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Abstract  

According to the World Health Organization (WHO) depression is the leading cause of 

disability worldwide with more than 300 million patients affected. Current 

antidepressants have a delayed onset of action and moreover, only two-thirds of patients 

suffering from depressive disorder respond to antidepressant drug treatment. The N-

methyl-D-aspartate (NMDA) receptor antagonist ketamine offers promising perspectives 

for the treatment of major depressive disorder. Although ketamine demonstrates rapid 

and long-lasting effects, even in treatment-resistant patients, to date, the underlying mode 

of action remains elusive.  

Thus, the aim of this thesis was to investigate the molecular mechanism of ketamine and 

its major metabolites at clinically relevant concentrations by establishing an in vitro model 

based on human induced pluripotent stem cells (iPSCs)-derived neural progenitor cells 

(NPCs).  

As the pathophysiology of depression correlates with decreased adult neurogenesis, I 

aimed to investigate the molecular effects of ketamine on neural progenitor cell 

proliferation using a human-based iPSC-model.  

The findings from this thesis substantially contribute to an enhanced understanding of 

the molecular mode of action of ketamine as a novel signaling pathway involved in 

ketamine-induced effects was identified.  

Ketamine induced proliferation of human iPSC-derived NPCs and bioinformatic analysis 

of RNA-Seq data revealed significant upregulation of insulin-like growth factor2 (IGF2) 

and p11, a member of the S100 EF-hand protein family, which are both implicated in the 

pathophysiology of depression, 24 hours after ketamine treatment. In line with this, 

ketamine dependent proliferation was significantly impaired after IGF2 knockdown. 

Moreover, ketamine was able to enhance cAMP signaling in NPCs and both, cell 

proliferation as well as IGF2 expression, were reduced after protein kinase A (PKA)-

inhibition. Noteworthy, the Nestin-expressing NPCs do not express functional NMDA 

receptors, suggesting that the proproliferative effect of ketamine in NPCs is NMDA 

receptor-independent. 

Furthermore, 24 hours post administration of ketamine (15 mg/kg) in vivo confirmed 

phosphorylation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) in the 

subgranular zone (SGZ) of the hippocampus in C57BL/6 mice. In conclusion, ketamine 

promotes proliferation of NPCs presumably by involving cAMP-IGF2 signaling.  
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Zusammenfassung 

Aufklärung des molekularen Wirkmechanismus psychoaktiver Substanzen als 

neuartige Antidepressiva 

 

Nach Angaben der Weltgesundheitsorganisation (WHO) sind Depressionen mit mehr als 

300 Millionen betroffenen Patienten die weltweit häufigste Ursache für eine 

Arbeitsunfähigkeit. Herkömmlich eingesetzte Antidepressiva haben einen verzögerten 

Wirkungseintritt, und zeigen bei nur einem Drittel der Erkrankten eine Wirkung. Der N-

Methyl-D-Aspartat (NMDA)-Rezeptor Antagonist Ketamin bietet vielversprechende 

Perspektiven für die Behandlung von Depressionen. Obwohl Ketamin sogar bei 

therapieresistenten Patienten eine schnelle und langanhaltende Wirkung zeigt, ist der 

zugrundeliegende Wirkungsmechanismus bis heute nicht vollständig aufgeklärt.  

Das Ziel dieser Dissertation war es daher, den molekularen Mechanismus von Ketamin 

und seiner Hauptmetaboliten in einer klinisch relevanten Konzentration zu untersuchen, 

indem ein In-vitro-Modell basierend auf humanen induced pluripotent stem cells (iPSCs) 

abgeleiteten neuralen Vorläuferzellen (NPCs) entwickelt werden sollte. 

Da die Pathophysiologie einer Depression mit einer verminderten adulten Neurogenese 

assoziiert ist, wurde der Effekt von Ketamin auf die Proliferation neuronaler 

Vorläuferzellen mit Hilfe eines humanen iPSC-Modells untersucht.  

Die Ergebnisse dieser Arbeit leisten einen wesentlichen Beitrag zur vollständigen 

Aufklärung des molekularen Wirkmechanismus von Ketamin, indem ein neuer 

Signalweg identifiziert werden konnte, welcher von Ketamin induziert wird. 

Es konnte gezeigt werden, dass Ketamin die Proliferation von humanen iPSC-

abgeleiteten NPCs induziert. Eine Transkriptomanalyse nach 24 stündiger Inkubation mit 

Ketamin wies auf eine signifikante Hochregulation von Insulin-like Growth Factor 2 (IGF2) 

und p11, einem Mitglied der S100 EF-Hand-Proteinfamilie, hin. Interessanterweise sind 

beide Proteine mit der Pathophysiologie von Depression assoziiert. Der proliferative 

Effekt von Ketamin wurde zudem durch den Knockdown von IGF2 signifikant inhibiert. 

Darüber hinaus aktivierte Ketamin die cAMP-Signaltransduktion in NPCs, und sowohl 

die Zellproliferation als auch die IGF2-Expression wurden durch Inhibition der 

Proteinkinase A (PKA) signifikant reduziert. Bemerkenswerterweise exprimieren Nestin-

positive NPCs keine funktionellen NMDA-Rezeptoren, was darauf hindeutet, dass die 

proproliferative Wirkung von Ketamin unabhängig vom NMDA-Rezeptor induziert 

wird. 
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Außerdem konnte in vivo eine gesteigerte Phosphorylierung der extrazellulären 

signalregulierten Proteinkinase 1 und 2 (ERK1/2) 24 Stunden nach Administration von 

Ketamin (15 mg/kg) in der subgranularen Zone (SGZ) des Hippocampus in C57BL/6 

Mäusen nachgewiesen werden.  

Insgesamt führen die Ergebnisse dieser Arbeit zu der Annahme, dass Ketamin durch 

Aktivierung des cAMP-IGF2-Signalweges die Proliferation von NPCs stimuliert.  

 

 

 



  List of Abbreviations 

 

   VIII 

List of Abbreviations  

 

AD Alzheimer’s Disease 

AMPA α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid 

ATP Adenosine triphosphate 

BDNF Brain-derived neurotrophic factor 

BrdU  5-Bromo-2'-deoxyuridine 

BSA Bovine serum albumin 

BtMG Betäubungsmittelgesetz 

CaMKII Calcium/calmodulin-dependent protein 

kinase type II 

cAMP Cyclic adenosine monophosphate 

CDC Cell division cycle  

CNS Central nervous system 

CREB cAMP response element-binding protein 

CYP Cytochrome P450 

DAPI  4′,6-Diamidin-2-phenylindol 

DSMZ Deutsche Sammlung von 

Mikroorganismen und Zellkulturen 

FAM107A Family with sequence similarity 107, 

member A 

FBS Fetal bovine serum 

FKBP1A FK506 Binding Protein 1A 

FKBP5 FK506 binding protein 5 

FPKM Fragments per kilobase million 

GABA Gamma-aminobutyric acid 

GAPDH Glyceraldehyde 3-phosphate 

dehydrogenase 

GPCR G protein-coupled receptor 

GPR30 G protein-coupled receptor 30 

GR Glucocorticoid receptor 

GSK-3 Glycogen synthase kinase 3 

HIF3A Hypoxia inducible factor 3, alpha subunit 

hiPSC Human induced pluripotent stem cells 

HPA Hypothalamus-pituitary-adrenal 

IBMX 3-isobutyl-1-methylxanthine 

IGF2 Insulin-like growth factor 2 

IL-6 Interleukin-6 



  List of Abbreviations 

 

   IX 

iPSC Induced pluripotent stem cells 

MAOI Monoamine oxidase inhibitor 

MDD Major depressive disorder  

MKI67 Marker of proliferation Ki-67 

NDPC1 Neural proliferation, differentiation and 

control 1 

NF-κB Nuclear factor kappa B 

NGF Nerve growth factor 

NMDA N-methyl-D-aspartate 

NMR Nuclear magnetic resonance 

NPC Neural progenitor cells 

NPSCs Neural-progenitor/stem cells 

PFA Paraformaldehyde 

PKA Protein kinase A 

PLO Poly-L-ornithine 

RFU Relative fluorescence units 

RLU Relative luminescence units 

S100A10 S100 calcium-binding protein A10 

SGK1 Serine/threonine-protein kinase 

SGZ Subgranular zone 

SSRI Selective serotonin reuptake inhibitor 

TCA Tricyclic antidepressant 

TNF-α Tumor necrosis factor-α  

TrkB Tropomyosin receptor kinase B 

WHO World Health Organization 

 

 



  Introduction 

 

   1 

1 Introduction 

1.1 Major Depressive Disorder (MDD) 

According to the World Health Organization (WHO) depression is the leading cause of 

disability worldwide with more than 300 million patients affected and, moreover, the 

major contributor to suicide deaths with close to 800 000 cases per year, which means one 

death every 40 seconds [1,2]. Furthermore, the global prevalence (proportion of 

individuals having depression) indicates a continuing rise of depressive disorders in the 

last decades by 18.4% between 2005 and 2015 [2–4]. A study of 9282 respondents aged 18 

years and older conducted by Kessler et al. (2005) reported that one in five individuals of 

the population experiences a depressive episode at some point in their lifetime [5,6]. The 

latest published global estimates of the percentage of people suffering from depression 

(Figure 1) show that the disease occurs throughout the lifespan and affects people of all 

ages, peaking in older adulthood above 7.5% among females aged 55-74 years, and above 

5.5% among males, indicating a female preponderance in depression [2,3].  

 

Figure 1. WHO - Global estimates of prevalence of depressive disorders, by age and sex (%) [2]. Prevalence rates vary 

by age, peaking in older adulthood (above 7.5% among females aged 55-74 years, and above 5.5% among males) (Global 

Burden of Disease Study 2015) [3]. 

Depressive disorder involves symptoms such as feeling sad, reduced motivation or 

hopelessness, low self-esteem, fatigue and decreased energy, disrupted sleep or appetite 

and lack of concentration and memory [7]. Furthermore, depression can cause reversible 
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cognitive impairment and accumulating evidence indicates a link to the onset of 

neurogenerative diseases such as Alzheimer’s Disease (AD). However, it remains unclear 

whether depression displays a prodrome, a consequence or a risk factor for 

dementia [5,8].  

To date, there is no standardized widely used method for the diagnosis of depression, 

making an accurate diagnosis and antidepressant therapy difficult. Various diagnostic 

tests exist, such as physician- or patient self-administered interview tools, analysis of gene 

expression profiles, or proteomic and metabolomic methods [9]. Nevertheless, advanced 

approaches for an objective diagnosis of depression are essential to enable an appropriate 

treatment.  

1.1.1 Causes and Risk Factors of Depression  

Although much progress has been made, to date, the elucidation of the neurobiology and 

molecular basis of depression is one of the most challenging tasks for recent research [10]. 

As depression is a complex multifactorial and heterogeneous disorder and the 

relationships of responsible causes and risk factors are still under recent investigation, the 

underlying etiology of depression remains elusive [11]. Different biological factors and 

mechanisms may underlie the etiology of depression such as genetic vulnerabilities, 

neurotransmitter and neuroendocrine mechanisms, immune system processes, as well as 

neurotrophic factors or dysfunction of the glutamate system [12,13].  

Genetic vulnerabilities 

Consistent results from family and twin studies have provided strong evidence for the 

heritability of depression [14]. A meta-analysis conducted by Sullivan et al. (2000) 

estimates that the influence of genetic factors for MDD is around 31% – 42%, suggesting 

that depression is a familial disease [15]. For instance, individuals having a first-degree 

relative with depressive disorder are 2.5 – 3 more likely to suffer from depression, 

implicating heritability as a serious factor for the development of depressive 

disorder [12,13].  

A recent meta-meta-analysis conducted by Howard et al. (2019) of three genome-wide 

association analyses of depression with 807,553 individuals (246,363 patients and 561,190 

controls) has identified more than 102 independent variants, 269 genes, and 15 gene sets 

putatively associated with depressive disorder [16]. Furthermore, there is evidence that 

epigenetic changes, which modify the gene’s functional status by DNA methylation or 

acetylation, could lead to the onset of depression [14].  
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The monoamine theory  

The monoamine-deficiency theory represents the primary hypothesis of depression and 

has driven the research and development of antidepressant drugs. As proposed by this 

hypothesis, the underlying etiology of depression is an insufficiency of neurotransmitters 

such as serotonin, norepinephrine or dopamine in the central nervous system (CNS) [12]. 

This assumption has led to the development of antidepressants, which restore the 

neurochemical imbalances such as monoamine oxidase inhibitors (MAOIs) and tricyclic 

antidepressants (TCAs). While MAOIs prevent the breakdown of monoamine 

neurotransmitters by inhibition of monoamine oxidase enzymes, TCAs nonselectively 

restore levels of serotonin, dopamine and norepinephrine by blocking their reuptake [17]. 

However, serious anticholinergic and cardiac adverse effects of these classes have 

contributed to the design of safer selective serotonin reuptake inhibitors (SSRIs), which 

have revolutionized the antidepressant pharmacotherapy in 1988 and are, to this day, 

often selected as monotherapy for the first-line antidepressant drug treatment [17,18].  

However, the underlying etiology of depression is most likely not caused by dysfunction 

of the neurotransmitter system alone, as several factors beyond monoamines are 

suggested to contribute to the onset of depression [19]. Notably, SSRIs have a delayed 

onset of action and show only in one third of patients antidepressant effects, indicating 

treatment-resistant types of depression [19,20].  

Neuroendocrine mechanisms  

Growing evidence suggests chronic stress as a major risk factor for the pathogenesis and 

perpetuation of depression [13,15]. The hypothalamus-pituitary-adrenal (HPA) axis is 

essential for an adequate response to stress and hyperactivity of the HPA system is 

implicated in the development of depression. Around 40 – 60% of patients suffering from 

depression display evaluated levels of the stress hormone cortisol, which is a human 

endogenous glucocorticoid and the end product of the HPA axis [15,21]. It is assumed 

that these increased cortisol levels are a result of a dysfunctional glucocorticoid receptor 

(GR), leading to an impaired feedback regulation of the HPA axis. This decreased GR 

function (“glucocorticoid resistance”) impairs the negative feedback regulation, which in 

turn reduces the production of glucocorticoids themselves under normal physiological 

conditions [10]. This assumption is supported by various in vivo studies demonstrating 

that chronic glucocorticoid treatment induces depressive and anxiety-like behavior in 

mice and moreover, a reduction of adult hippocampal neurogenesis [22,23].  

Interestingly, stress-sensitivity seems to be gender-specific [12]. Consistent with the recent 

prevalence estimations for depression (Figure 1), Weismann and Klermann (1977) 
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reported for the first time in an epidemiological review, a gender difference in depression, 

displaying higher prevalence in female subjects [24,25]. Indeed, women are twice more 

likely to be affected than men [26]. These observations indicate biological sex as a factor 

that may have an impact on the onset of depression as well as antidepressant response. 

Interestingly, the prevalence of depression correlates with hormonal changes in women, 

for instance, following pregnancy or at perimenopause, indicating an important role of 

female hormones, such as estrogen [27]. In line with this, Gordon et al. (2014) described 

that estrogen replacement can prevent postmenopausal depression, indicating a 

protective effect of estrogen [27,28]. 

Immune system processes 

As proposed by this theory, inflammation is involved in the pathophysiology of 

depression in a subset of patients. Depressive disorder is associated with increased 

proinflammatory cytokine levels such as interleukin-6 (IL-6) or tumor necrosis factor-

α (TNF- α) and moreover, experimentally induced inflammation by administration of 

endotoxins (0.8 ng/kg of body weight) has shown to induce typical depressive symptoms 

in humans [29,30]. Interestingly, chronic stress can stimulate the immune system thereby 

leading to activation of nuclear factor kappa B (NF-κB) signaling, which directly mediates 

inflammation and, in turn, contributes to depressive symptoms [13,31].  

However, not all patients with inflammatory disorders develop depression. A recent 

analysis of transcriptomic predictors in healthy volunteers conducted by Cho et al. (2019) 

has revealed that individuals with increased baseline activity of transcription factors 

related to inflammation (NF-κB) and beta-adrenergic signaling (cAMP response element-

binding protein, CREB) and decreased activity of GR-related transcription factors were 

more likely to develop depression-related symptoms, indicating that the response to 

endotoxin-induced depression is correlated to increased activity of NF-κB and decreased 

activity of GR [29].  

Furthermore, a randomized controlled trial demonstrated that females, who received low 

doses of endotoxins, displayed a significant greater increase of depressed mood than 

male, which supports a crucial role of sex difference related to inflammation-induced 

depression [30].  

Neurotrophic factors 

Neurotrophic factors such as brain-derived neurotrophic factor (BDNF), which is the most 

abundant neurotrophin in the brain, promote the growth and development of neurons 

and enhance proliferation and survival of neuronal progenitor cells (NPCs) [12,32]. 

Accumulating evidence implicates that a decrease of hippocampal BDNF levels may lead 
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to the development of depression as several preclinical studies have shown a relation 

between stress-induced depressive disorder and decreased BDNF levels, and, on the other 

hand, reversed BDNF expression upon successful antidepressant drug treatment 

[12,33,34]. Furthermore, administration of proinflammatory cytokines, which are known 

to induce depressed mood, leads to significantly decreased BDNF expression in the 

brain [35]. A meta-analysis from Sen et al. (2008) demonstrating strong evidence for lower 

BDNF serum levels in untreated depressed patients in comparison to healthy controls, 

implicated that serum BDNF levels could serve as a biomarker for depressive disorder or, 

moreover, a predictor of antidepressant response as BDNF levels were reversed after 

antidepressant treatment (the last time point reported in each study was selected for the 

meta-analysis) [36]. Noteworthy, an in vivo study conducted by Balu et al. (2008) 

investigated the effects of different antidepressant classes (MAOI, SSRI and TCA) on 

BDNF expression in rats and showed that chronic (21 days), but not acute (1 day) 

antidepressant treatment leads to an induction of BDNF protein expression in the frontal 

cortex, implicating a putative relation to the delayed onset of action of conventional 

antidepressants [37].  

Dysfunction of the glutamate system 

Growing evidence suggests that dysfunction of the glutamatergic system is a primary 

mediator of depression. Glutamate is the major excitatory neurotransmitter in the nervous 

system and is found in considerably higher concentrations than monoamines in the brain 

and in more than 80% of neurons [38]. Normally, extracellular glutamate levels are 

maintained low in relation to intracellular glutamate concentrations in the brain as 

exposure to extracellular glutamate has toxic effects due to overactivation of ionotropic 

glutamate receptors [39]. Various in vivo studies in rodents have shown that exposure to 

stress as well as administration of corticosterone as a stress hormone, which are both well-

known contributors to depression, leads to a robustly increased glutamate release in 

different brain areas including hippocampus, amygdala and prefrontal cortex [40]. 

Further studies could show that repeated restraint stress is correlated with a pronounced 

degradation of the glutamate receptors N-methyl-D-aspartate (NMDA-R) and α-amino-

3-hydroxy-5-methylisoxazole-4-propionate (AMPA-R) in rodents resulting in altered 

glutamatergic neurotransmission [40].  

Hence, this theory has led to the development of novel psychoactive substances such as 

farampator or IDRA-21, which are both positive α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor modulators (“ampakines”) leading to 

enhanced glutamate transmission [41]. Furthermore, tianeptine, which is classified as a 

TCA, has been shown to induce antidepressant effects via AMPA receptor-mediated 
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transmission by activating protein kinase A (PKA) and calcium/calmodulin-dependent 

protein kinase type II (CaMKII) [42].  

Interestingly, early findings in 1990 already showed that also NMDA receptor antagonists 

induce antidepressant-like effects, suggesting a potentially important role of the 

glutamate system for the therapeutic response to antidepressant drugs [40,43]. 

