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Abstract
Major depressive disorder is a common and devastating psychiatric disorder. While
pharmacotherapy and psychotherapy can be effective, a significant proportion of patients remain treatment resistant. Traditional antidepressants need to be taken for several weeks or months before the therapeutic effects become evident. For treatment-resistant patients, electroconvulsive therapy (ECT) is still the most effective treatment.
Postictal slowing of electroencephalogram (EEG) activity has been associated with the
therapeutic effects of ECT, but the mechanistic basis of this remains poorly studied. For
decades this has encouraged researchers to investigate the antidepressant effects of isoflurane anesthesia with promising, but inconsistent, results. More recently, evidence of
the rapid-acting antidepressant effects of subanesthetic doses of ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonist and a dissociative anesthetic, has sparked
a renewed interest in the development of novel antidepressant therapies. Another
treatment to show positive results is nitrous oxide (N2O), a gaseous anesthetic with
NMDAR antagonist properties. One of the proposed mechanisms of ketamine’s action
is related to its ability to increase glutamatergic signaling, leading to further changes
in synaptic potentiation and in the function of neuronal networks. These changes have
been suggested to involve the actions of brain-derived neurotrophic factor (BDNF) signaling via its receptor TrkB. Downstream of TrkB, the inhibition of glycogen synthase
kinase 3β (GSK3β), the induction of mammalian target of rapamycin (mTOR) mediated protein synthesis, and the consolidation of synaptic changes have been implicated
in ketamine´s actions.
The first aim of this study is to investigate the molecular changes induced by isoflurane anesthesia in the adult mouse hippocampus using phosphoproteomics in the
absence of a priori information. We find that brief isoflurane anesthesia induces 318
phosphorylation changes in a total of 237 proteins. While confirming the phosphorylation alterations on selected proteins, we also discover that various anesthetics, including urethane and ketamine, regulate these targets in a similar manner. In the second
part, we investigate the effects of N2O on molecular signatures implicated in ketamine’s
action. Findings reveal that N2O produces cortical excitation, followed by the rebound
emergence of slow EEG activity following gas cessation, which coincide with the phosphorylation of TrkB, GSK3β and p70S6k (a kinase downstream of mTor). Moreover,
we demonstrate that these pathways become regulated during the postictal period after flurothyl-induced seizures or during slow EEG activity induced by hypnotic agent
medetomidine. Notably, medetomidine is not effective in the learned helplessness test.
Finally, we investigate the dose-dependent changes induced by ketamine in TrkB signaling. An acute administration of sedative-anesthetic doses of ketamine, accompanied
by increases in slow EEG activity, is found to increase the phosphorylation of the investigated pathways. These changes appear independent of ketamine’s metabolite hydroxynorketamine, an agent shown to have antidepressant-like behavioral effects in
rodents.
In conclusion, our results provide novel evidence of a specific brain state characterized by slow EEG oscillations and the activation of molecular pathways implicated
in rapid-acting antidepressant actions. These findings encourage the investigation of
cortical excitation and the subsequent homeostatic increase of slow EEG oscillations as
a fundamental basis of rapid-acting antidepressant treatments.
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Tiivistelmä
Masennus on yleinen psykiatrinen sairaus, joka aiheuttaa mittavaa inhimillistä kärsimystä ja merkittäviä yhteiskunnallisia kustannuksia. Masennusta hoidetaan farmakoterapialla, mutta moni potilaista ei saa merkittävää hyötyä lääkkeistä useiden viikkojen tai
kuukausienkaan käytön jälkeen. Näille hoitoresistenteille masennuspotilaille psykiatrinen sähköhoito on yhä tehokkain hoitomuoto. Yhdeksi sähköhoidon tehoa ennustavaksi tekijäksi on esitetty kouristuksen jälkeisen aivojen hidasaaltotoiminnan lisääntymistä
aivosähkökäyrässä. Ajatus kannusti tutkijoita selvittämään isofluraanilla aikaansaadun
