with the Research 

Domain Criteria (RDoC) concept. The established preclinical radiotelemetry system allows to 

investigate efficacy (internal activity) and tolerability in psychiatric drug discovery projects 

ranging from the detection of adverse side effects to the identification of potential translatable 

biomarkers to eventually bridge preclinical findings to clinical outcomes. Nevertheless, better 

standardization across laboratories in academia and industry in addition to advanced disease-

relevant models, better mechanistic understanding in terms of circuit engagement, and an 

advanced (back-)translational stream are warranted to fully develop the potential of EEG- and 

overall biopotential recordings in preclinical CNS drug discovery and developmental programs. 
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