1.2 Neuroplasticity  

Neuroplasticity is an umbrella term for the ability of the brain to adapt to intrinsic or 

extrinsic factors such as enriched environments, exercise, learning, adrenal and gonadal 

hormones, neurotransmitters, growth factors and antidepressant treatment by 

reorganizing its structure, function, and connections. On the contrary, neuronal plasticity 

is inhibited by chronic stress and aging [44–46]. The processes of neuronal plasticity 

include morphological alterations of brain areas and neurons, network alterations such as 

changes in neuronal branching, neurobiochemical changes and the generation of new 

neurons (neurogenesis) [46].  

1.2.1 Adult Neurogenesis 

Over the past decades the dogma of a fixed number of neurons in the adult brain, which 

cannot be replaced after neuronal death, has changed. Neurogenesis is a form of 

neuroplasticity and is described as a plastic process that involves the stimulation of neural 

stem cell proliferation, their differentiation into neurons, and the survival of the new 

generated neurons [44]. Adult neurogenesis occurs in two brain regions, the 

subventricular zone (SVZ) and the subgranular zone (SGZ) in the dentate gyrus of the 

hippocampus and is stimulated by various molecular factors. For instance, sex hormones 

such as estrogen have shown to stimulate neurogenesis, as well as growth factors like 

BDNF [47,48], whereas glucocorticoids are reported to inhibit neurogenesis [46]. An in 

vivo study conducted by Oomen et al. (2007) examined the effects of chronic unpredictable 

stress over 21 days on adult neurogenesis in rats by quantification of the number of 5-

Bromo-2'-deoxyuridine (BrdU)-positive (DNA synthesis marker) cells and detected a 

significant reduction of newly generated cells in the SGZ compared to control animals. 

Interestingly, blockade of the GR with mifepristone fully inhibited this reduction, 

indicating that the glucocorticoid system represents a regulator of neurogenesis [49].  

Consistent with these observations, depression is associated with impaired 

neuroplasticity and suppression of hippocampal neurogenesis [50]. Several studies have 

reported a decreased hippocampal volume in depressed individuals correlating with 

reduced cell proliferation and impaired function of the adult hippocampus [1,50–52]. 
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Antidepressant treatments, on the other hand, have shown to induce neurogenic action, 

thereby regulating memory function and mood. [53]. As the hippocampus is the brain 

region involved in memory and mood control and adult neurogenesis occurs in the same 

brain region, it is suggested that neurogenesis is essential for antidepressant efficacy. 

Indeed, an in vivo study in mice showed that behavioral responses to antidepressants were 

abolished by blockade of antidepressant-induced neurogenesis [54,55].  

Interestingly, a systemic in vitro screening for neurogenic compounds revealed a novel 

hippocampal neurogenesis-inducing substance named NSI-189. Subsequently, a placebo-

controlled phase 2 study proved significant antidepressant and pro-cognitive function 

after daily NSI-189 (40 mg, oral) monotherapy compared to placebo after 12 weeks [56]. 

Altogether, neurogenesis-promoting compounds may be a promising perspective for the 

treatment of depression.  

Recent findings have identified important factors that regulate adult neurogenesis and 

which, moreover, are implicated in the pathophysiology of depression such as insulin-

like growth factor 2 (IGF2), p11 (also known as S100A10) and cyclic adenosine 

monophosphate (cAMP) signaling.  

Insulin-like growth factor 2 

Emergent research has focused on gaining molecular insights in processes responsible for 

neural proliferation potentially providing novel drug targets for the therapy of 

MDD [1,57]. In this context, recent evidence displays IGF2, a regulator of neuroplasticity, 

as a critical target for psychiatric diseases since the growth factor plays a pivotal role in 

neurogenesis as well as antidepressant response of most widely used classical 

antidepressant drugs. IGF2 is abundantly expressed in the hippocampus and is involved 

in proliferation, survival and differentiation of different types of neuronal systems by 

mediating its effects via the insulin-like growth factor 1 (IGF-1) receptor and/or the insulin 

receptor [58–61]. Furthermore, IGF2 has high affinity to the insulin-like growth factor 2 

(IGF-2) receptor, which mediates intracellular trafficking of lysosomal enzymes and 

additionally reduces the bioavailability of IGF2 by its degradation from the cell 

surface [1,60]. 

Noteworthy, decreased IGF2 expression was recovered by TCA treatment in mice 21 days 

after daily treatment, implicating a potential role of the growth factor for antidepressant 

response [61]. An additional study conducted by Luo et al. (2015) investigated the effects 

of chronic restraint stress on hippocampal IGF2 levels in a rat model of depression and 

showed that IGF2 mRNA and protein expression were markedly decreased after 10 days. 

Moreover, overexpression of hippocampal IGF2 was able to mitigate depressive behavior, 
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suggesting an crucial role of IGF2 in the pathology of depression as well as regulation of 

antidepressant efficacy [62]. 

Interestingly, IGF2 was identified as an estrogen-responsive gene in rat hippocampus, 

implicating a potential link to estrogen-mediated enhancing effects on brain function such 

as memory, learning and emotion [63].  

p11 (S100A10)  

In addition, the multifunctional protein p11 (also known as S100 calcium-binding protein 

A10, S100A10) is an adaptor protein for several channels and G protein-coupled receptors 

(GPCRs) and is of growing interest for the therapy of mood disorders. As a member of 

the S100 EF-hand protein family, p11 is expressed in several brain regions such as cerebral 

cortex and hippocampus and interacts with serotonin (5-HT) receptors, thereby leading 

to increased receptor surface expression and subsequent enhanced intercellular cAMP 

levels [1,64,65].  

Similar to IGF2, expression of p11 is reduced in the hippocampus of patients suffering 

from depression as well as in disease relevant animal models. Accordingly, chronic 

antidepressant therapy has been shown to enhance expression of p11 in mice after 14 days 

of treatment, and moreover, p11 is involved in neurogenic effects presumably through 

induction of the brain-derived neurotrophic factor (BDNF)-TrkB cascade, a key signaling 

pathway in the therapeutic response of antidepressants [1,64,66,67]. Furthermore, 

behavioral studies in mice have shown that knockdown of p11 induces a depressive-like 

phenotype and suppresses the response to antidepressant treatment [64,66]. It is also 

interesting to note that inflammation, which is known to play a critical role in 

pathogenesis of depression, is suggested to contribute to decreased p11 expression in the 

hippocampus of depressive female and male rats [68]. Interestingly, another study 

demonstrated that overexpression of p11 was able to mitigate stress-induced depressive 

symptoms and restored AMPA and NMDA receptor mediated glutamatergic signaling, 

which is also implicated in the etiology of depressive disorder [69]. 

cAMP signaling 

Furthermore, growing evidence suggests the involvement of the cyclic adenosine 

monophosphate (cAMP) cascade in the pathology of depression [1]. cAMP is as a key 

intracellular second messenger, which is regulated by numerous neurotransmitters, 

hormones and other signaling substances. Adenosine triphosphate (ATP) is converted by 

the adenylate cyclase into cAMP, which in turn stimulates protein kinase A (PKA), a 

regulator of different intracellular signal transduction pathways, thereby regulating 
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various cellular processes, such as cell growth and differentiation, metabolism, gene 

transcription and protein expression [70,71].  

Interestingly, accumulating research provides evidence for the involvement of impaired 

cAMP signaling in depressive disorder. For example, the investigation of postmortem 

brain tissue of suicide victims revealed lower cAMP binding to PKA and significantly 

reduced PKA activity in the prefrontal cortex of suicide victims compared to 

nonpsychiatric individuals [72].  

Another study comparing cAMP activity in unmedicated versus medicated patients 

suffering from depression demonstrated impaired cAMP signaling, as indicated by 18% 

lower 11C-(R)-rolipram binding across 10 preselected regions of the brain. Indeed, 

antidepressant treatment with SSRIs increased the cAMP activity significantly by 

12 ± 36%, but failed to induce symptom improvement after two months of treatment, 

correlating with the delayed onset of action of classical antidepressant drugs [1,73]. 

Moreover, the activation of the cAMP pathway is suggested to play an essential role in 

adult neurogenesis by stimulating progenitor cell proliferation [74].  

1.3 Antidepressant Treatment 

Currently available antidepressants such as selective serotonin reuptake inhibitors 

(SSRIs) or tricyclic antidepressants (TCAs) have a delayed onset of action and show only 

in one third of patients antidepressant effects [1]. The overall response rate of first-line 

therapy including antidepressant medications and cognitive behavioral therapy for MDD 

is about 40 – 60%, whereby remission is only achieved in 30 – 45% of patients [20,75,76]. 

Moreover, 50 – 80% of patients have at least one further episode of depression, indicating 

the urgent need for the development of more effective medications [1,76].  

1.3.1 Mode of Action of Common Antidepressants  

Chronic antidepressant treatment has been shown to increase proliferation of 

hippocampal progenitor cells in rodents and humans [1,57,77]. For instance, treatment 

with fluoxetine (SSRI) significantly enhanced the number of proliferating cells in the 

dentate gyrus of hippocampus in rats after 14 and 28 days of treatment [50]. Moreover, a 

post-mortem study of human brain tissue showed that MDD patients, who received 

antidepressant treatment with SSRIs or TCAs for three months prior to death had a higher 

number of NPCs and 50% more dividing cells in the SGZ of the dentate gyrus than 

unmedicated subjects [1,51]. Therefore, enhanced NPC proliferation is suspected to 

stimulate neurogenesis, thereby supporting the antidepressant response [1,77,52].  
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1.3.2 Ketamine as a Rapid Antidepressant 

Interestingly, the NMDA receptor antagonist ketamine, which has been approved for 

anesthesia in 1970, shows after a single infusion rapid (30 minutes) and long-lasting 

(7 days) antidepressant effects in subanesthetic doses, even in treatment-resistant 

patients, who have failed to respond to at least two first-line antidepressants [78].  

Despite significantly increasing research activities on ketamine with respect to its unique 

antidepressant effects during the last 30 years (Figure 2), the underlying mode of action 

remains elusive. A total of 1918 publications were identified by searching the keywords 

“depression” and “ketamine” in PubMed (NCBI) between 1989 – 2019 with 275 new 

publications in 2019 (until 16th of October), highlighting the research interest in 

understanding the mechanism by which ketamine induces its unique antidepressant 

effects.  

 

Figure 2. PubMed results per year for "depression" and "ketamine" between 1989 and 2019. (Date of PubMed search: 

October 16, 2019) 

The enantiomer (±)-ketamine, used in this thesis, consists of a racemic mixture of (S)- and 

(R)-ketamine and is a cyclohexylamine derivative [79]. Due to the stereoisomerism, which 

can have an impact on structure–activity relationships and pharmacokinetics, the (S)-

isomer of ketamine has a 4-fold higher affinity to the NMDA receptor than (R)-ketamine, 

and shows a greater anesthetic and analgesic potency [80,81]. Furthermore, (S)-ketamine 
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induces fewer psychotic side effects and, for instance, less drowsiness, impairment in 

cognition and agitated behavior [80].  

Notably, it is currently speculated, that the antidepressant effect is not exclusively 

mediated by its NMDA-antagonism, as other NMDA-receptor antagonists such as 

memantine failed to induce rapid antidepressant effects in clinical trials [82,83]. Despite 

the elusive molecular mode of action, the S-enantiomer of ketamine (esketamine nasal 

spray, SpravatoTM) has been recently approved for treatment-resistant depression by the 

US Food and Drug Administration as the first antidepressant of a novel class [84].  

Interestingly, a recent clinical trial update from October 2019 [85], with 297 participants 

showed that esketamine nasal spray is able to prevent treatment-resistant depression 

relapse after patients had achieved remission or stable response after 16 weeks of 

esketamine treatment. The patients with stable response, who were treated father with 

esketamine in combination with a classical oral antidepressant showed a decreased 

relapse risk by 51% compared to the other group receiving a placebo in combination with 

an oral antidepressant [85]. 

However, ketamine induces several side effects. According to the prescribing information 

of esketamine (Janssen Pharmaceutical Companies, issued: 05/2019), the most common 

adverse effect of patients treated with esketamine in combination with an oral 

antidepressant are dissociation (41%), followed by dizziness (29%), nausea (28%) and 

sedation (23%) [86]. As there is a risk for abuse and physical and psychological 

dependence, the esketamine nasal spray is a federally controlled substance and can only 

be administered at healthcare settings [86]. Therefore, the elucidation of the molecular 

mechanism of action and the underlying signaling pathways responsible for its unique 

antidepressant effects could lead to the development of novel safer rapid-acting 

antidepressant medications.  

1.3.3 Signaling Pathways Involved in Ketamine’s Role as Antidepressant 

To date, various signaling pathways involved in ketamine’s putative role as 

antidepressant have been described. For instance, ketamine dependent stimulation of 

AMPA receptors by phosphorylation of the GluA1 subunit and activation of mammalian 

target of rapamycin (mTOR) lead to the induction of BDNF-TrkB pathway thereby 

inducing rapid and sustained antidepressant effects [52,87,88]. As ketamine is known to 

be involved in a wide range of signaling pathways such as, for instance, opioid 

potentiation, release of neuromodulators like dopamine or noradrenaline or regulation of 

metabotropic glutamate receptors (mGluR), the precise molecular signal transduction still 

needs to be explored [20]. Furthermore, recent publications indicate the induction of 
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hippocampal neurogenesis in rodents after ketamine treatment, suggesting the 

involvement of cell proliferation in the described striking antidepressant effects [52,89]. 

More precisely, acute ketamine treatment (7 mg/kg) showed hippocampal activation of 

pERK1/2 in mice after 6 and 24 hours and, moreover, significantly enhanced BrdU+ cells 

7 days after administration [52].  

As proposed in a recent review by Kadriu et al. (2019) (Figure 3) ketamine exerts its rapid 

antidepressant effects via inhibition of NMDA receptors expressed on gamma-

aminobutyric acid (GABA)-ergic inhibitory interneurons, pre- or postsynaptic 

glutamatergic neurons, thereby leading to enhanced glutamate release [90].  

 

Figure 3. Proposed signaling pathways involved in ketamine’s rapid antidepressant effects. Figure adapted from 

Kadriu et al. (2019) [90].  
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Subsequent activation of AMPA receptors is suggested to stimulate BDNF release, which, 

in turn, activates TrkB and leads to enhanced inhibitory phosphorylation of glycogen 

synthase kinase 3ß (GSK-3ß), which seems to be a key regulator for ketamine’s rapid 

antidepressant effects and is associated with neurogenesis and inflammation [91]. 

Interestingly, an in vivo study conducted by Grieco et al. (2017) showed that ketamine 

inhibits GSK-3ß, thereby leading to increased expression of IGF2 in mouse 

hippocampus [92]. This effect seems to be related to ketamine’s antidepressant effects, as 

the GSK3 inhibitor L803-mts also induced upregulation of IGF2 and, moreover, siRNA 

knockdown of IGF2 reduced the antidepressant effect of ketamine in mice [92]. 

Nevertheless, the proposed mechanism of action of ketamine (Figure 3) remains 

incomplete as ketamine is involved in a variety of further signal transduction pathways. 

For instance, Wray et al. (2018) showed that ketamine induced translocation of Gαs from 

lipid raft domains of C6 glioma cells and primary rat astrocytes, thereby leading to 

increased intercellular cAMP levels [93]. Moreover, enhanced cAMP accumulation led to 

increased phosphorylation of CREB, a mechanism that regulates upregulation of BDNF. 

Notably, other NMDA receptor antagonists such as memantine or MK-801 failed to 

mediate Gαs translocation from lipid rafts, indicating a unique characteristic of ketamine. 

Furthermore, knockdown of NMDA receptors failed to prevent ketamine-induced 

induction of cAMP, indicating a NMDA receptor-independent effect [93]. Therefore, the 

hypothesis of NMDA receptor antagonism and AMPA receptor stimulation in regard to 

ketamine’s antidepressant effects has to be reconsidered [94].  

1.3.4 Metabolites and Derivatives of Ketamine 

It is suggested that the metabolites of ketamine may also contribute or even induce 

antidepressant effects, indicating a potential clinical relevance of ketamine’s metabolites 

or derivatives [79].  

After administration ketamine is metabolized by hepatic cytochrome P450 (CYP)-

mediated demethylation to its main metabolite norketamine (Figure 4), which is 

suggested as an active metabolite due to its anesthetic and antinociceptive effects [78]. 

Norketamine is then further demethylated to dehydronorketamine. Furthermore, 

ketamine and norketamine are hydroxylated to two diastereomeric hydroxyketamine 

metabolites (HK 5a,5b), six diastereomeric hydroxynorketamine metabolites (HNK 4a–4f) 

and dehydronorketamine (DHNK) (Figure 4). However, recent findings regarding the 

putative antidepressant activity of ketamine’s metabolites are conflicting. 
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Figure 4. Major metabolic pathways of ketamine. After demethylation of ketamine to norketamine, norketamine is 

further metabolized to dehydronorketamine (DHNK). Furthermore, ketamine and norketamine are hydroxylated to 

two diastereomeric hydroxyketamine metabolites (HK 5a,5b) and six diastereomeric hydroxynorketamine metabolites 

(HNK 4a–4f), (*: chiral center). Figure adapted from Zarate et al. (2012) [95]. 

As reported by Zhao et al. (2012), who examined the plasma concentration–time profiles 

of ketamine and its metabolites after a 40 minutes infusion of ketamine (0.5 mg/kg), 

norketamine is the initial metabolite [78]. Since norketamine is also considered as the 

major metabolite of ketamine, Yang et al. (2018) investigated the potential antidepressant 

properties of norketamine using an inflammation-induced, as well as chronic defeat stress 

model in mice and found that norketamine (10 mg/kg) exerted rapid and long-lasting 

antidepressant effects in both animal models of depression [96]. In contrast to ketamine, 

the effect was not abolished by inhibition of the AMPA receptor, whereas, similar to 

ketamine, induction of BDNF signaling was necessary for norketamine-induced 

antidepressant response. Furthermore, (S)-norketamine did not cause psychotomimetic 

effects like ketamine, indicating a potentially safer therapeutic option [96,97].  

These findings are in agreement with an earlier in vivo study conducted by Salat et al. 

(2015) showing antidepressant-like effects of ketamine and its metabolite norketamine in 

an additional behavioral animal test in mice [98]. Moreover, the study investigated the 

target profile among 80 receptors, ion channels and transporters of ketamine and 

ketamine’s metabolites norketamine and DHNK at a concentration of 10 µM, revealing 
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that only ketamine and norketamine inhibited the NMDA receptor with Ki values of 

0.119 ± 0.01 and 0.97 ± 0.1 µM, respectively, while DHNK had a ~30-fold less receptor 

affinity. Interestingly, ketamine and norketamine (10 and 50 mg/kg) reduced the 

immobility time 30 minutes after administration, whereas DHNK failed to induce rapid 

antidepressant effects in the forced swim test, leading to assume that NMDA receptor 

blockade may be necessary for the antidepressant response in mice [98].  

Interestingly, Zarate et al. (2012) observed a relationship between plasma concentrations 

of ketamine metabolites and the antidepressant response to ketamine potentially due to 

altered CYP-mediated metabolism [95]. Indeed, patients with bipolar depression, who 

failed to respond, had higher plasma levels of HNK 4c (Figure 4). Moreover, higher 

plasma concentrations of DHNK, HNK 4c and 4f were significantly correlated with fewer 

psychotomimetic or dissociative effects, indicating a crucial role of drug metabolism for 

antidepressant efficacy and its side effects [95].  

Conflicting findings have been reported regarding the role of HNK and the link to NMDA 

receptor inhibition-related antidepressant effects [1]. For instance, Zanos et al. (2016) 

reported that metabolism of ketamine to HNK is necessary for the antidepressant 

response, and, moreover, that HNK 4a alone induces antidepressant-like behavioral 

response in mice independent of the NMDA receptor, while the effect was attenuated by 

AMPA receptor inhibition [99]. These results are in agreement with a study, 

demonstrating that both, ketamine and HNK increased cAMP signaling thereby leading 

to enhanced BDNF expression, while other NMDA receptor antagonists, such as 

memantine or MK-801 failed to show any effect in C6 glioma cells [93]. In contrast, 

Kavalali and Monteggia (2018) reported that HNK 4a inhibits NMDA receptor 

transmission up to 50%, thereby regulating downstream signaling involved in the 

antidepressant response [100].  

These conflicting data support the need of further investigations to clarify the 

contribution of ketamine’s metabolites to the antidepressant effects and, moreover, 

whether NMDA receptor inhibition is essential for the therapeutic response.  

Another analogue of ketamine, named methoxetamine (MXE), has recently gained much 

attention since it induces rapid and long-lasting antidepressants effects similar to 

ketamine. Botanas et al. (2017) investigated potential mechanisms underlying the 

antidepressant effects of the NMDA receptor antagonist MXE (5 mg/kg) in comparison to 

ketamine (5 mg/kg) in mice and showed that hippocampal gene expression of AMPA 

receptor subunits (GluA1 and GluA2), BDNF and mTOR were increased compared to 

saline treated animals 30 minutes after both, ketamine and MXE treatment [101]. 

Furthermore, MXE is, in contrast to ketamine, additionally suggested to act as a SSRI since 
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pretreatment with a 5HT2 receptor antagonist has shown to prevent the MXE-induced 

antidepressant-like effects in a forced swim test. Moreover, MXE induced hippocampal 

serotonergic-related genes such as 5HT1A, 5HT2A and 5HT2C, indicating that the 

glutamatergic and serotoninergic systems are involved in the antidepressant effects of 

MXE [101]. Based on these interesting findings, MXE was kindly provided by Prof. Dr. 

Stephen Husbands (Department of Pharmacy & Pharmacology, University of Bath, UK) 

and included in the in vivo studies conducted at the University of Bath, as MXE is 

controlled by the German narcotics law (Betäubungsmittelgesetz, BtMG).  

1.4 Human iPSC-derived Cells for Phenotypic Drug Discovery 

Human induced pluripotent stem cell (iPSC) technology provides an innovative approach 

for neural drug discovery, representing a human-based predictive in vitro model [102]. 

Due to limited understanding of the precise pathology of depressive disorder, low 

availability and confounding variables of human post-mortem brain samples and (in 

some cases) inappropriate animal models of depression, the drug discovery for novel 

effective antidepressants remains a current challenge [102–105]. Despite great progress in 

this field and increasing numbers of animal models, there are several drawbacks such as 

long-lasting experiments and ethical constraints. Moreover, processes such as drug 

metabolism differ between rodents and humans, limiting the validity and reliability of 

animal studies for predicting the efficacy of antidepressant drugs in humans [102]. Hence, 

the failure of successful translation of preclinical results to clinical research contributes to 

a lack of novel more potent and targeted antidepressant medications [106].  

Therefore, human iPSC-derived cells provide an innovative tool for neurological research 

at a cellular and molecular level and furthermore, enable phenotypic drug discovery 

research without ethical constraints [102,107]. Human adult somatic cells such as 

fibroblasts can be taken from a biopsy and reprogrammed into iPSCs, which subsequently 

can be differentiated into any human cell type (Figure 5) [102,107]. As these cells retain 

the whole genetic background of the donor, iPSC technology enables in addition the 

modeling of disease mechanisms at a patient-specific level [107].  
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Figure 5. Induced pluripotent stem cells in drug discovery and development [102]. Human somatic cells such as 

fibroblasts can be reprogrammed into pluripotent cells (iPSCs). These cells can further be differentiated into any cell 

type including neuronal stem cells (NSCs) and neural progenitor cells (NPCs), which can be expanded in vitro. NPCs 

can then be differentiated into different types of neural cells and enable disease-relevant assay development for drug 

screening.  

The multipotency of human iPSCs enables, for instance, the generation of NPCs 

displaying similar characteristics like human adult NPCs that are located in the CNS of 

embryos as well as the adult human brain. In particular, NPCs exhibit self-renewable 

properties and express characteristic neuronal progenitor markers such as Nestin, Pax6 

or Sox2 [107,108]. Thus, iPSC-derived NPCs provide a representative tool to study adult 

neurogenesis in vitro and, moreover, enable the development of phenotypic assays to 

screen for neurogenesis-modulating compounds and to gain further insights into 

underlying molecular mechanisms [102,107].  
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1.5 Aim of this Thesis 

Although much progress has been made, the etiology and underlying molecular and 

cellular mechanisms of depression are not precisely understood [10,11]. Accordingly, 

there is a high unmet medical need for the development of effective antidepressant 

medications, since common antidepressants have a delayed onset of action and moreover, 

only approximately one third of patients suffering from depressive disorder achieves full 

remission in response to antidepressant treatment [1,12,20,109]. As already mentioned, 

the NMDA receptor antagonist ketamine, which originally has been approved for 

anesthesia, induces unique rapid and sustained antidepressant effects at subanesthetic 

doses, even in treatment-resistant patients. Despite significantly increasing research 

activities on ketamine in preclinical and clinical research, the underlying molecular mode 

of action remains elusive [1,79,78,110,111]. 

1) The overall aim of this thesis was to elucidate the molecular mechanism of action of 

ketamine compared to its major metabolites / derivatives to enable the development of 

novel rapid antidepressants without psychomimetic side effects by identifying a possible 

novel NMDA receptor-independent signaling pathway, which may be responsible for 

ketamine’s unique antidepressant effects.  

2) Therefore, the aim was the development of an appropriate representative human-based 

in vitro assay for pharmacological investigations of psychoactive active substances to 

identify neuroplasticity-inducing compounds using phenotypic markers such as neurite 

outgrowth or cell proliferation as the pathophysiology of depression correlates with 

impaired neuroplasticity and decreased adult neurogenesis.  

To reach the objectives of this thesis and to optimize the translation of preclinical data to 

humans, distinct human iPSC-based in vitro assays had to be developed and 

transcriptome sequencing and siRNA knockdown and pharmacological inhibition of 

relevant signaling pathways aided to gain further insights into the molecular mechanism 

of ketamine for the elucidation of its mode of action. To this end, the effects of ketamine 

on iPSC-derived NPCs were assessed using high-content live-cell imaging in 96-well 

microtiter plate format as well as super resolution imaging. Additionally, I aimed to 

validate promising neurogenesis-inducing effects in vivo in adult C67BL/6 mice.  
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2 Materials  

2.1 Cell Lines 

GR MDA-MB-453 Signosis (SL-0009) 

HeLa DSMZ (ACC 57) 

IMR90-hiPSC-derived NPCs Generated by Narges Zare Mehrjardi 

(working group of Tomo Šarić, Institute 

for Neurophysiology, Medical Faculty, 

University of Cologne) 

NF-κB MDA-MB 231 Signosis (SL-0043) 

PC-12  DSMZ (ACC 159) 

Ro-iPSC-derived NPCs Generated by Narges Zare Mehrjardi 

(working group of Tomo Šarić, Institute 

for Neurophysiology, Medical Faculty, 

University of Cologne) 

SH-SY5Y DSMZ (ACC 209) 

2.2 Chemicals and Reagents 

(±)-Epinephrine hydrochloride  Sigma-Aldrich (Taufkirchen, Germany) 

(±)-ketamine hydrochloride  Sigma-Aldrich (Taufkirchen, Germany) 

4-(3-Butoxy-4-methoxybenzyl) 

19midazolidine-2-one (Ro 20-1724) 

Sigma-Aldrich (Taufkirchen, Germany) 

4′,6-Diamidin-2-phenylindol (DAPI) Sigma-Aldrich (Taufkirchen, Germany) 

A23187 calcium ionophore Sigma-Aldrich (Taufkirchen, Germany) 

Adenosine 3′,5′-cyclic monophosphate 

(cAMP) 

Sigma-Aldrich (Taufkirchen, Germany) 

Basic-FGF (human, 100-18B) Peprotech (Hamburg, Germany) 

BDNF (human, 450-02) Peprotech (Hamburg, Germany) 

BrainPhysTM Neuronal Medium Stemcell Technologies (Cologne, 

Germany) 

BrdU Sigma-Aldrich (Taufkirchen, Germany) 

Dexamethasone  Sigma-Aldrich (Taufkirchen, Germany) 

D-Glucose Sigma-Aldrich (Taufkirchen, Germany) 

Dimethyl sulfoxide (DMSO) Carl Roth (Karlsruhe, Germany) 

DMEM/F12 glutamax (GibcoTM) Life Technologies (Darmstadt, Germany) 

EGF (human, E9644) Sigma-Aldrich (Taufkirchen, Germany) 

FBS (h.i.) Life Technologies (Darmstadt, Germany) 

Forskolin  Sigma-Aldrich (Taufkirchen, Germany) 
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G1 Bio-Techne (Wiesbaden, Germany) 

GDNF (human, 450-10) Peprotech (Hamburg, Germany) 

Geneticin (G418)  Life Technologies (Darmstadt, Germany) 

Glutamate Sigma-Aldrich (Taufkirchen, Germany) 

HCl Carl Roth (Karlsruhe, Germany) 

Horse serum (h.i.) Life Technologies (Darmstadt, Germany) 

Hygromycin B Life Technologies (Darmstadt, Germany) 

IGF2 (h) siRNA Santa Cruz Biotechnology (Dallas, TX, 

USA) 

IGF2 (human, 292-G2) Bio-Techne (Wiesbaden, Germany) 

Insulin from bovine pancreas (I5500) Sigma-Aldrich (Taufkirchen, Germany) 

Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich (Taufkirchen, Germany) 

L-Ascorbic acid Sigma-Aldrich (Taufkirchen, Germany) 

Lipofectamine Stem Reagent 

(InvitrogenTM) 

Life Technologies (Darmstadt, Germany) 

Memantine HCl Sigma-Aldrich (Taufkirchen, Germany) 

Methanol Carl Roth (Karlsruhe, Germany) 

NGF (human, 256-GF) Bio-Techne (Wiesbaden, Germany) 

N-Methyl-D-aspartic acid (NMDA) Sigma-Aldrich (Taufkirchen, Germany) 

NT-3 (human, 450-03) Peprotech (Hamburg, Germany) 

Opti-MEM I reduced serum medium Life Technologies (Darmstadt, Germany) 

Retinoic acid (RA) Sigma-Aldrich (Taufkirchen, Germany) 

RPMI 1640 (GibcoTM) Life Technologies (Darmstadt, Germany) 

s-AMPA Sigma-Aldrich (Taufkirchen, Germany) 

Silencer® Select Negative Control No. 2 

siRNA (nc siRNA) 

Life Technologies (Darmstadt, Germany) 

Sodium azide Carl Roth (Karlsruhe, Germany) 

Sodium borate  Sigma-Aldrich (Taufkirchen, Germany) 

TNFα (300-01A) Peprotech (Rocky Hill, USA) 

Triethylammonium salt (cAMPS-Rp) Bio-Techne (Wiesbaden, Germany) 

Triton™ X-100 Carl Roth (Karlsruhe, Germany) 

Y-27632 2HCl  Absource Diagnostics (Munich, Germany) 

β-Estradiol (E2) Sigma-Aldrich (Taufkirchen, Germany) 

2.3 Test Compounds  

The test compounds listed in Tables 1 and 2 were synthesized by Henrik Weber (PhD 

student in the working group of Prof. Dr. Sherif El Sheikh, Medicinal and Pharmaceutical 

Chemistry, TH Köln, Germany) and dissolved in DMSO (Carl Roth) to a final stock 

concentration of 10 mM.  
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Methoxetamine (MXE) was kindly provided by Prof. Dr. Stephen Husbands (Department 

of Pharmacy & Pharmacology, University of Bath, UK) for the in vivo studies conducted 

at the University of Bath.  

Table 1. Test compounds  

Name Molecular 

weight 

(g/mol) 

Molecular 

formula 

Structure 

Tianeptine sodium 

salt hydrate 

458.93 C21H24ClN2NaO4S 

· xH2O  

 
 

 

IDRA-21 232.69 C8H9ClN2O2S 

  
 

NSI-189 366.50 C22H30N4O 

 
 

Farampator 231.25  C12H13N3O2  

 
 

 

Table 2. Ketamine derivatives and metabolites 

ID Name Molecular 

weight 

(g/mol) 

Molecular 

formula 

Structure 

HW-74 Hydroxynorketamine-

HCl 

276.16 C12H14ClNO2 

· HCl   

 
·HCl   

HW-224 Norketamine-HCl 260.16 C12H14ClNO 

· HCl  

 
·HCl   
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ID Name Molecular 

weight 

(g/mol) 

Molecular 

formula 

Structure 

HW-195 Dehydronorketamie- 

HCl (DHNK) 

258.14 C12H12ClNO 

· HCl  

 
·HCl   

 

HW-159 m-MeO-norketamine- 

HCl (N-desethyl (nor) 

methoxetamine) 

255.75 

 

C13H17NO2 · 

HCl  

 
·HCl 

 

HW-182 Hydroxyketamine-

HCl 

290.18 

 

C13H16ClNO2 

· HCl  

 

·HCl   

 

HW-212 m-MeO-

Hydroxynorketamine- 

HCl 

271.74 

 

C13H17NO3 · 

HCl  

 

 

 ·HCl   

 

In vivo 

studies 

(University 

of Bath, 

UK) 

Methoxetamine 247.33 C15H21NO2 

 

2.4 Buffers and Solutions 

B27 supplement (50X, serum free) Life Technologies (Darmstadt, Germany) 

BSA (30% solution) VWR (Darmstadt, Germany) 

Collagen R (0.2% solution) Serva (Heidelberg, Germany) 

DAPI-containing mounting medium 

(Vectashield) 

Biozol (Munich, Germany) 

Donkey serum (ab7475) Abcam (Cambridge, UK) 

Fish gelatin (40-50% in H2O, G7765) Sigma-Aldrich (Taufkirchen, Germany) 

HEPES buffer (1 M) Lonza (Basel, Switzerland) 
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Laminin (L2020) Sigma-Aldrich (Taufkirchen, Germany) 

N2 supplement (100X) Life Technologies (Darmstadt, Germany) 

Paraformaldehyde (PFA, 4% solution) Sigma-Aldrich (Taufkirchen, Germany) 

PBS (pH 7.4) Life Technologies (Darmstadt, Germany) 

Penicillin/Streptomycin Life Technologies (Darmstadt, Germany) 

Poly-L-ornithine (0.01%, P4957) Sigma-Aldrich (Taufkirchen, Germany) 

Sodium pentobarbital Sigma-Aldrich (Taufkirchen, Germany) 

Trypsin 0.05% EDTA Life Technologies (Darmstadt, Germany) 

2.5 Antibodies  

Primary antibodies  

Guinea pig-anti-MAP2 (188004, 1:100) Synaptic Sytems (Göttingen, Germany) 

Mouse-anti-BrdU (sc-32323, 1:500) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

Mouse-anti-ERα (sc-8002, 1:100) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

Mouse-anti-Nestin (sc-23927, 1:100) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

Mouse-anti-Pax6 (ab5790, 1:400) Abcam (Cambridge, UK) 

Mouse-anti-TrkB (sc-377218, 1:100) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

Rabbit-anti-GluA1(AB1504, 1:100) Merck Millipore (Molsheim, France) 

Rabbit-anti-IGF2 (ab9574, 1:100) Abcam (Cambridge, UK) 

Rabbit-anti-pERK1/2 (#4370, 1:400) Cell Signaling Technology (Leiden, 

Netherlands) 

Rat-anti-BrdU (ab6326, 1:500) Abcam (Cambridge, UK) 

  

Secondary antibodies  

Donkey anti-rat IgG H&L 488 (ab150153, 

1:1000) 

Abcam (Cambridge, UK) 

FluoTag-X2 anti-guinea pig IgG (N0602-

At488) 

Synaptic Sytems (Göttingen, Germany) 

Goat anti-rabbit IgG-R (sc-2091, 1:100) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

m-IgGκ BP-CFL 488 (sc-516176, 1:100) Santa Cruz Biotechnology (Dallas, TX, 

USA) 

Mouse anti-rabbit IgG-FITC (sc-2359, 

1:100) 

Santa Cruz Biotechnology (Dallas, TX, 

USA) 
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2.6 Consumables 

6-well plates (Falcon®) VWR (Langenfeld, Germany) 

75 cm² cell culture flask (Cellstar®) Greiner Bio-One (Frickenhausen, 

Germany) 

96-well image-lock plates  Sartorius - Essen BioScience (Göttingen, 

Germany) 

Black 96-well clear bottom plates Greiner Bio-One (Frickenhausen, 

Germany) 

Cover slips (22 x 22 mm, Menzel-Gläser) VWR (Langenfeld, Germany) 

Hard-Shell 96-well plate Bio-Rad Laboratories (Grosskugel, 

Germany) 

Serological pipettes (5 ml, 10 ml, 25 ml) Carl Roth (Karlsruhe, Germany) 

White 96-well clear bottom plates Greiner Bio-One (Frickenhausen, 

Germany) 

2.7 Kits 

cAMP-Glo assay Promega (Mannheim, Germany) 

Nano-Glo® Luciferase Assay System Promega (Mannheim, Germany) 

QIAshredder Qiagen (Hilden, Germany) 

QuantiTect SYBR® Green PCR Kit Qiagen (Hilden, Germany) 

Quest Fluo-8TM Biomol (Hamburg, Germany) 

Reverse Transcription System Promega (Mannheim, Germany) 

RNAase-free DNase Set Qiagen (Hilden, Germany) 

RNAeasy Mini Kit Qiagen (Hilden, Germany) 

2.8 Equipment 

Autoclave (Systec VE-55) Systec GmbH (Wettenberg, Germany) 

Axio Vert.A1 microscope Zeiss (Jena, Germany) 

Bio-Rad Real-Time System (CFX 

connectTM) 

Bio-Rad Laboratories (Grosskugel, 

Germany) 

Cell Counter (Luna) Logos Biosystems (Annandale, USA) 

CO2 incubator (Heracell 150i) Thermo Scientific (Waltham, USA) 

CyBi-Well 96-channel pipettor Analytik Jena AG (Jena, Germany) 

IncuCyte® Zoom Sartorius - Essen BioScience (Göttingen, 

Germany) 

Leica DMI4000B microscope Leica Microsystems (Wetzlar, Germany) 

Liquid nitrogen container (Arpege 140) Air Liquide (Paris, France) 

NanoQuant Plate™ Tecan (Salzburg, Austria) 
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Tecan Infinite 200 pro reader  Tecan Group AG (Männedorf, 

Switzerland) 

Vibratome Intracell 1000plus Sectioning 

System 

Tedpella (Redding, CA, USA) 

Zeiss LSM 880 Airyscan System Zeiss (Jena, Germany) 

2.9 Software  

GraphPad Prism v. 7.02  GraphPad Software, San Diego, CA, USA 

ImageJ (Fiji, v1.52o) Rasband, W.S., ImageJ, U. S. National 

Institutes of Health, Bethesda, MD, USA 

IncuCyte® NeuroTrack Software (Cat. No. 

9600-0010) 

Sartorius - Essen BioScience (Göttingen, 

Germany) 

Inksacpe 0.92.4 Free Software Foundation, Inc.   

Boston, MA, USA 

ZEN lite 2011 Zeiss (Jena, Germany) 
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3 Methods 

3.1 Cell Culture 

3.1.1 Surface Coatings 

• Collagen R 

Collagen R solution (0.2%) (Serva) was diluted in sterile PBS (1:10) and incubated for 

2 hours at 37°C before the culture dishes were dried at room temperature under a 

laminar flow hood overnight. Coated plates were washed two times with PBS before 

using.  

 

• Poly-L-ornithine/laminin 

Poly-L-ornithine solution (0.01%) (Sigma-Aldrich) was diluted in sterile PBS (1:10) and 

incubated at 37°C for 2 hours. Then the solution was removed and the laminin solution 

(1 mg/mL diluted 1:100 in PBS) (Sigma-Aldrich) was added and incubated at 37°C for 

4 hours or overnight. Coating was followed by two washing steps with PBS before 

using.  

Table 3. Surface coating volumes 

Culture dish Volume of coating solution 

96-well 65 µl/well 

6-well 1 ml/well 

75 cm2 flask 8 ml/flask 

3.1.2 Cell Lines  

• PC-12 cells  

PC-12 cells (DSMZ) were established from a transplantable rat adrenal 

pheochromocytoma in 1976 and maintained with 85% RPMI 1640 medium 

supplemented with 10% horse serum and 5% h.i. FBS (Life Technologies) in collagen R 

(0.02%) coated 75 cm² cell culture flaks. For neuronal differentiation cell medium was 

supplemented with 100 ng/ml nerve growth factor (NGF) (Bio-Techne) for 48 hours 

resulting in growth arrest and elongation of neurites.  

 

• SH-SY5Y cells 

The human neuroblastoma SH-SY5Y cell line (DSMZ) was established from a bone 

marrow biopsy of a 4-year-old girl with metastatic neuroblastoma in 1970. SH-SY5Y 

cells were maintained with 80% DMEM containing 20% h.i. FBS (Life Technologies). 

For neuronal differentiation DMEM was supplemented with 2% h.i. FBS (Life 
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Technologies) and 10 µM retinoic acid (RA) (Sigma-Aldrich) and incubated in a 

humidified atmosphere at 37°C and 5% CO2 for 72 hours. 

 

• IMR90 NPCs and Ro-iPSC NPCs 

NPCs derived from human IMR90-iPSC line and from Ro-iPSC line were generated 

by Dr. Narges Zare Mehrjardi in the laboratory of Dr. Dr. Tomo Šarić (University of 

Cologne, Institute for Neurophysiology, Germany). IMR90-iPSCs were derived from 

human lung fibroblasts and were kindly provided by Prof. James Thomson 

(University of Wisconsin, Madison, USA). Ro-iPSCs were generated from human 

dermal fibroblasts in the group of Prof. Hossein Baharvand, Royan Institute for Stem 

Cell Biology and Technology, Teheran, Iran [112]. Both NPC lines were maintained as 

monolayer cultures on poly-L-ornithine/laminin (Sigma-Aldrich) coated 6-well plates 

in serum-free neural stem cell medium containing DMEM/F12 glutamax, 1x N2 

supplement (Life Technologies), 1.6 mg/l D-glucose, 20 µg/ml insulin (Sigma-

Aldrich), 1 µl/ml B27 (Life Technologies), 20 ng/ml human basic-FGF (Peprotech) and 

20 ng/ml human EGF (Sigma-Aldrich) [113]. Medium was changed every other day. 

Cells were maintained in a humidified atmosphere at 37°C and 5% CO2 and 

subcultured when confluency reached 90%. 

 

Differentiation of IMR90-iPSC-derived NPCs into glutamatergic neurons was 

performed in poly-L-ornithine/laminin (Sigma-Aldrich) coated black 96-well clear 

bottom plates. When confluency of NPCs reached 70-75%, cells were treated with 

differentiation medium containing BrainPhys medium (Stemcell Technologies) 

supplemented with 1x B27 without vitamin A (Life Technologies), 1x N2 (Life 

Technologies), 20 ng/ml GDNF (Peprotech), 20 ng/ml BDNF (Peprotech), 20 ng/ml 

NT3 (Peprotech), 1 mM cAMP (Sigma Aldrich), 0.2 µM ascorbic acid (Sigma Aldrich) 

and medium was changed every other day for 6 weeks [114].  

 

• HeLa cells 

The human HeLa cell line (DSMZ) was derived from a cervix carcinoma of a 31-year-

old woman (Henrietta Lacks) in 1951 and maintained with 95% RPMI 1640 medium 

supplemented with 5% h.i. FBS (Life Technologies) in a humidified atmosphere at 

37°C and 5% CO2. 

 

• GR MDA-MB-453 

The glucocorticoid receptor (GR) luciferase reporter stable cell line (Signosis) is 

derived from human breast cancer (MDA-MB-453) and was established by the 
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transfection of a GR firefly luciferase reporter vector to monitor GR signaling. The cells 

were maintained with 90% DMEM supplemented with 10% h.i. FBS (Life 

Technologies) and 500 µg/ml G418/Geneticin (Life Technologies) in a humidified 

atmosphere at 37°C and 5% CO2. 

• NF-κB MDA-MB-231 

The human NF-κB luciferase reporter MDA-MB-231 stable cell line (Signosis) 

expresses firefly luciferase reporter gene under the control of NF-κB response element 

to monitor NF-κB signaling. The NF-κB MDA-MB-231 cells were maintained with 90% 

DMEM supplemented with 10% h.i. FBS (Life Technologies) and 100 µg/ml 

hygromycin B (Life Technologies) in a humidified atmosphere at 37°C and 5% CO2. 

3.2 Live-Cell Imaging 

The IncuCyte® Zoom systems (Sartorius) enables real-time imaging of living cells and 

automated image analysis and quantification using the IncuCyte® NeuroTrack Software.  

3.2.1 Neurite Outgrowth 

PC-12 cells were seeded at a density of 8 x 104 cells per ml using the CyBi-Well 96-channel 

simultaneous pipettor (Analytik Jena AG) in collagen R coated 96-well image-lock plates 

(Sartorius) in starvation medium containing 1% FBS and 100 ng/ml NGF (Bio-Techne) to 

differentiate cells into a neuronal phenotype. Cells were differentiated for 48 hours, before 

test compounds were added (100 µl/well). The test compounds were diluted in RPMI 

medium (Life Technologies) containing 0.5% FBS. Images were taken every hour for a 

time frame of three days with the IncuCyte® Zoom from Sartorius using a 10x objective. 

Neurite outgrowth of cells was determined as Neurite Length [Phase] (mm/[Cell-Body 

Cluster]) using the IncuCyte® NeuroTrack Software with the following processing 

definition: 

Table 4. Processing definition - neurite outgrowth in PC-12 cells 

Segmentation mode brightness 

Segmentation adjustment 1.2 

Hole fill (µm2) 0.0 

Adjust size (pixels) -1.0 

Minimum cell width (µm) 10.0 

Area (µm2) 120.0 

Filtering None 

Neurite sensitivity  0.55 

Neurite Width (µm) 1.0 
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3.2.2 Cell Proliferation 

NPCs were seeded at a density of 8 x 104 cells per ml in poly-L-ornithine/laminin (Sigma-

Aldrich) coated 96-well image-lock plates (Sartorius) 24 hours prior to the experiment. 

The following day, the NPC culture medium was removed and cells were treated with 

test compounds diluted in culture medium (100 µl/well). Images were taken every hour 

for a time frame of three days with the IncuCyte® Zoom from Sartorius using a 10x 

objective. Confluency of cells was determined as Cell-Body Cluster Area [Phase] 

(mm2/mm2) using the IncuCyte® NeuroTrack Software with the following processing 

definition: 

Table 5. Processing definition - proliferation in NPCs 

Segmentation mode brightness 

Segmentation adjustment 1.3 

Hole fill (µm2) 1.0 

Adjust size (pixels) 0.0 

Minimum cell width (µm) 7.0 

3.3 Immunofluorescence Staining 

NPCs were seeded at a density of 3 x 104 cells per ml in poly-L-ornithine/laminin coated 

black 96-well clear bottom plates (Greiner Bio-One) and allowed to attach overnight. Cells 

were fixed and permeabilized with pre-chilled methanol at -20 °C for 10 minutes. After 

blocking with 0.5% fish gelatin (Sigma Aldrich) in PBS, cells were incubated with primary 

antibody overnight at 4 °C, followed by secondary antibody for 2 hours at room 

temperature. For nuclear staining, cells were incubated with 4′,6-Diamidin-2-phenylindol 

(DAPI) for 15 minutes at room temperature at a concentration of 3 µM. Images were taken 

with the Axiovert 200M fluorescence microscope (Zeiss). 

3.4 BrdU Analysis of Cell Proliferation in vitro 

5-Bromo-2'-deoxyuridine (BrdU) is a thymidine analog that enables identification of 

proliferating cells as it incorporates into DNA during the S-phase of cell cycle. BrdU 

positive (BrdU+) cells can be detected by immunofluorescence staining using BrdU 

antibodies [115].  

NPCs were seeded at a density of 8 x 104 cells per ml in poly-L-ornithine/laminin coated 

96-well image-lock plates 24 hours prior to treatment. Cells were treated with vehicle 

(0.01% DMSO) (Carl Roth) or 1 µM ketamine (Sigma-Aldrich) and incubated for 24 hours 

at 37 °C, 5% CO2. The culture medium was removed then and replaced with 10 µM BrdU 
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(Sigma-Aldrich) labeling solution dissolved in culture medium. After an incubation time 

of 4 hours (37 °C, 5% CO2) the labeling solution was removed and cells were rinsed five 

times with PBS. 

For BrdU immunofluorescence staining, cells were fixed with 4% paraformaldehyde 

(PFA) dissolved in PBS for 30 minutes at room temperature. After permeabilization with 

0.1% Triton™ X-100 (Carl Roth) in PBS for additional 5 minutes, cells were blocked with 

5% BSA in PBS for 30 minutes at room temperature and washed with 0.1% Triton™ X-100 

for 5 minutes. For DNA hydrolysis cells were incubated with 2 M HCl for 1.5 hours at 

room temperature. To neutralize the acid, cells were incubated with 0.1 M sodium borate 

buffer (pH 8.5). After washing with 0.1% Triton™ X-100, cells were incubated with the 

primary mouse monoclonal BrdU antibody (Santa Cruz Biotechnology) overnight at 4 °C 

in blocking solution. The following day, samples were incubated with anti-mouse 

secondary antibody for 2 hours at room temperature. For nuclear staining, cells were 

incubated with DAPI for 15 minutes at room temperature at a concentration of 3 µM. 

Images were taken with the Axio-Vert.A1 microscope (Zeiss). BrdU incorporation was 

quantified by the calculation of BrdU+ cells as a percentage of the total number of DAPI-

labeled nuclei using ImageJ (Fiji, v1.52o) for image analysis [116]. 

3.5 Transcriptome Sequencing 

Transcriptome sequencing (RNA-Seq) is a high-throughput technology to study the entire 

set of transcripts in a cell, which enables gene expression quantification and differential 

gene expression analysis on mRNA level [117].  

3.5.1 RNA Extraction and Library Preparation 

IMR90 NPCs were seeded at a density of 1 x 106 cells per ml in poly-L-ornithine/laminin 

coated 6-well plates and allowed to attach overnight. The following day, cells were treated 

with 1 µM ketamine, 1 µM DHNK, 0.1 µM dexamethasone or vehicle for 24 hours. For all 

samples, total RNA was isolated using the RNeasy Mini kit (Qiagen) including an on-

column DNAase treatment (15 minutes at room temperature) (Qiagen) according to the 

manufacturer’s instructions. RNA concentration was determined using the NanoQuant 

Plate™ Tecan (Salzburg, Austria). All library preparations were sequenced on an Illumina 

Hiseq platform with a paired-end read length of 125 bp/150 bp. The library construction 

and sequencing were performed by Novogene (HK) Company Limited (Wan Chai, Hong 

Kong).  
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3.5.2 RNA-Seq Data Analysis 

The paired end reads were aligned to the human reference genome (hg38) using Hisat2 

(version 2.0.4) using the following command line options: hisat2 −q–dta–rna-strandness 

FR−x < reference-genone.gtf > −1 < forward_strand.fa > −2 < reverse-strand 

file.fa > −S < output.sam > . Output SAM files were then sorted and converted to BAM files 

(samtools sort −@ 8 −o output.bam output.sam) and indexed (samtools index −b 

output.bam) in Samtools [118–120]. The profile of gene expression (using the Gencode v27 

database) in the BAM files for each samples were determined using Stringtie: 

stringtie < sample.BAM > −G < GenCodev26.gtf > −1o < samples.gtf > −e 

−A < sample.txt > and is reported as FPKM (Fragments Per Kilobase Million) [121]. 

Following feature counting: featureCounts -a < reference-genome.gtf > −g gene_name -o 

counts.txt Control_*.bam IPF_*.bam the differential gene expression was assessed using 

DeSeq2 and the following R script: curl −s -O 

http://data.biostarhandbook.com/rnaseq/code/deseq 2.r cat simple_counts.txt | Rscript 

deseq2.r 3x3 > results_deseq2.txt [122]. Genes with an adjusted p-value < 0.05 were 

assigned as differentially expressed. 

3.6 Gene Expression Analysis 

To determine IGF2 and p11 expression after ketamine treatment and to confirm RNA-Seq 

data, aliquots of the non-pooled RNA samples were used. 

3.6.1 RNA Isolation and cDNA Synthesis by Reverse Transcription 

Total RNA was extracted with RNeasy Mini kit from Qiagen according to the 

manufacturer’s guideline and reverse transcriptase PCR was performed using Reverse 

Transcription Kit (Promega). 

3.6.2 Quantitative Real-Time PCR 

Real-time PCR was conducted with Quantitect SYBR Green from Qiagen based on the 

following protocol: Preincubation at 95° for 900 s, amplification was performed over 45 

cycles (95°C for 15 s, 55°C for 25 s, and 72°C for 10 s). Expression values were calculated 

according to the 2−ΔΔCT method [123]. Sample values were normalized to the housekeeping 

gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase). 

 

http://data.biostarhandbook.com/rnaseq/code/deseq%202.r
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All primers were purchased from Eurofins (Ebersberg, Germany) as detailed in Table 6.: 

Table 6. Primers for RT-PCR 

Target Primers Sequence (5’ to 3’) Length of products 

GAPDH Forward TGCACCACCAACTGCTTAGC 150 bp 

Reverse  GGCATGGACTGTGGTCATGAG 

IGF2 Forward CCAAGTCCGAGAGGGACGT 83 bp 

Reverse  TTGGAAGAACTTGGCCACG 

p11 Forward ACCACACCAAAATGCCATCT 319 bp 

Reverse  CTGCTCATTTCTGCCTACTT 

GluA1 Forward GGTCTGCCCTGAGAAATCCAG 101 bp 

Reverse  CTCGCCCTTGTCGTACCAC 

BDNF Forward TCCGGGTTGGTATACTGGGT 97 bp 

 Reverse  CTGTGGAACTTCTTTGCGG 

SGK1 Forward CGCCGGAGTATCTCGCACCTG 180 bp 

Reverse  GCGGCAGGCCATACAGCATC 

Pax6 Forward AATAACCTGCCTATGCAACCC 437 bp 

Reverse  CTTTTGCACCCCTCCCATTT 

3.7 siRNA Transfection 

Lipofectamine Stem Reagent and Opti-MEM I reduced serum medium (Life 

Technologies) were used for the transfection experiments according to the manufacturer’s 

specifications. 1 × 106 cells were transfected with 2 µM IGF2 (h) siRNA (Santa Cruz 

Biotechnology) or Silencer® Select Negative Control No. 2 siRNA (Life Technologies). 

After 24 hours, medium was replaced with fresh medium and incubated for another 

24 hours, before cells were harvested and expression upon knockdown of interest was 

analyzed using quantitative real-time PCR.  

3.8 cAMP-Glo Assay 

The cAMP-Glo assay (Promega) was used to monitor intracellular cAMP production and 

was performed according to the manufacturer's protocol. Briefly, 1 x 105 cells per ml were 

seeded in poly-L-ornithine/laminin coated white 96-well plates (Greiner Bio-One) and 

allowed to adhere overnight (37 °C, 5% CO2). Cells were treated in induction buffer 

(500 µM IBMX and 100 µM Ro 20-1724 in PBS) (Sigma-Aldrich) with 1 µM ketamine at 

room temperature for 15 minutes and forskolin (5 µM) was used as a positive control as 

it activates the adenylyl cyclase enzyme and increases intracellular cAMP levels. For the 

investigation of additional effects of ketamine on cAMP stimulation, cells were pretreated 

with 1 µM ketamine for 15 minutes, before 1 µM epinephrine (agonist of adrenergic 
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receptors) was added. Luminescence, which is inversely proportional to cAMP levels, was 

determined using Tecan Infinite 200 pro reader.  

3.9  Fluorescence-based Calcium Mobilization Assay 

The Quest Fluo-8TM Calcium Assay (Biomol) was used to detect intracellular calcium 

mobilization in NPCs. Kinetic measurements of transient intracellular calcium 

mobilization were performed in poly-L-ornithine/laminin coated black 96-well clear 

bottom plates (Greiner Bio-One). Cells were seeded at a density of 3 x 105 cells per ml and 

incubated for 24 hours. The following day, the medium was removed and cells were 

loaded with 4 µM Fluo-8 (Quest Fluo-8TM, Biomol) as the indicator dye, reconstituted in a 

modified Tyrode's assay buffer (10 mM HEPES, 135 mM NaCl, 5 mM KCl, 2.5 mM CaCl2 

and 10 mM glucose adjusted to pH = 7.4.) and incubated for 30 minutes at 37°C and 5% 

CO2, and another 30 minutes at room temperature in the dark [124,125]. Then, the Fluo-8 

loading buffer was removed and replaced with fresh Tyrode's assay buffer. The agonists, 

diluted in Tyrode's assay buffer, were added automatically using the injector unit from 

Tecan Infinite M1000 Pro microplate reader. After 16 seconds of baseline measurement, 

the compound was added and fluorescence was measured for 80 seconds using excitation 

at λ = 490 nm and emission at λ = 525 nm. Fluorescence is enhanced upon binding to 

calcium and responses were measured as the maximal peak height in relative fluorescent 

units (RFUs). The maximum fluorescence signal was generated with the calcium 

ionophore A23187 (5µM) (Sigma-Aldrich). 

3.10  NF-κB Luciferase Assay 

The human NF-κB luciferase reporter MDA-MB-231 stable cell line (Signosis), which 

expresses firefly luciferase reporter gene under the control of NF-κB response element, 

was used to investigate the effects of ketamine on NF-κB signaling. Briefly, 3 x 105 cells 

per ml were seeded in white 96-well plates (Greiner Bio-One) and allowed to adhere 

overnight (37 °C, 5% CO2). To stimulate NF-κB activity, cells were treated with 20 ng/ml 

TNFα (Peprotech) and incubated for 24 hours at 37°C and 5% CO2. For the investigation 

of inhibitory effects of ketamine on NF-κB signaling, cells were pretreated with 1 µM 

ketamine for 20 minutes, before TNFα (20 ng/ml) was added. Luciferase activity was 

detected with the NanoGlo Luciferase Assay (Promega) according to the manufacturer's 

protocol. NanoGlo Substrate and buffer were pre-mixed in 1:50 ratio and added to the 

wells in a 1:1 ratio. The luminescence was determined using the Tecan Infinite M1000 Pro 

microplate reader. 
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3.11  GR Luciferase Assay 

To examine the effects of ketamine on GR signaling, the luciferase reporter stable cell line 

GR MDA-MB-453 (Signosis) was used. Cells were seeded at a density of 6 x 105 cells per 

ml in white 96-well plates (Greiner Bio-One) and allowed to adhere overnight (37 °C, 

5% CO2). Then cells were treated with 50 nM dexamethasone (dissolved in ethanol), 

which is a GR agonist and served as a positive control to stimulate GR signaling. For the 

investigation of additional effects of ketamine on GR stimulation, cells were pretreated 

with 1 µM ketamine for 20 minutes, before 50 nM dexamethasone or ethanol control were 

added. Luciferase activity was detected after 24 hours treatment with the NanoGlo 

Luciferase Assay from Promega. NanoGlo Substrate and buffer were pre-mixed in 1:50 

ratio and added to the wells in a 1:1 ratio. The luminescence was determined using the 

Tecan Infinite M1000 Pro microplate reader. 

3.12  Animals 

In vivo experiments were conducted at the University of Bath, UK. All experiments were 

performed in accordance with UK Home Office guidelines, including local ethical review, 

and the Animals (Scientific Procedures) Act1986 incorporating European Union Directive 

2010/63/EU. Adult male C67BL/6 mice (8-9 weeks old) were used to study the proliferative 

effects of ketamine in vivo. Mice were originally from Charles River (C57BL/6NCrl) and 

bred in house at the University of Bath for more than 10 years. 

3.12.1 Drug Treatment and BrdU Administration 

Mice were randomly assigned to treatment groups (n=4 per group) and injected 

intraperitoneally (i.p.) with 15 mg/kg ketamine or 0.9% saline as a control. To assess the 

lasting effects of ketamine on proliferation, 24 hours after drug treatment mice were 

injected i.p. with BrdU (200 mg/kg) (Sigma-Aldrich). Two hours later, mice were 

anesthetized with 100 mg/kg sodium pentobarbital (Sigma-Aldrich) and perfused 

transcardially with 4% paraformaldehyde (PFA) (Sigma-Aldrich) in PBS.  

3.12.2 Tissue Preparation 

Brains were post-fixed overnight in 4% PFA at 4 °C. The following day, 40 µm free-

floating coronal sections of the brains were taken using a Vibratome Intracell 1000plus 

Sectioning System (Tedpella) (every 4th section of the hippocampus per mouse) and 

transferred to 24-well plates loaded with 500 µl PBS and stored overnight at 4 °C. 
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3.12.3 Immunohistochemistry of BrdU and pERK1/2 

To denature DNA for BrdU staining, sections were incubated with 2 M HCl for 15 minutes 

at 37 °C. After neutralization with PBS, sections were blocked with 5% donkey serum 

(Santa Cruz Biotechnology) in PBS for 1 hour at room temperature and incubated with 

BrdU primary antibody (Abcam) diluted in blocking solution (1:500) overnight at 4 °C. 

The following day, sections were rinsed with PBS and incubated with anti-rat secondary 

antibody diluted in PBS containing 0.3% Triton X (1:1000) for 2 hours at room 

temperature. Sections were mounted on slides with DAPI-containing mounting medium 

(Vectashield, Biozol). Images were taken using a Leica DMI4000B inverted wide-field 

fluorescent microscope at 50x and 200x magnification. Quantification of BrdU+ cells was 

performed on random series of twelve sections throughout the entire hippocampus with 

the experimenter blinded to treatment using Image J (Fiji) [116].  

For further microscopic analysis, sections were stored in PBS with 0.01% sodium azide 

and shipped to University of Osnabrück, Germany. To evaluate phosphorylation of 

ERK1/2, sections were incubated overnight at 4 °C with pERK1/2 primary antibody 

(1:400) (Cell Signaling Technology) and secondary anti-rabbit antibody (1:100) (Santa 

Cruz Biotechnology) for 2 hours. Images were taken using the Zeiss LSM 880 Airyscan 

system at 63x magnification. 

3.13  Statistical Analysis 

All data shown represent at least three independent experiments. Error bars show ±SEM 

of all the means of triplicate values. All statistical analysis and graphs were generated 

with GraphPad Prism v. 7.02 (Graphpad Software, San Diego, CA, USA) using one-way 

ANOVA and the underlying Sidak’s multiple comparisons test or unpaired two-tailed t-

test for the comparison of two groups. p< 0.05 was chosen to define statistically significant 

differences. In all figures, one star represents a significance of p< 0.05, two stars of p< 0.01, 

three stars of p< 0.001, four stars p< 0.0001 and “ns” means not significant. 
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4 Results 

4.1 Evaluation of Ketamine’s Effects on Calcium Mobilization in SH-SY5Y Cells 

First, I have tested the hypothesis that ketamine’s unique rapid antidepressant effect is 

mediated by AMPA receptor modulation leading to calcium modulation in the cell 

[81,126]. To this end, it was examined whether ketamine at concentrations of 1, 10 and 

50 µM was able to increase intracellular calcium levels in SH-SY5Y cells using the Fluo-8 

calcium mobilization assay. These human neuroblastoma cells are commonly used in 

neuroscience as a neuronal screening model and provide a useful model system to study 

the changes of cytosolic calcium levels [127,128]. First, transient mobilization of 

intercellular calcium was analyzed by stimulation with ketamine (1, 10 and 50 µM). As 

shown in Figure 6A, no calcium mobilization was observed upon ketamine treatment in 

SH-SY5Y cells, while the calcium ionophore A23187, which served as a positive control, 

increased calcium levels up to 2000 relative fluorescent units (RFUs).  

However, several reports have shown that differentiation of SH-SY5Y cells yields an 

optimized neuronal in vitro model, displaying more properties of a neuronal cell 

state [128]. Therefore, SH-SY5Y cells were differentiated with 10 µM retinoic acid (RA) for 

48 hours before treatment. After differentiation cells showed a network of branched 

neurites and the appearance of cell clumps was reduced. The measurements of 

intracellular calcium mobilization in differentiated SH-SY5Y cells confirmed that 

ketamine (1 µM) has no direct effect on intracellular calcium levels (Figure 6B). The 

AMPA receptor agonist s-AMPA and glutamate were used as positive controls at a 

concentration of 1 µM and showed an increase of calcium mobilization, indicating that 

differentiated SH-SY5Y cells express functional AMPA receptors. Accordingly, both, 

hydroxynorketamine (metabolite of ketamine) and the NMDA receptor antagonist 

memantine had no effect. 

Next, additional different psychoactive AMPA receptor modulators (tianeptine, 

farampator, IDRA-21) and NSI-189 were screened for their effect on calcium mobilization. 

As expected, upon stimulation with farampator, IDRA-21 and NSI-189 (1 µM) there was 

a detectable slight increase of calcium levels in differentiated SH-SY5Y cells (Figure 6C).  

In summary, these initial results suggest that ketamine has no impact on calcium 

mobilization via AMPA receptor activation in undifferentiated and differentiated SH-

SY5Y cells, in contrast to other AMPA receptor modulators such as farampator or IDRA-

21, indicating that the molecular mechanism of action responsible for ketamine’s 
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antidepressant effect is not mediated by direct AMPA receptor stimulation in this cellular 

model.  

 

 

 

Figure 6. Evaluation of intracellular calcium mobilization in SH-SY5Y cells. (A) Ketamine (1 µM) had no effect on 

intracellular calcium mobilization in undifferentiated SH-SY5Y cells. The calcium ionophore A23187 (10 µM) served as 
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a positive control. (B) s-AMPA (1 µM) and glutamate (1 µM) increased calcium levels in differentiated SH-SY5Y cells, 

while the same concentrations of ketamine, memantine and hydroxynorketamine (HNK) showed no effect. (C) The 

AMPA receptor modulators farampator, IDRA-21 and NSI-189 increased calcium levels in differentiated SH-SY5Y cells. 

Tianeptine (1 µM) failed to induce calcium mobilization. Results represent means from at least three independent 

experiments performed in triplicates.  

4.2 Ketamine and Ketamine Metabolites Induced Neurite Outgrowth in PC-12 Cells 

Next, it was investigated whether ketamine was able to induce neurite outgrowth of rat 

adrenal pheochromocytoma (PC-12) cells given that several reports indicate that common 

antidepressants such as selective serotonin reuptake inhibitors (SSRIs) stimulate neurite 

outgrowth in differentiated PC-12 cells [129]. Differentiation of PC-12 cells with the nerve 

growth factor (NGF) results in growth arrest and elongation of neurites, thus, 

representing a well-established classic neuronal cell model [130].  

In line with Robson et al. [131] ketamine (1 µM) showed a significant induction of neurite 

outgrowth in PC-12 cells by 38% compared to the respective DMSO control (Figure 7A, B). 

 

Figure 7. Ketamine induced neurite outgrowth in PC-12 cells. (A) Representative automated phase contrast image 

segmentation of neurites (pink) and cell body clusters (yellow) with IncuCyte® NeuroTrack software indicated as 

Neurite Length per Cell-Body Cluster, scale = 300 µm. Phase-contrast imaging was performed using the IncuCyte® 

Zoom time-lapse microscopy system at 37°C for a period of 72 h. (B) The effect on neurite outgrowth is shown at the 

selected time point 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control, respectively. The data represent the 

means of three independent experiments. Differentiated PC-12 cells were treated with either 1 µM ketamine or 0.01% 

DMSO control. Nerve growth factor (NGF) was used as a positive control Error bars were calculated using ±SEM, and 

p-values were calculated against the DMSO control. 

Then, the effect on neurite length was examined with a series of ketamine metabolites and 

derivatives to determine their potential effect on neurite outgrowth compared to 
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ketamine, as the induction of neurite outgrowth provides a typical characteristic for 

phenotypic screening of antidepressants. Several reports have demonstrated that some 

metabolites of ketamine exert antidepressant behavioral effects similar to ketamine, 

supporting the relevance for further investigation of ketamine’s metabolites and 

derivatives [79]. In order to identify the pharmacophore responsible for the induction of 

neurite outgrowth, differentiated PC-12 cells were treated with 1 or 10 µM of the 

indicated test compounds for 72 hours, respectively.  

The two main metabolites hydroxyketamine (HNK) (Figure 8A) and norketamine 

(Figure 8B) increased neurite outgrowth in PC-12 cells, whereby norketamine showed a 

more potent effect at 1 and 10 µM than HNK, respectively. Furthermore, the derivative 

m-MeO-hydroxynorketamine showed a slight increase of neurite length at a 

concentration of 1 µM (Figure 8C), while m-MeO-norketamine (1 µM) significantly 

stimulated neurite outgrowth by 60% (Figure 8D). Interestingly, neurite length after 

treatment with the metabolite hydroxyketamine remained unaffected (Figure 8E). 
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Figure 8. Ketamine derivatives and metabolites induced neurite outgrowth in PC-12 cells. Real-time quantitative 

analysis of cell neurite outgrowth in differentiated PC-12 cells. Neurite length of cells was determined with IncuCyte® 

NeuroTrack software indicated as Neurite Length per Cell-Body Cluster. Differentiated PC-12 cells were treated with 

1 and 10 µM of the ketamine derivatives or 100 ng/ml nerve growth factor (NGF) as a positive control. The effect on 

neurite outgrowth of (A) hydroxynorketamine, (B) norketamine, (C) m-MeO-hydroxynorketamine, (D) m-MeO-

norketamine and (E) hydroxyketamine is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide 

(DMSO) control, respectively. The data represent the means of three independent experiments. Error bars were 

calculated using ±SEM, and p-values were calculated against the DMSO control. 

Further analyses of neurite outgrowth revealed that compounds norketamine and m-

MeO-norketamine exert a more potent induction of neurite length at a concentration of 

1 µM than ketamine (Figure 9). Thus, these two compounds and the main metabolite 

HNK were selected for further investigations in the present thesis 
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Figure 9. Effects of ketamine derivatives on neurite outgrowth compared to ketamine. Real-time quantitative analysis 

of cell neurite outgrowth in differentiated PC-12 cells. Neurite length of cells was determined with IncuCyte® 

NeuroTrack software indicated as Neurite Length per Cell-Body Cluster. Differentiated PC-12 cells were treated with 

1 µM of the indicated test compounds or 100 ng/ml nerve growth factor (NGF) as a positive control. The effect on neurite 

outgrowth is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control, 

respectively. The data represent the means of three independent experiments. Error bars were calculated using ±SEM, 

and p-values were calculated against the DMSO control. 

Interestingly, the NMDA receptor antagonist memantine, which failed to induce rapid 

and long-lasting antidepressant effects in preclinical studies [82], had no effect on neurite 

outgrowth in differentiated PC-12 cells (Figure 10A). Moreover, also the AMPA receptor 

modulators (tianeptine, IDRA-21, farampator) and NSI-189 showed no effect on neurite 

outgrowth at a concentration of 1 µM (Figure 10B).  
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Figure 10. Effects of different psychoactive substances on neurite outgrowth in PC-12 cells.Real-time quantitative 

analysis of cell neurite outgrowth in differentiated PC-12 cells. Neurite length of cells was determined with IncuCyte® 

NeuroTrack software indicated as Neurite Length per Cell-Body Cluster. Differentiated PC-12 cells were treated with 

1 µM the NMDA receptor antagonist memantine (A) or the indicated AMPA receptor modulators (B). Nerve growth 

factor (NGF) served as a positive control. The effect on neurite outgrowth is shown at the selected time point of 72 h 

compared to 0.01% dimethyl sulfoxide (DMSO) control, respectively. The data represent the means of three 

independent experiments. Error bars were calculated using ±SEM, and p-values were calculated against the DMSO 

control. These data were obtained during the bachelor thesis of Armin Kurth (working group of Prof. Dr. Nicole Teusch, 

Bio-Pharmaceutical Chemistry and Molecular Pharmacology, TH Köln, Germany). 

These results suggest that the molecular mode of action of ketamine differs from the 

AMPA receptor modulators and NMDA receptor antagonist memantine, indicating that 

the elusive molecular mechanism of ketamine may not be exclusively mediated by 

ionotropic glutamatergic receptors.  

4.3 Human iPSC-Derived Cells 

Major depressive disorder is a complex illness affecting the human brain. In order to 

establish a representative in vitro model for the investigation of the molecular mechanism 

of ketamine in comparison to other psychoactive substances, the next goal was to develop 

a human-based induced pluripotent stem cell (iPSC)-model, providing a more predictive 

in vitro model than the existing animal and cell-line based models [107].  

4.3.1 Characterization of Undifferentiated iPSC-Derived NPCs Proves Absence of 

Ionotropic Glutamate Receptors 

RNA-Seq analysis of the read counts (fragments per kilobase of transcript per million 

mapped reads, FPKM) indicates that IMR90-iPSC-derived NPCs highly express the 
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neuronal markers Sox2 (<2400 FPKM) and Nestin (<18,500 FPKM), while of the respective 

read counts for ionotropic glutamatergic receptors GluA1 (<750 FPKM) and GluN2B (<190 

FPKM) were significantly lower or even below the detection level (GluN1 <1 FPKM) 

(Figure 11A). To confirm the expression of the characteristic neuronal progenitor markers 

on protein levels, NPCs were stained for Nestin and Pax6 (Figure 11B). As expected, 

nearly all cells were positive for NPCs markers, demonstrating a homogeneous 

population of neural progenitor cells. Analysis of protein expression of distinct receptors 

reported to be involved in the molecular effects of ketamine revealed that NPCs showed 

expression of the BDNF receptor TrkB, but no signal for the glutamate ionotropic receptor 

subunit GluA1 (Figure 11B). Noteworthy, a second cell line (Ro-iPSC-derived NPCs) 

showed similar neuronal progenitor characteristics like IMR90-iPSC-derived NPCs 

(Figure 11C). 

 

Figure 11. Characterization of human induced pluripotent stem cell-derived NPCs. (A) Read counts (fragments per 

kilobase of transcript per million mapped reads, FPKM) of RNA-Seq analysis indicate mRNA expression of Sox2, 

Nestin, GluA1 (AMPA receptor subunit), GluN1 and GluN2B (NMDA receptor subunits). The data represent the means 

of three independent samples, and error bars were calculated using ±SEM. (B) Immunocytochemical characterization 

of IMR90-iPSC-derived NPCs showing protein expression of the neuronal progenitor markers Nestin and Pax 6, and 

the BDNF receptor TrkB, but no expression of the ionotropic glutamate receptor AMPA-R (GluA1 subunit), scale = 

100 µm. (C) RT-PCR analysis of the neuronal progenitor markers Sox2 and Pax6 mRNA in Ro-iPSC-derived NPCs 

(passage 17). Abbreviations: Sox2 (sex determining region Y)-box 2), GluA1 (glutamate ionotropic receptor AMPA type 

subunit 1), GluN1 (glutamate ionotropic receptor NMDA type subunit 1), GluN2B (glutamate ionotropic receptor 

NMDA type subunit 2B), Pax6 (paired box 6), BDNF (brain derived neurotrophic factor), TrkB (tropomyosin-related 

kinase B).  
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To further confirm the absence of glutamate ionotropic receptors in undifferentiated 

NPCs, transient mobilization of intercellular calcium was analyzed by stimulation with 

agonists for the NMDA-receptor (NMDA and glutamate) using the Fluo-8 calcium 

mobilization assay (Biomol). As expected, upon stimulation with NMDA (10 µM) or 

glutamate (10 µM), no calcium mobilization was observed in either IMR90-iPSC- or Ro-

iPSC-derived NPCs, while the calcium ionophore A23187 served as a positive control 

(Figure 12A, B). 

 

Figure 12. Functional characterization of human induced pluripotent stem cell-derived NPCs. Functional analysis of 

NMDA-receptors in human IMR90-iPSC-derived NPCs using the Fluo-8 calcium mobilization assay. The calcium 

ionophore A23187 served as a positive control. No functional NMDA receptors are expressed in undifferentiated IMR90 

(A) and Ro-iPSC NPCs (B). 

Next the differentiation potential of IMR90-derived NPCs was examined, as human iPSC-

derived NPCs provide a multipotent cell population. To this end, the NPCs were cultured 

with differentiation medium containing BrainPhys medium supplemented with 1x B27 

without vitamin A, 1x N2, 20 ng/ml GDNF, 20 ng/ml BDNF, 20 ng/ml NT3, 1 mM cAMP 

and 0.2 µM ascorbic acid for six weeks and medium was changed every other day 

resulting in neurons with a branched network of neurites (Figure 13A). Notably, three 

and six weeks of differentiation led to neurons positive for the α-amino-3-hydroxy-5-

methylisoxazole-4-propionate (AMPA) receptor subunit GluA1 (Figure 13B). 

Furthermore, differentiated neurons were positive for the neuron-specific protein marker 

microtubule-associated protein 2 (MAP2) as well as the TrkB receptor (Figure 13C).  
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Figure 13. Characterization of neurons differentiated from human iPSC-derived NPCs. (A) Representative phase 

contrast image showing 6 weeks differentiated neurons, scale = 200 µm. (B) qPCR showing upregulation of 

AMPA receptor subunit GluA1 mRNA after 3 and 6 weeks of differentiation. The data represent the means of 

three independent samples, and error bars were calculated using ±SEM. (C) Immunocytochemical characterization 

of differentiated human iPSC-derived neurons after 6 weeks showing protein expression of microtubule 

associated protein 2 (MAP2), the brain-derived neurotrophic factor (BDNF) receptor TrkB and ionotropic 

glutamate receptor AMPA-R (GluA1 subunit), scale = 200 µm. 

To examine, whether the differentiated neurons display physiological activity, they were 

investigated for their response to NGF and ketamine using the neurite outgrowth assay 

after three weeks of differentiation and were tested for calcium mobilization after six 

weeks of differentiation. As shown in Figure 14A, neurons were able to respond to NGF 

(100 ng/ml) and ketamine (1 µM) treatment showing enhanced neurite outgrowth after 

96 hours of treatment and, moreover, were able to slightly mobilize intracellular calcium 

stores upon 10 µM NMDA or 10 µM glutamate treatment (Figure 14B).  

These results demonstrate that human iPSC-derived NPCs and neurons differentiated 

from them represent a valid in vitro model which can serve as a valuable tool for studying 

the biological effects and underlying mechanisms of action of ketamine.  
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Figure 14. Functional properties of human iPSC-derived differentiated neurons. (A) Phase-contrast imaging was 

performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period of 96 h. Three weeks after 

differentiation neurons were treated with 1 µM ketamine or 100 ng/ml nerve growth factor (NGF) as a positive control. 

Neurite length per cell-body cluster was determined with IncuCyte® NeuroTrack Software. (B) Functional analysis of 

NMDA-receptors in human iPSC-derived neurons using the Fluo-8 calcium mobilization assay. The calcium ionophore 

A23187 served as a positive control. After six weeks of differentiation neurons showed increased intracellular calcium 

mobilization upon 10 µM NMDA or 10 µM glutamate treatment. The data represent the means of three independent 

samples.  

These results could confirm the presence of a representative in vitro model proving a 

valuable tool for studying the effects of ketamine using a human-based iPSC-model.  

4.4 Effects of Ketamine on Human iPSC-Derived NPCs 

4.4.1 Ketamine Increased Cell Proliferation of Human iPSC-Derived NPCs 

To evaluate potential effects of ketamine on neurogenesis in vitro, the effect on cell 

proliferation of the NMDA receptor antagonist was examined in human iPSC-derived 

NPCs using the IncuCyte® Zoom live-cell imaging system. Cells were imaged every hour 

over a time period of 72 hours, and confluency of cells were calculated as the Cell-Body 

Cluster Area (Figure 15A). Noteworthy, after 72 hours, ketamine was able to significantly 

increase cell proliferation by 38% compared to DMSO control (Figure 15B). 
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Figure 15. Ketamine increased cell proliferation of human IMR90-iPSC-derived NPCs. (A) Automated phase-contrast 

image segmentation using the IncuCyte® NeuroTrack Software after 72 h treatment, scale = 300 µm. Confluency of cells 

was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) Phase-contrast imaging 

was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period of 72 h. NPCs were treated 

with either 1 µM ketamine or 0.01% dimethyl sulfoxide (DMSO) control. The data represent means of three independent 

experiments, and the error bars were calculated using ± SEM. 

The next aim was to identify the most effective and clinically relevant concentration of 

ketamine that can increase cell proliferation. As mentioned earlier, serum levels of 

ketamine in patients receiving the most common antidepressant dose of 0.5 mg/kg for 40 

min i.v., increased up to a maximal plasma concentration of 185 ng/mL, which 

corresponds to about ≅ 0.78 µM [79]. As the TrkB agonist BDNF has been described 

previously to increase NPC proliferation [32], BDNF served as a positive control. To 

further investigate whether the effects of ketamine on proliferation are concentration-

dependent, a concentration range starting at 0.5 µM up to 10 µM was evaluated. While 

0.5 and 1 µM ketamine both enhanced cell proliferation by 34% and 25%, respectively, 

10 µM ketamine showed no effect compared to 0.01% DMSO control after 72 hours 

(Figure 16A, B). Thus, I decided to use the clinically relevant concentration of 1 µM for 

the following in vitro experiments.  
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Figure 16. Concentration-dependent effects of ketamine on the proliferation in Ro-iPSC-derived NPCs. (A) Real-

time quantitative analysis of cell proliferation of an additional NPC cell line. Confluency of cells was determined with 

IncuCyte® software indicated as Cell-Body Cluster Area. NPCs were treated with different concentrations of ketamine 

(0.5; 1 and 10 µM) or 50 ng/ml BDNF as a positive control. (B) The effect on proliferation is shown at the selected time 

points of 24 and 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control, respectively. The data represent the means 

of three independent experiments. Error bars were calculated using ±SEM, and p-values were calculated against the 

DMSO control. 

To further confirm the proliferative influence of ketamine and to demonstrate that the 

ketamine dependent induction of NPC proliferation is a representative principle for 

progenitor cells derived from different individuals, I analyzed BrdU incorporation in a 

second Ro-iPSC-derived-NPC line in parallel. NPCs were treated for 24 hours with 

ketamine or 0.01% DMSO control and were incubated for an additional 4 hours with 

10 µM BrdU to label proliferating cells. Notably, ketamine significantly increased the 

number of BrdU+ cells within 24 hours in both cell lines: in IMR90-iPSC-derived NPCs by 

18% and in Ro-iPSC-derived NPCs by 32% compared to the respective DMSO control 

(Figure 17A, B). 

 

Figure 17. Ketamine induction of proliferation detected by 5-bromo-20-deoxyuridine (BrdU) staining in NPCs. (A) 

Representative images of BrdU+ labeled Ro-iPSC NPCs, scale = 200 µm. NPCs were treated with 1 µM ketamine or 

0.01% dimethyl sulfoxide (DMSO) control for 24 h, before cells were incubated with 10 µM BrdU labeling solution for 

an additional 4 h. (B) A histogram showing BrdU-expressing cells. BrdU incorporation was quantified by the calculation 

of BrdU+ cells as a percentage of the total number of 4′,6-diamidino-2-phenylindole (DAPI)-labeled nuclei using ImageJ 
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(Fiji) for image analysis. Data represent the means of three independent experiments. Error bars were calculated using 

±SEM. p-values were calculated against the 0.01% (DMSO) control using the unpaired two-tailed t-test. 

Importantly, ketamine did not induce the proliferation of a human cervical epithelioid 

carcinoma cell line HeLa, indicating a specific effect on neuronal progenitor cells 

(Figure 18A, B). 

 

Figure 18. Ketamine showed no effect on proliferation of human cervix epithelioid carcinoma cells (HeLa cells). (A) 

Phase-contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period 

of 72 h. NPCs were treated with either 1 µM and 10 µM ketamine or 0.01% dimethyl sulfoxide (DMSO) control. 

Confluency of cells was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The 

effect on proliferation is shown at the selected time point of 72 h compared to 0.01% DMSO control. The data represent 

the means of three independent experiments. Error bars were calculated using ±SEM, and p-values were calculated 

against the DMSO control. 

To examine whether the proliferative effect on NPCs is additionally induced by ketamine 

metabolites or derivatives, selected compounds were assessed on their effect on NPC 

proliferation. Therefore, the most potent neurite outgrowth inducing compounds 

(norketamine > m-MeO-norketamine > hydroxynorketamine) were chosen for further 

investigations.  

As shown in Figure 19A, B, the metabolite hydroxynorketamine (HNK), which has been 

reported to induce rapid antidepressant effects in mice similar to ketamine, significantly 

induced cell proliferation of NPCs with an average increase of 22% compared to DMSO 

control at 0.5 – 10 µM, respectively. In contrast to ketamine, HNK showed significant 

proliferative effects also at a concentration of 10 µM.  
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Figure 19. The ketamine metabolite hydroxynorketamine (HNK) induced cell proliferation of human NPCs. (A) 

Phase-contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period 

of 72 h. NPCs were treated with HNK (0.5, 1 and 10 µM) or 50 ng/ml BDNF as a positive control. Confluency of cells 

was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The effect on 

proliferation is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control. The 

data represent the means of three independent experiments. Error bars were calculated using ±SEM, and p-values were 

calculated against the DMSO control. 

Ketamine is initially metabolized to norketamine, which has also been shown to induce 

rapid antidepressant effects in mice (at 5 and 10 mg/kg) independent of the AMPA 

receptor [79,96]. In this study, norketamine led to a robust increase of Ro-iPSC-derived 

NPC proliferation compared to DMSO control (0.5 µM by 39%, 1 µM by 44% and 10 µM 

by 41%) (Figure 20A, B). 

 

Figure 20. The ketamine metabolite norketamine induced cell proliferation of human NPCs. (A) Phase-contrast 

imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period of 72 h. NPCs 

were treated with norketamine (0.5, 1 and 10 µM) or 50 ng/ml BDNF as a positive control. Confluency of cells was 

determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The effect on proliferation 

is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control. The data represent 

the means of three independent experiments. Error bars were calculated using ±SEM, and p-values were calculated 

against the DMSO control. 
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Furthermore, I examined the effect of the ketamine derivative m-MeO-norketamine (=N-

desethyl methoxetamine = phase I metabolite of methoxethamine) on proliferation of 

human iPSC-derived NPCs, because neurite outgrowth in PC-12 cells was significantly 

increased by this compound. As shown in the Figure 21A, B, 0.5 – 10 µM m-MeO-

norketamine increased proliferation of NPCs in a concentration-dependent manner by 

29%, 30% and 37% compared to DMSO control, respectively.  

 

Figure 21. The ketamine derivative m-MeO-norketamine induced cell proliferation of human NPCs. (A) Phase-

contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for a period of 72 h. 

NPCs were treated with m-MeO-norketamine (0.5, 1 and 10 µM) or 50 ng/ml BDNF as a positive control. Confluency 

of cells was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The effect on 

proliferation is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control. The 

data represent the means of three independent experiments. Error bars were calculated using ±SEM, and p-values were 

calculated against the DMSO control. 

Surprisingly, only one metabolite of ketamine (dehydronorketamine, DHNK) was not 

able to induce cell proliferation of NPCs. On the contrary, DHNK showed significant 

cytotoxic effects at a concentration of 10 µM with a reduction of cell proliferation by 81% 

compared to DMSO control after 72 hours (Figure 22A, B). Interestingly, DHNK is a 

secondary metabolite of ketamine and Salat et al. (2015) showed in a preclinical study that 

DHNK was not able to induce rapid antidepressant effects in mice at doses of up to 

50 mg/kg in contrast to ketamine and norketamine [79,98]. Thus, DHNK was included as 

a negative control for further experiments in this thesis.  
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Figure 22. The ketamine metabolite dehydronorketamine (DHNK) failed to induce cell proliferation of human 

NPCs. (A) Phase-contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for 

a period of 72 h. NPCs were treated with DHNK (1, 5 and 10 µM) or 50 ng/ml BDNF as a positive control. Confluency 

of cells was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The effect on 

proliferation is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control. The 

data represent the means of three independent experiments. Error bars were calculated using ±SEM, and p-values were 

calculated against the DMSO control. 

4.4.2 Ketamine Alters Gene Expression in Human iPSC-derived NPCs 

As both NPC cell lines do not express functional NMDA receptors, the data reveal the 

pro-proliferative effect of ketamine in NPCs to be presumably NMDA receptor-

independent. To further investigate the molecular mechanism of action responsible for 

ketamine-dependent proliferation in human NPCs, I examined the effects at the 

transcriptional level. To this end, IMR90 NPCs were treated with vehicle (0.01% DMSO) 

or 1 µM ketamine for 24 hours and total RNA was analyzed using RNA-Sequencing. 

NPCs displayed multiple stem/progenitor cell genes such as Nestin, Sox2, and Pax6 and 

ketamine treatment resulted in the significant upregulation and downregulation of 31 

genes and 29 genes, respectively (Figure 23A, B). The upregulated genes IGF2 and p11 

(S100A10), which are both implicated in the pathophysiology of depression [60,64], were 

selected to confirm the obtained RNA-Seq results by qPCR using aliquots of the non-

pooled RNA samples (n = 3). qPCR validation showed a significant upregulation of IGF2 

by 1.5-fold and p11 by 4.0-fold (Figure 23C) after 24 hours of ketamine (1 µM) treatment.  
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Figure 23. Differential gene expression in IMR90 NPCs after ketamine treatment. (A) RNA-Seq results are presented 

in a heatmap showing differential mRNA expression. NPCs were treated with 1 µM ketamine or dimethyl sulfoxide 

(DMSO) control for 24 h (n = 3). (B) A volcano plot showing differentially expressed mRNAs. Thirty-one genes were 

upregulated (red), and 29 genes were downregulated (green) after ketamine treatment. (C) Confirmation of RNA-Seq 

data for insulin-like growth factor 2 (IGF2) and p11 by qPCR. Expression values were calculated according to the 2−ΔΔCT 

method. Data represent the means of three independent experiments. Error bars were calculated using ±SEM. p-values 

were calculated against the 0.01% DMSO control. 

On the other hand, RNA-Seq bioinformatic analysis of DHNK treated IMR90-iPSC-

derived NPCs revealed no significant effects on mRNA expression. In particular, DHNK 

was unable to induce upregulation of neither IGF2, nor p11 after 24 hours of treatment. 

Although the results were statistically non-significant, the transcriptome analyses 

indicated a trend towards DHNK-regulated genes, for instance, downregulation of 

NPDC1 (Neural Proliferation, Differentiation and Control 1), which is suggested as a 

regulator of cell cycle progression and neural differentiation [132]. Moreover, several cell 

cycles regulating genes were also downregulated after DHNK (1 µM) treatment, such as 

cell division cycle markers (CDC16, CDCA4 or CDC20). Conversely, DHNK led to an 

upregulation of FK506 Binding Protein 1A (FKBP1A), which is suggested to interact with 

various signal transduction proteins such as FK506 and rapamycin [133]. However, 

further studies are needed to confirm these results by RT-qPCR.  
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4.4.3 IGF2 Signaling is Involved in the Proliferative Effects of Ketamine 

To investigate the time course of IGF2 mRNA expression, additional qPCR experiments 

were performed. Noteworthy, ketamine (1 µM) induced maximum upregulation of IGF2 

expression after 24 hours of treatment compared to DMSO control confirming the 

experimental set-up chosen in this study (Figure 24A). This is in line with the study of 

Grieco et al. (2017) [92], showing significant upregulation of hippocampal IGF2 

expression in mice 24 hours after ketamine (10 mg/kg) administration.  

Next, I aimed to confirm the upregulation of IGF2 expression in IMR90 NPCs at the 

protein level. Therefore, NPCs were treated with vehicle (0.01% DMSO) or 1 µM ketamine 

for 24 hours and stained for IGF2. Immunofluorescence staining proved increased IGF2 

expression after ketamine treatment (Figure 24B).  

 

Figure 24. Ketamine increased IGF2 expression in IMR90-iPSC-derived NPCs. (A) Ketamine (1 µM) induced 

maximum upregulation of IGF2 expression after 24 h of treatment compared to dimethyl sulfoxide (DMSO) control as 

confirmed by qPCR. The data represent the means of three independent experiments. Error bars were calculated using 

±SEM. p-values were calculated against the 0.01% DMSO control. (B) Representative immunofluorescence staining of 

IMR90 NPCs shows IGF2 protein upregulation after the cells were treated with 1 µM ketamine for 24 h (scale = 50 µm). 

Since IGF2 has been described as a regulator of hippocampal adult neurogenesis [59], I 

aimed to gain insight into the molecular mechanisms of putative IGF2-mediated 

proliferation by examining whether the effects of ketamine on NPC proliferation are 



  Results 

 

   55 

indeed mediated through IGF2. To this end, the effect on cell proliferation was examined 

after IGF2 knockdown, both, with and without ketamine treatment by using the BrdU 

incorporation assay. A reduction of IGF2 mRNA expression by 66% was achieved by IGF2 

knockdown as shown by RT-qPCR (Figure 25A). Knocking down IGF2 reduced the 

proliferation of untreated NPCs by 18% compared to noncoding (nc) siRNA control. In 

addition, ketamine’s proliferative effects were reduced by 17% after IGF2 knockdown 

(Figure 25C). Furthermore, the treatment of NPCs with 50 ng/ml IGF2 increased their 

proliferation and significantly prevented the reduction of cell proliferation upon IGF2 

knockdown (Figure 25C, D). In conclusion, IGF2 regulates NPC proliferation and is 

involved in ketamine-induced proliferation.  

 

Figure 25. Human IMR90-derived NPC proliferation is reduced after IGF2 knockdown. (A) Confirmation of IGF2 

mRNA knockdown by RT-qPCR analysis at 24 h. Expression of IGF2 was reduced by up to 66%. (B) The representative 

time-response curve of proliferating cells showing a reduction of ketamine’s effect on proliferation after IGF2 

knockdown. Cells were treated with 2 µM IGF2 siRNA or nc siRNA for 24 h. After washout, ketamine was added and 

confluency of cells was determined with the IncuCyte® NeuroTrack Software indicated as the Cell-Body Cluster Area. 

(C) An additional method showing the reduction of cell proliferation after IGF2 siRNA knockdown. After the 

knockdown, cells were treated with 1 µM ketamine, 50 ng/ml IGF2 or 0.01% dimethyl sulfoxide (DMSO) control for 24 

h, before 10 µM BrdU labeling solution was added for an additional 4 h. The histogram shows BrdU-expressing cells. 

BrdU incorporation was quantified by the calculation of BrdU+ cells as a percentage of the total number of 4′,6-

diamidino-2-phenylindole (DAPI)-labeled nuclei using ImageJ (Fiji) for image analysis. The data represent the means 

of three independent experiments. Error bars were calculated using ±SEM. p-values were calculated against the 0.01% 

DMSO control. (D) Treatment with IGF2 induced slight proliferation of IMR90 NPCs in insulin containing (20 µg/ml) 

maintenance medium. Phase-contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy 

system at 37°C for a period of 72 h. NPCs were treated with either IGF2 (2, 10 and 50 ng/ml) or 0.01% DMSO control. 

Confluency of cells was determined with IncuCyte® NeuroTrack Software indicated as Cell-Body Cluster Area. 
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4.4.4 Ketamine Increased cAMP Levels in NPCs within 15 Minutes 

Recent studies have shown a downregulation of cAMP signaling in patients with major 

depressive disorder and subsequent recovery by antidepressant treatment [73]. It has 

been reported previously that ketamine treatment resulted in an NMDA receptor-

independent induction of cAMP signaling in C6 glioma cells, which, in turn, increased 

BDNF expression [93]. As ketamine’s effects in the iPSC-derived NPCs seem to be 

independent of NMDA receptors, we aimed to determine whether ketamine is able to 

increase cAMP levels in our NPC model. Based on the experiments of Wray et al. (2018) 

[93], we treated IMR90-derived NPCs with 1 µM ketamine for 15 min and determined 

cAMP accumulation using the cAMP-Glo assay (Promega), where luminescence is 

inversely proportional to cAMP levels. Forskolin (activator of adenylyl cyclase enzyme) 

and epinephrine (an agonist of adrenergic receptors) were used as positive controls. In 

NPCs, ketamine-induced cAMP accumulation within 15 min by 15% (Figure 26A). 

Moreover, I have performed additional experiments investigating potential additional 

effects of ketamine on cAMP stimulation in NPCs and demonstrated that pretreatment 

with 1 µM ketamine for 15 minutes increased the effect of 1 µM epinephrine on cAMP 

production (Figure 26B). 

 

Figure 26. Ketamine stimulated cAMP signaling in human iPSC-derived NPCs. (A) Ketamine increased cAMP levels 

within 15 min. Intracellular cAMP levels were determined using the cAMP-Glo™ assay. Luminescence is inversely 

proportional to cAMP levels. IMR90 NPCs were treated for 15 min with the indicated compounds. Forskolin (adenylyl 

cyclase activator) and epinephrine (an agonist of adrenergic receptors) were used as positive controls. (B) Pretreatment 

with 1 µM ketamine for 15 minutes increased the effect of 1 µM epinephrine on cAMP production. The data represent 

the means of three independent experiments. Error bars were calculated using ±SEM. p-values were calculated against 

dimethyl sulfoxide (DMSO) control. 
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Interestingly, ketamine’s main metabolite HNK (1 µM) led to an increase of cAMP 

signaling within 15 minutes, while cAMP accumulation remained unaffected after DHNK 

(1 µM) treatment (Figure 27A). In contrast to ketamine, both, pretreatment with HNK and 

DHNK failed to increase epinephrine-induced cAMP levels (Figure 27B). 

 

Figure 27. Hydroxynorketamine (HNK) induced cAMP signaling in human iPSC-derived NPCs, while 

dehydronorketamine (DHNK) had no effect. (A) HNK (1 µM), but not DHNK (1 µM) increased cAMP levels within 

15 min. Intracellular cAMP levels were determined using the cAMP-Glo™ assay. Luminescence is inversely 

proportional to cAMP levels. IMR90 NPCs were treated for 15 min with the indicated compounds. Forskolin (adenylyl 

cyclase activator) was used as positive control. (B) Pretreatment with 1 µM HNK or DHNK for 15 minutes had no effect 

on of epinephrine-induced cAMP production. The data represent the means of three independent experiments. Error 

bars were calculated using ±SEM. p-values were calculated against dimethyl sulfoxide (DMSO) control. 

The following Table 7 summarizes the effects of ketamine in comparison to its metabolites 

or derivatives at a concentration of 1 µM. 
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Table 7. Comparison of ketamine and ketamine metabolites / derivatives effects on neurite outgrowth, cell 

proliferation and cAMP accumulation. The data represent the means of three independent experiments, p-values were 

calculated against dimethyl sulfoxide (DMSO) control. 

 

While norketamine and m-MeO-norketamine had stronger effects on neurite outgrowth 

in PC-12 cells than ketamine, ketamine-induced cell proliferation of NPCs was more 

potent in comparison to HNK, norketamine and m-MeO-norketamine. Notably, cell 

proliferation remained unaffected after 1 µM DHNK treatment, whereas cytotoxic effects 

were observed at a concentration of 10 µM. In line with Wray et al. (2018) both, ketamine 

and HNK, were able to induce cAMP accumulation within 15 minutes [93], whereas 

DHNK served as a negative control.  

To examine whether enhanced cAMP signaling is required for ketamine’s effects on IGF2 

expression and cell proliferation in NPCs, cells were treated with the protein kinase A 

(PKA)-inhibitor cAMPS-Rp (1 µM) to inhibit cAMP signaling, and the effects on IGF2 

expression (Figure 28A), as well as on cell proliferation (Figure 28B) were examined. 

Whereas 1 µM cAMPS-Rp treatment alone had no effect on IGF2 expression and 

proliferation, ketamine’s effects on both, IGF2 expression and cell proliferation, were 

significantly (by 26% and 14%, respectively) reduced after PKA-inhibition. 
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Figure 28. cAMP-IGF2 signaling is involved in ketamine’s proliferative effect. (A) Induction of IGF2 mRNA 

expression by ketamine was reduced after PKA inhibition as confirmed by qPCR. Cells were pretreated with 1 µM 

cAMPS-Rp for 15 min before ketamine (1 µM) or dimethyl sulfoxide (DMSO) control was added. (B) Inhibition of 

intracellular cAMP signaling reduced the effect of ketamine on proliferation. Effect on proliferation is shown at the 

selected time point of 24 h compared to DMSO control (n = 3). The data represent the means of three independent 

experiments. Error bars were calculated using ±SEM. p-values were calculated against DMSO control. 

4.5 Phosphorylation of ERK1/2 is Enhanced by Ketamine in the SGZ of Mice 

To investigate whether ketamine-induced proliferation in human iPSC-derived NPCs 

correlates with effects in vivo, I examined the lasting effect of a single ketamine injection 

on hippocampal cell proliferation by BrdU incorporation and extracellular signal-

regulated protein kinases 1 and 2 (ERK1/2) phosphorylation in adult C57BL/6 mice 

24 hours post-administration (Figure 29A) as ERK1/2 is a well-described key regulator of 

proliferation in Nestin-positive neuronal progenitors separated from rat embryonic 

hippocampus [1,134]. In addition, the effects of the ketamine derivative methoxetamine 

(MXE) were investigated, as MXE has been reported to induce rapid and long-lasting 

antidepressant effects in mice similar to ketamine [101].  

Therefore, mice were treated with 15 mg/kg ketamine or MXE, a dose established to be 

sufficient to induce antidepressant effects in C57BL/6 mice (Lalji and Bailey, 

unpublished). In line with Ma et al. [52], the quantification of BrdU+ cells did not display 

a significant effect on cell proliferation within the selected experimental time frame of 

24 hours ketamine treatment, as well as MXE treatment (Figure 29B, C).  
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Figure 29. Ketamine and the ketamine derivative methoxetamine (MXE) did not affect BrdU+ cell number in mice 

24 h after administration. (A) Experimental timeline: male C67BL/6 mice were injected intraperitoneal (i.p.) with 

15 mg/kg ketamine, 15 mg/kg methoxetamine or 0.9% saline. 24 h after injection, mice were injected with 200 mg/kg 

BrdU and, 2 h later, anesthetized and perfused with 4% paraformaldehyde (PFA) and prepared for 

immunohistochemistry. (B) Representative images of BrdU staining 24 h after treatment, scale = 50 µm. (C) BrdU+ cells 

in hippocampal sections (40 µm) quantified as the absolute number of BrdU+ cells in each section (four mice for each 

condition and 12 sections per mouse).  

Importantly, immunocytochemical analysis of phospho-ERK1/2 in the hippocampal 

subgranular zone (SGZ) revealed an increase in ketamine-treated mice compared to saline 

controls (Figure 30). In contrast, phospho-ERK1/2 remained unaffected 24 hours after 

MXE treatment.  
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Figure 30. Ketamine increased pERK1/2 activation in the hippocampal subgranular zone 24 h post administration. 

Representative images showing that mice display enhanced ERK1/2 phosphorylation 24 h after acute ketamine 

treatment, while the derivative methoxetamine had no effect, scale = 20 µm (n=4). 

4.6 Involvement of GR and NF-κB Signaling in Ketamine's Effects  

As already mentioned, chronic stress is a risk factor for depressive disorder, which is 

associated with impaired neuroplasticity, dendritic retraction and suppression of 

hippocampal neurogenesis [1,23,135]. Several studies have reported decreased 

hippocampal volume in depressed individuals correlating with reduced cell proliferation 

and impaired function of the adult hippocampus [1,23,77,135,136]. Cortisol is a stress 

hormone that is dramatically increased (by 46%) in plasma levels of depressed 

patients [137].  

In order to simulate stress conditions in vitro, cells were treated with 0.1 µM 

dexamethasone, a synthetic glucocorticoide. After 72 hours of dexamethasone treatment, 

the neurite length of differentiated PC-12 cells was significantly reduced by 65% 

(Figure 31A). Interestingly, when cells were simultaneously incubated with 0.1 µM 

dexamethasone and 1 µM ketamine, a concentration which induced neurite outgrowth in 

PC-12 cells, the reduction of dexamethasone-induced neurite length was abolished 

(Figure 31B).  
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Figure 31. Ketamine restored dexamethasone-induced reduction of neurite outgrowth in PC-12 cells. (A) Real-time 

quantitative analysis of cell neurite outgrowth in differentiated PC-12 cells. Neurite length of cells was determined with 

IncuCyte® NeuroTrack software indicated as Neurite Length per Cell-Body Cluster. Differentiated PC-12 cells were 

treated with 0.1 µM dexamethasone or 100 ng/ml nerve growth factor (NGF) as a positive control. (B) Differentiated 

PC-12 cells were treated simultaneously incubated with 0.1 µM dexamethasone and 1 µM ketamine. The effect on 

neurite outgrowth is shown at the selected time point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control, 

respectively. The data represent the means of three independent experiments. Error bars were calculated using ±SEM, 

and p-values were calculated against the DMSO control. 

Next, the effect of dexamethasone on human IMR90-derived NPC proliferation was 

examined, as stress leads to the impairment of hippocampal neurogenesis [23]. Therefore, 

NPCs were treated with 0.1 µM dexamethasone and cell proliferation was determined 

using the IncuCyte® Zoom live-cell imaging system. Cells were imaged every hour over 

a time range of 72 hours, and confluency of cells were calculated as the Cell-Body Cluster 

Area. Noteworthy, dexamethasone significantly reduced cell proliferation of NPCs by 

38% (Figure 32A, B). 
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Figure 32. Dexamethasone reduced proliferation of iPSC-derived human NPCs. (A) Representative time-response 

curve of proliferating cells showing a dexamethasone-dependent reduction of cell proliferation. Cells were treated with 

0.1 µM dexamethasone or 0.01% dimethyl sulfoxide (DMSO) control for 72 h and confluency of cells was determined 

with the IncuCyte® NeuroTrack Software indicated as the Cell-Body Cluster Area. (B) The effect on proliferation is 

shown at the selected time point of 72 h compared to 0.01% DMSO control. The data represent the means of three 

independent experiments. Error bars were calculated using ±SEM, and p-values were calculated against the DMSO 

control. (C) Immunofluorescence staining confirming expression of the glucocorticoid receptor (GR) in IMR90-iPSC-

derived NPCs, scale = 100 µm.  

These results are in agreement with a report from Frahm et al. (2016), showing that 0.1 µM 

dexamethasone reduced cell proliferation (BrdU+ cells) in primary cultures of 

hypothalamic neural-progenitor/stem cells (NPSCs) derived from mouse embryos 

(embryonic day 14.5) 24 hours after treatment [138].  

 

To further study the molecular insights involved in dexamethasone-dependent reduced 

cell proliferation of human NPCs, I examined the effects at the transcriptional level. To 

this end, IMR90-iPSC-derived NPCs were treated with vehicle (0.01% DMSO) or 0.1 µM 

dexamethasone for 24 hours and total RNA was analyzed using RNA-Sequencing. 

Overall, dexamethasone treatment resulted in the significant upregulation and 

downregulation of 1837 genes and 1477 genes, respectively (Figure 33A, B). In fact, this 

transcriptome analysis identified a significant induction of a number of protein-coding 

GR-target genes such as FK506 binding protein 5 (FKBP5), family with sequence similarity 

107, member A (FAM107A), hypoxia inducible factor 3, alpha subunit (HIF3A) or 

serum/glucocorticoid regulated kinase 1 (SGK1). These results are in agreement with the 
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study conducted by Frahm et al. (2016) showing a similar GR-regulated transcriptome 

profile after 0.1 µM dexamethasone treatment of primary hypothalamic NPSCs derived 

from male and female mouse embryos [138]. Furthermore, several cell cycles regulating 

genes were significantly downregulated after dexamethasone treatment, such as Marker 

Of Proliferation Ki-67 (MKI67), various cell division cycle markers (CDC25A, CDCA7, 

CDCA4, CDCA5, CDC20) and cyclin-dependent kinase 2 (CDK2), which is suggested to 

cause inhibition of cell cycle progression [139].  

However, these RNA-Seq analysis results have to be validated by RT-qPCR to provide 

further insights into potential mechanisms involved in glucocorticoid-dependent 

inhibitory effects on NPC proliferation. Moreover, subsequent studies are needed to 

evaluate whether ketamine is able to attenuate the inhibitory effects of dexamethasone 

treatment on NPC proliferation. 

 

Figure 33. Differential gene expression in IMR90 NPCs after dexamethasone treatment. (A) RNA-Seq results are 

presented in a heatmap showing differential mRNA expression. NPCs were treated with 0.1 µM dexamethasone or 

dimethyl sulfoxide (DMSO) control for 24 h (n = 3). (B) A volcano plot showing differentially expressed mRNAs. 1837 

genes were upregulated (red), and 1477 genes were downregulated (green) after dexamethasone treatment. Data 

represent the means of three independent experiments, p-values were calculated against the 0.01% DMSO control. 
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Next, I aimed to examine the involvement of ketamine in the context of inflammation, as 

several reports have provided evidence showing that chronic stress leads to activation of 

NF-κB signaling in response to inflammatory stimuli [31]. Moreover, recent research has 

demonstrated that stress-induced reduction of NPC proliferation in rats can be blocked 

by inhibition of NF-κB [31]. 

Thus, I investigated the effects of ketamine on both, NK-kB and GR activation, as they 

have been reported to display opposed functions and moreover, unexpectedly, 

glucocorticoids can induce pro-inflammatory effects [140]. For this purpose, I used two 

different luciferase reporter MDA-MB-231 stable cell lines (Signosis), which expresses 

firefly luciferase reporter gene under the control of NF-κB or GR response element, 

respectively.  

For the investigation of potential effects of ketamine on NF-κB signaling, cells were 

pretreated with 1 µM ketamine for 20 minutes, before tumor necrosis factor-α (TNF-α) 

(20 ng/ml) as a NF-κB activator was added and incubated for 24 hours. As shown in 

Figure 34 ketamine (1 µM) significantly reduced TNF-α-induced NF-κB activity by 25% 

compared to TNF-α control. On the other hand, ketamine (0.1 – 10 µM) increased 

dexamethasone-induced activity of the GR in a concentration-dependent manner, while 

ketamine treatment alone had no effect (Figure 34B), indicating a potential NF-κB / GR 

interaction. 

To test, whether the observed ketamine-increased GR activation in GR MDA-MB-453 cells 

is transferable to the human iPSC-derived NPC model, the effect of ketamine on serum- 

and glucocorticoid-inducible kinase SGK1 expression was examined, as SGK1 is induced 

by GR activation and plays a pivotal role in stress-induced depression and 

neurogenesis [141]. Consistent with the observed GR activation, ketamine (1 µM) was 

able to significantly increase SGK1 mRNA expression in NPCs 24 hours after treatment 

(Figure 34C).  
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Figure 34. Putative involvement of nuclear factor kappa-b (NF-κB) and glucocorticoid receptor signaling in 

ketamine's effects. (A) Ketamine (1 µM) blocked TNF-α-induced NF-κB activity in luciferase reporter NF-κB MDA-

MB-231 cells. Cells were pretreated with 1 µM ketamine for 20 minutes, before tumor necrosis factor-α (TNF-α) 

(20 ng/ml) as NF-κB activator was added and incubated for 24 h. Luminescence intensity correlates proportionally with 

NF-κB activation. Error bars were calculated using ±SEM, and p-values were calculated against TNF-α control. (B) 

Ketamine (0.1 - 1 µM) increased dexamethasone-induced GR activity in luciferase reporter GR MDA-MB-453 cells. Cells 

were pretreated with indicated concentrations of ketamine for 20 minutes, before 50 nM dexamethasone as GR agonist 

was added and incubated for 24 h. Luminescence intensity correlates proportionally with GR activation. Error bars 

were calculated using ±SEM, and p-values were calculated against dexamethasone control. (C) Ketamine (1 µM) 

increased serum- and glucocorticoid-inducible kinase SGK1 mRNA expression in IMR90-iPSC-derived NPCs after 24 h 

treatment. Expression values were calculated according to the 2−ΔΔCT method. Data represent the means of three 

independent experiments. Error bars were calculated using ±SEM. p-values were calculated against the 0.01% DMSO 

control. Data shown in panel A were generated by Julia Sperlich (working group of Prof. Dr. Nicole Teusch, Bio-

Pharmaceutical Chemistry and Molecular Pharmacology, TH Köln, Germany). 

These preliminary data gave first hints for an involvement of ketamine in the context of 

immunomodulation. Further studies are needed to investigate whether NF-κB and GR 

signaling are involved in the proliferative effects of ketamine and how these effects could 

potentially contribute to its unique antidepressant effects.  

4.7  Putative Role of Estrogen Signaling 

Recent publications indicate estrogen receptor alpha (ERα) to be involved in ketamine’s 

effects. Ho et al. (2018) reported that ketamine increases ERα mRNA expression in U251-

MG cells and furthermore, [3H]-ketamine directly binds the ERα, thereby inducing AMPA 

receptor expression. Finally, they concluded that ERα may play a role in the 

transcriptional effects of ketamine contributing to the antidepressant response [142]. 

Additionally, Wang et al. (2008) showed that Estradiol-17β (E2) induces rodent 

hippocampal NPC proliferation in vitro and in vivo, supporting the putative involvement 

of estrogen signaling [48]. In addition to the classical estrogen receptor subtype ERα, 

estrogen mediates rapid cellular signaling via GPR30, a G protein-coupled receptor [143]. 

To test whether estrogen signaling induces similar effects like ketamine in human iPSC-
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derived NPCs, the effect of ß-estradiol and G1 (a selective GPR30 agonist) on cell 

proliferation as well as cAMP stimulation was investigated. While ß-estradiol (1 and 

10 nM) slightly induced proliferation of NPCs (Figure 35A), activation of GPR30 with 1 

and 10 nM G1 reduced their proliferation, respectively (Figure 35B). Nevertheless, both 

ß-estradiol and G1 were not able to induce cAMP signaling within 15 minutes, in contrast 

to ketamine (Figure 35C).  

 

Figure 35. Effects of ß-estradiol (E2) and G1 on human IMR90-iPSC-derived NPC proliferation and cAMP signaling. 

(A) Representative time-response curve of proliferating cells. Cells were treated with ß- estradiol (E2) (1 and 10 nM) or 

0.01% dimethyl sulfoxide (DMSO) control for 72 h and confluency of cells was determined with the IncuCyte® 

NeuroTrack Software indicated as the Cell-Body Cluster Area. (B) Representative time-response curve of proliferating 

cells. Cells were treated with GPR30 agonist G1 (1 and 10 nM) or 0.01% dimethyl sulfoxide (DMSO) control for 72 h and 

confluency of cells was determined with the IncuCyte® NeuroTrack Software indicated as the Cell-Body Cluster Area. 

(C) cAMP levels remained unaffected after 15 min treatment with 1 µM E2 or 1 µM G1, respectively. Intracellular cAMP 

levels were determined using the cAMP-Glo™ assay. Luminescence is inversely proportional to cAMP levels. IMR90 

NPCs were treated for 15 min with the indicated compounds. Forskolin (adenylyl cyclase activator) was used as positive 

control. (D) Immunofluorescence staining confirming expression of the estrogen receptor α (ERα) in IMR90-iPSC-

derived NPCs, scale = 100 µm. 

Nonetheless, these preliminary data need further clarification. Interestingly, IGF2 was 

identified as an estrogen-responsive gene in rat hippocampus [63]. Thus, it should be 

examined whether E2 increases IGF2 expression in NPCs.  
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4.8 Ketamine Increased BDNF Expression in Contrast to Amitriptyline  

Evidence has shown significant contributions of brain-derived neurotrophic factor 

(BDNF) signaling in ketamine’s rapid antidepressant effects in rodents and 

humans [52,144,34]. As several classes of antidepressants have been shown to increase 

BDNF expression after chronic treatment (21 days) [145,33], the aim was to compare 

ketamine-induced effects with a classic tricyclic antidepressant (amitriptyline) on 

proliferation of human IMR90-iPSC-derived NPCs and BDNF expression. As shown in 

the following figure (Figure 36A, B), amitriptyline (0.5 µM) only slightly induced 

proliferation of these cells over 72 hours, but was not able to induce BDNF mRNA 

expression, contrary to ketamine, after 24 hours of treatment (Figure 36C).  

 

Figure 36. In contrast to ketamine, amitriptyline failed to induce BDNF expression in human IMR90-iPSC-derived 

NPCs. (A) Phase-contrast imaging was performed using the IncuCyte® Zoom time-lapse microscopy system at 37°C for 

a period of 72 h. NPCs were treated with 0.5 µM amitriptyline and confluency of cells was determined with IncuCyte® 

NeuroTrack Software indicated as Cell-Body Cluster Area. (B) The effect on proliferation is shown at the selected time 

point of 72 h compared to 0.01% dimethyl sulfoxide (DMSO) control. (C) In contrast to ketamine, amitriptyline failed 

to induce brain-derived neurotrophic factor (BDNF) expression as confirmed by qPCR. The data represent the means 

of three independent experiments. Error bars were calculated using ±SEM, and p-values were calculated against the 

DMSO control. 

This finding supports the hypothesis that rapid induction of BDNF expression could 

additionally be involved in the proliferative effects of ketamine in NPCs and potentially 

may be a useful marker for rapid antidepressant response. Further studies are needed to 
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examine the role of BDNF signaling regarding ketamine-induced effects in NPCs in vitro. 

In particular, the induction of BDNF expression should be confirmed on protein level and 

moreover, it should be investigated whether inhibition of the BDNF receptor TrkB 

suppresses the proliferative effects of ketamine.  

Interestingly, several studies have shown that estrogen induces BDNF expression in the 

brain and that inflammation leads to reduced BDNF levels [47,146]. Therefore, it should 

be examined whether E2 treatment induces BDNF expression in NPCs, and whether 

activation of NF-κB signaling with TNF-α decreases BDNF expression.  
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5 Discussion 

As already illustrated in the introduction, depressive disorder is a devastating disease 

with more than 300 million patients affected and is the leading cause of disability 

worldwide [2,1]. Depression is characterized as a complex multifactorial and 

heterogeneous disorder and the underlying causes and risk factors are still under recent 

investigation [11]. Currently available antidepressants have a delayed onset of action and 

moreover, one third of the patients does not respond to conventional antidepressant 

medications [12,19,20]. Thus, it is of utmost importance to develop more effective 

antidepressant treatments [12,20]. Interestingly, the NMDA receptor antagonist ketamine, 

which has originally been approved for anesthesia, induces after a single infusion rapid 

(30 minutes) and long-lasting (7 days) antidepressant effects in subanesthetic doses, even 

in treatment-resistant patients [1,78,81]. Despite accumulating research activities on 

ketamine and its metabolites during the last years, the precise molecular mechanism 

responsible for its unique antidepressant effects, remains controversial [1,81,83]. In order 

to investigate the molecular mechanism involved in ketamine’s effects different cell-based 

assays were established during this thesis.  

5.1 Development of a Representative Cell-Based Assay for Phenotypic Screening of 

Psychoactive Substances 

The first part of the thesis has focused on the development of an appropriate 

representative in vitro assay for the evaluation of psychoactive substances in order to 

identify neuroplasticity-inducing compounds using phenotypic markers such as neurite 

outgrowth or cell proliferation as the pathophysiology of depression correlates with 

impaired neuroplasticity and decreased adult neurogenesis [1,23,55].  

Therefore, different psychoactive antidepressant substances were assessed by their effect 

on neuroplasticity using the rat adrenal pheochromocytoma (PC-12) cell line as the 

induction of neurite outgrowth provides a typical characteristic for phenotypic screening 

of antidepressants. Ketamine (1 µM) led to a significant induction of neurite outgrowth 

in differentiated PC-12 cells by 38% compared to the respective DMSO control after 

72 hours. These results are in accordance with findings reported by Robson et al. [131] 

showing that ketamine (in a concentration range between 0.1 nM – 10 µM) potentiated 

NGF-induced neurite outgrowth in PC-12 cells after 36 – 48 hours of treatment.  

Next, various ketamine derivatives and metabolites were examined on their effect on 

neurite outgrowth, as different reports have shown that some metabolites also exert 

antidepressant behavioral effects similar to ketamine [79,100,142]. The screening revealed 
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that two compounds (norketamine and m-MeO-norketamine) exerted a more robust 

induction of neurite length at a concentration of 1 µM than ketamine. While 

hydroxynorketamine was less potent, hydroxyketamine had no effect on neurite 

outgrowth. Thus, the two main metabolites norketamine and HNK, as well as the 

derivative m-MeO-norketamine were selected for further investigations in the present 

thesis. These results partially correlate with a study conducted by Paul et al. (2014) 

showing that ketamine and its major metabolites norketamine and HNK elicited 

significant increases in the levels of phosphorylated mTOR, 4E-BP1, p70S6K, ERK1/2 and 

Akt. In particular, ketamine (400–600 nM), norketamine (1-250 nM) as well as HNK (0.01-

10 nM) significantly induced concentration-dependent phosphorylation of mTOR in PC-

12 cells after 60 minutes, whereas concentrations greater than 2 µM, 250 nM and 10 nM, 

respectively, lost significance [147]. As mTOR signaling is a known key regulator of 

dendrite size and neurite outgrowth, the observed increase of p-mTOR in PC-12 cells 

could potentially represent an early factor for the initiation of neurite elongation induced 

by ketamine and its metabolites [148]. However, the results of Paul et al. (2018) indicate 

that HNK is more effective than ketamine and norketamine contrary to the observations 

in this study [147]. This discrepancy could result from various possible factors such as the 

neuronal phenotype of PC-12 cells (undifferentiated vs differentiated status), different 

time points (60 minutes vs 24 hours) and the use of varying HNK enantiomers. 

To study the underlying molecular mechanism of ketamine in comparison to other 

psychoactive substances, the next goal was to establish a human-based assay based on 

human iPSCs, which provides a more predictive in vitro model than the existing animal 

and cell-line based models [102,104,105].  

Therefore, human iPSC-derived NPCs from two different donors (IMR90-iPSC and Ro-

iPSC-derived NPCs) were generated and kindly provided by Dr. Narges Zare Mehrjardi 

in Dr. Dr. Tomo Šarić group (University of Cologne, Institute for Neurophysiology, 

Germany). The undifferentiated human iPSC-derived NPCs used in this study displayed 

typical characteristics of hippocampal NPCs by upregulating neuronal progenitor 

markers such Nestin, Sox2 and Pax6, while missing expression of functional ionotropic 

glutamate receptors such as NMDA or AMPA receptors, which is in accordance with 

previously described characterization of human hippocampal NPCs [1,59,149]. Thus, this 

cell system provides an appropriate model to evaluate the effects of psychoactive 

substances on neurogenesis in vitro. 
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5.2 Ketamine Increases Proliferation NPCs Independent of the NMDA Receptor 

Ketamine (1 µM) significantly increased proliferation of human NPCs over a time-range 

of 72 hours by 38% compared to DMSO control independent of the NMDA receptor. 

Several studies have already shown that chronic antidepressant treatment leads to 

increasing hippocampal neurogenesis and enhanced proliferation of NPCs in rodents and 

humans [1,23,77,50,150]. In fact, Peters et al. (2018) showed that ketamine increased 

hippocampal cell proliferation in mice with traumatic brain injury after 7 days of 

ketamine treatment [151]. Similarly, ketamine has been recently reported by Ma et al. 

(2017) to promote hippocampal neurogenesis in mice by inducing pERK1/2 activation (6 

and 24 hours after administration) and enhancement of NPC proliferation 7 days after 

treatment [52]. Consistent with these findings, I found enhanced phosphorylation of 

ERK1/2 in the SGZ of hippocampus in mice 24 hours post ketamine injection (15 mg/kg), 

but no evidence for increased cell proliferation in this relatively short experimental time 

frame. Although the observation of enhanced ERK1/2 phosphorylation 24 hours after 

ketamine administration indicates a fundamental first step towards the induction of cell 

proliferation as activation of pERK1/2 is a key player for neuronal survival and 

proliferation [1,134,152], in future studies neuronal proliferation will actually have to be 

confirmed 7 days post treatment. A recent study conducted by Michaëlsson et al. (2019) 

investigated the effects of acute ketamine treatment in rats, which have been prenatally 

exposed to dexamethasone to induce a depressive-like phenotype. In accordance with my 

observations of ketamine-induced NPC proliferation independent of the glutamatergic 

system, they showed that ketamine was able to reverse the inhibitory effect of 

dexamethasone on hippocampal progenitor cell proliferation in the dentate gyrus after 

24 hours, whereas glutamatergic transmission remained unaffected [153].  

Furthermore, some metabolites/ derivatives of ketamine were able to induce proliferation 

of human iPSC-derived NPCs similar to ketamine. The main metabolites norketamine and 

HNK, which both have been reported to induce rapid antidepressant effects in mice 

[79,87,96,100] significantly promoted cell proliferation similar to ketamine. However, the 

study of Michaëlsson et al. (2019) failed translate their in vivo findings of proliferative 

effects of ketamine to their in vitro studies [153]. In contrast to my results, both, ketamine 

and HNK (1 – 100 µM) were not able to increase proliferation of rat subcortical neural 

stem cells after 48 hours of treatment. This difference could be explained by differential 

characteristics of mouse cortical stem cells compared to human iPSC-derived NPCs, as 

well as varying cell culture conditions, like cultivation as neurospheres, which were 

additionally maintained in a different culture medium containing other growth 

supplements such as heparin [153]. 
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Surprisingly, my screening on NPC proliferation revealed one metabolite of ketamine 

(dehydronorketamine, DHNK) with a robust negative effect on cell proliferation. DHNK 

showed significant cytotoxic effects at a concentration of 10 µM with a reduction of cell 

proliferation by 81% compared to DMSO control after 72 hours. To the best of my 

knowledge, this is the first study that has investigated the effects of DHNK on NPC 

proliferation and shown significant cytotoxic effects at a concentration of 10 µM. In order 

to exclude artefacts caused by possible chemical contamination or solvent residues of 

methanol, I have verified the purity of the compound using NMR spectroscopy and 

moreover, reproduced the results with another batch of DHNK freshly dissolved in 

DMSO. Nevertheless, further studies are needed to investigate these potential cytotoxic 

effects in vivo.  

Interestingly, an earlier in vivo study showed that DHNK also failed to induce rapid 

antidepressant effects in in mice at doses of up to 50 mg/kg in contrast to ketamine and 

norketamine [79,98], suggesting NPC proliferation as a potential predictive in vitro 

marker for antidepressant effects. 

Importantly, ketamine did not induce proliferation of cancer cells indicating a specific and 

direct effect on neuronal progenitor cells [1].  

5.3 Proliferation of NPCs is mediated via Insulin-Like Growth Factor 2 

The main part of my thesis focused on the elucidation of the molecular mechanism of 

action of ketamine.  

In the last decades several signaling pathways involved in ketamine’s putative role as 

antidepressant have been described [1,81,83]. As mentioned earlier, proliferation of NPCs 

in the human hippocampus plays an essential role in antidepressant therapy, but the 

delayed onset of action is the major limitation of classical antidepressant drugs such as 

SSRIs or TCAs [1,50,150,154]. Here, I identified proliferative effects and first hints towards 

the underlying molecular mechanism of the rapid-acting and long-lasting antidepressant 

ketamine in human iPSC-derived NPCs. Furthermore, the major metabolites of ketamine, 

norketamine and HNK, also significantly stimulated proliferation of NPCs, whereas the 

metabolite DHNK had a negative impact on NPC proliferation. To my knowledge, this is 

the first time that the ketamine metabolite DHNK has been shown to have cytotoxic 

effects on NPCs.  

Regarding the molecular mode of action responsible for ketamine’s antidepressant effects, 

contradictory results have been reported. Notably, the role of the NMDA receptor is still 
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a matter of debate as other NMDA receptor antagonists such as memantine failed to 

induce rapid and long-lasting antidepressant effects [1,82,93,111].  

My findings lead me to hypothesize that ketamine increases proliferation of NPCs via 

cAMP-IGF2 signaling, but independent of the NMDA receptor (Figure 37). 

 

Figure 37. Hypothesis of the molecular mechanism of action in human NPCs induced by ketamine. Ketamine 

treatment increases IGF2 expression via cyclic adenosine monophosphate (cAMP) signaling leading to enhanced NPC 

proliferation [1].  

Bioinformatic analysis of RNA-Seq data identified distinct differential expression of 60 

genes 24 hours after ketamine treatment. As confirmed by RT-qPCR, two of the 

upregulated genes were p11 and IGF2, which have both been suggested to be involved in 

the pathology of depression and the therapeutic response of market drugs on the other 

hand [1,60,64]. As decreased p11 expression in the hippocampus of rodents with 

depression-like phenotype is associated with reduced cell proliferation and a subsequent 

upregulation after three weeks of antidepressant treatment with fluoxetine correlates 

with a patients recovery, accumulating evidence hints at p11 to be involved in 

antidepressant treatment-induced hippocampal neurogenesis [1,64,66]. Furthermore, p11 

levels were restored 72 hours after ketamine administration and the sustained 

antidepressant effect of ketamine was abolished in rats with knockdown of hippocampal 

p11 [155]. However, despite these interesting findings, it is still unknown whether the 

neurogenic effects of ketamine depend on enhanced p11 expression. Therefore, the 

involvement of p11 in proliferative effects of ketamine on NPCs has to be examined in 

further studies by knocking down p11 and exploring the effects on cell proliferation. 
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Moreover, in agreement with earlier results from Bracko et al. (2012), my results 

demonstrated that proliferation of NPCs was reduced after IGF2 knockdown. In addition, 

IGF2 treatment induced proliferation of NPCs and prevented the reduction of cell 

proliferation upon IGF2 knockdown, confirming the role of IGF2 as a regulator of NPC 

proliferation [1,59]. A recent in vivo study supports these findings, showing upregulation 

of IGF2 by ketamine (10 mg/kg) in mouse hippocampus 24 hours after treatment and, 

furthermore, a significant decrease of the antidepressant effects of ketamine upon an IGF2 

knockdown in mice [92]. Moreover, they demonstrated that ketamine inhibits GSK-3ß, a 

known regulator of neurogenesis and inflammation, thereby leading to increased 

expression of IGF2 [92]. Thus, inhibitory GSK-3 phosphorylation seems to be related to 

ketamine’s antidepressant effects, as the GSK3 inhibitor L803-mts also induced 

upregulation of IGF2. Interestingly, IGF2 administration is also able to increase the AMPA 

receptor subunit GluA1 expression in neurons, a mechanism which seems to be essential 

for the rapid antidepressant effects of ketamine, as pre-treatment with the AMPA receptor 

antagonist NBQX prevents the antidepressant response [1,87,110,156]. 

To further evaluate the NMDA-independent molecular effect of ketamine on NPCs, I 

investigated the potential involvement of cAMP signaling, as several studies observed 

impaired cAMP pathway in patients suffering from depression and a link between cAMP 

activation and neurogenesis [1,73]. Most importantly, a recently published study has 

proposed a relation between cAMP signaling and the antidepressant effect of ketamine in 

a NMDA receptor-independent manner in C6 glioma cells [93]. Consistent with the study 

of Wray et al. (2018), ketamine was able to increase cAMP accumulation in iPSC-derived 

NPCs within 15 minutes. Since cAMP signaling is also suggested to be involved in 

neurogenesis and NPC cell proliferation [157], I investigated whether cAMP pathway 

plays a role in the proliferative effects of ketamine. To this end, after blocking cAMP 

signaling using the PKA-inhibitor cAMPS-Rp I observed a decrease of ketamine’s effect 

on cell proliferation, whereas PKA-inhibition alone showed no effect on proliferation, 

indicating that ketamine’s effect on NPC proliferation might be cAMP-dependent. This is 

supported by the observation that the induction of IGF2 mRNA expression by ketamine 

was reduced after PKA-inhibition [1]. 

In conclusion, I speculate that cAMP signaling leading to enhanced IGF2 expression may 

have distinct effects on cell proliferation of human NPCs. However, the molecular link 

between cAMP-IGF2 signaling in regard to cell proliferation needs to be further explored 

in subsequent studies. My data implicate that cAMP accumulation is essential for the 

increase of IGF2 mRNA expression and proliferative effects of ketamine. As cAMP 

signaling is known to induce transcriptional changes via cAMP-PKA-CREB pathway and 

IGF2 and BDNF are known downstream targets of the cAMP responsive element binding 
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protein (CREB), further studies will investigate the correlation of ketamine induced cAMP 

signaling and downstream mechanisms regulating IGF2, p11 and BDNF signaling leading 

to potential neurogenesis-dependent antidepressant effects [1,60,157].  

5.4 Future Perspectives  

During this thesis I gained further insights into additionally ketamine-mediated effects 

which could potentially be related to its antidepressant effects. Strong evidence implicates 

that chronic stress impairs adult neurogenesis and displays a major risk factor for the 

pathogenesis of depression [11,53,61]. In line with this assumption, my results have 

shown that dexamethasone as a synthetic GR agonist significantly inhibited proliferation 

of human iPSC-derived NPCs. On the other hand, depression is linked to a “GR 

resistance” and several reports indicate that antidepressant treatment increases GR 

function, thereby leading to HPA axis normalization [10,158]. In this context, preliminary 

data of this thesis have indicated that ketamine induced GR activity in a GR reporter cell 

line and moreover, expression of glucocorticoid-inducible kinase SGK1 was significantly 

increased in NPCs 24 hours after treatment supporting a regulating function of the GR 

potentially linked to cell proliferation. Interestingly, earlier studies have shown that 

cAMP signaling via PKA activation is able to transactivate the GR thereby stimulating 

antidepressant response [10,141,159,160]. However, the precise mechanisms underlying 

the potential link between ketamine-induced cAMP signaling and the putative impact of 

GR-regulated antidepressant response has to be clarified. 

 

Furthermore, as evidence suggests that inflammation plays a pivotal role in depressive 

disorder, a number of studies have considered that ketamine exerts also anti-

inflammatory effects [29,30,161]. Therefore, I investigated the effect of ketamine on NF-

κB activity using a NF-κB reporter cell line and first exploratory results indicate an anti-

inflammatory effect of ketamine at a concentration of 1 µM as TNF-α-induced NF-κB 

activity was significantly blocked by pretreatment with ketamine. This result is directly 

in line with previous findings showing a suppression of endotoxin-induced NF-κB 

activation at subanesthetic dose of 0.5 mg/kg ketamine in rats [162]. Moreover, others 

have shown that ketamine (0.5 mg/kg, i.v.) decreased proinflammatory cytokines such as 

interleukin (IL)-6 and TNF-α leading to an improvement of depressive symptoms in 

treatment-resistant patients 40 minutes post administration supporting the 

immunomodulating role of ketamine [163]. Therefore, I suggest to investigate the effects 

of proinflammatory stimuli such as TNF-α on iPSC-derived NPCs and the putative 

suppressive effect of ketamine. Furthermore, clarifying a putative role of 

immunomodulating effects of ketamine in regard of its IGF2-dependent proliferative 

effects in NPCs should be considered. 
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Another interesting finding reported by Ho et al. (2018) is that ketamine activates estrogen 

signaling by directly binding to ERα [142]. Although this thesis did not directly investigate 

the putative effects of ketamine on estrogen signaling in NPCs, there are several 

relationships that have to be examined in future studies as sex hormones such as estrogen 

have been shown to stimulate neurogenesis and seem to have neuroprotective 

effects [47,48,164]. Notably, this thesis demonstrated that ketamine induces proliferation 

of human iPSC-derived NPCs via induction of IGF2. Interestingly, earlier studies have 

revealed IGF2 as an estrogen-responsive gene in rat hippocampus and moreover, female 

mice display a significant higher hippocampal basal expression of IGF2 [63,92]. These 

observations imply that activation of estrogen signaling may potentially be involved in 

ketamine-mediated IGF2-dependent proliferative effects. Thus, it should be examined 

whether E2 increases IGF2 expression in NPCs similar to ketamine, a process that may 

contribute to the unique rapid and sustained antidepressant effects [92].  

 

Altogether, human iPSC-derived NPCs provide a powerful model to study non-NMDA 

mediated actions of ketamine. Furthermore, my findings provide insight into a potentially 

novel mechanism responsible for ketamine’s antidepressant effect by inducing cAMP-

IGF2 mediated cell proliferation of NPCs. Finally, further studies are essential to elucidate 

the molecular involvement of cAMP signaling in p11 and BDNF dependent regulation of 

proliferation of NPCs upon ketamine treatment, because both are suggested to play an 

important role in mood disorders and neurogenesis [1,64,93,155]. 
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