anestesian masennuslääkevaikutuksia jo vuosikymmeniä sitten, mutta tulokset jäivät
epäselviksi. Tuoreemmissa tutkimuksissa on puolestaan toistettavasti havaittu N-metyyli-D-aspartaatti (NMDA) -reseptoreja salpaavan ketamiinin nopea masennusoireita
lievittävä vaikutus. Hiljattain kliinisessä tutkimuksessa on havaittu myös NMDA-reseptoreja salpaavan typpioksiduulin (N2O) masennusoireita nopeasti lievittävä vaikutus.
Isofluraanin ja typpioksiduulin vaikutusten taustalla olevat neurobiologiset mekanismit ovat kuitenkin yhä pääosin tuntemattomia. Ketamiinin vaikutusmekanismiksi on
sen sijaan esitetty glutamatergisen hermovälityksen ja aivokuoren ärtyvyyden lisääntymistä, jonka on ajateltu johtavan muutoksiin synapsien ja hermosolujen toiminnassa.
Näiden vaikutusten on esitetty aiheutuvan aivoperäisen hermokasvutekijän (BDNF)
kohteena toimivan TrkB-reseptorin aktivaatiosta ja sitä seuraavista muutoksista glykogeenisyntaasikinaasi 3β:n toiminnassa ja rapamysiinin mekaanisen kohteen (mTOR)
ohjaamassa proteiinisynteesissä.
Ensimmäisessä tutkimuksessa keskityimme selvittämään isofluraanianestesian aiheuttamia molekulaarisia muutoksia hiiren hippokampuksessa, jonka tutkimisessa hyödynsimme fosfoproteomiikkaa. Havaitsimme 318 fosforylaatiomuutosta 237 eri proteiinissa. Vahvistaessamme havaittuja muutoksia valikoiduissa proteiineissa havaitsimme
monien eri anesteettien, kuten uretaanin ja ketamiinin, aiheuttavan samankaltaisia
muutoksia. Tutkimuksen toisessa osassa selvitimme N2O:n vaikutuksia ketamiinin säätelemiin solusignalointimekanismeihin hiiren etuaivokuorella. Ilokaasualtistuksen aikana havaittiin hermoston aktiivisuuteen liitettyjen merkkiaineiden lisääntymistä. Annostelun päätyttyä aivosähkökäyrässä havaittiin voimistunutta hidasaaltotoimintaa, jonka
aikana kerätyissä aivonäytteissä havaittiin TrkB-välitteisen signaloinnin lisääntyneen.
TrkB-signalointi lisääntyi myös näytteissä, jotka kerättiin flurotyylin aiheuttamien kouristuksien tai hidasaaltotoimintaa suoraan lisäävän medetomidiinin annostelun jälkeen.
Medetomidiini ei kuitenkaan aiheuttanut masennuslääkkeille tyypillisiä käyttäytymisen
muutoksia ns. opittu avuttomuus -mallissa. Lopuksi selvitimme ketamiinin annosriippuvaisia vaikutuksia TrkB-signalointiin hiiressä. Anesteettiset ketamiiniannokset lisäsivät aivosähkökäyrän hidasaaltotoimintaa, jonka aikana kerätyissä näytteissä havaittiin
TrkB-signalointipolun aktivoituneen. Ketamiinin aiheuttamat muutokset näihin solusignalointimekanismeihin eivät näyttäisi olevan riippuvaisia sen metaboliatuotteesta
hydroksinorketamiinista, jolla on esitetty olevan masennuslääkevaikutuksia koe-eläimiin.
Tutkimustuloksemme viittaavat siihen, että hidasoskillaatioilla ja ketamiinin vaikutuksiin liitetyillä solusignalointimuutoksilla olisi yhteys. Lisäksi tulokset kannustavat
selvittämään, ovatko aivokuoren ärtyvyys ja sitä seuraava hidasaaltotoiminnan lisääntyminen nopeavaikutteisten masennuslääkkeiden yhteinen ominaisuus.
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1 INTRODUCTION

D

epression is a disabling condition suffered by almost 350 million people

worldwide (Smith, 2014). It produces immense individual suffering and
is responsible for a large part of the total burden of nervous system disorders.
Monoaminergic antidepressant drugs and psychotherapy constitute the main
line of therapy against depression. The beneficial effects of traditional antidepressant effects typically become evident after weeks or months of continuous medication, but a significant number of patients do not respond to these
treatments at all (Fava, 2003; Trivedi et al., 2008). For these treatment-resistant
patients, interventions like electroconvulsive therapy (ECT) are often effective
(Fink, 2001). However the use of ECT is limited by available resources, cognitive side-effects (Nuninga et al., 2018), and disrepute among the general public
(Sienaert, 2016).
The discovery of the rapid-acting antidepressant effects of ketamine (Berman et al., 2000), an N-methyl-D-aspartate receptor (NMDAR) antagonist and
a dissociative anesthetic, has brought renewed interest in the development of
novel antidepressant drugs with a rapid onset of action. Ketamine produces a
rapid and robust amelioration of depressive symptoms in many patients, with
the effects often beginning within hours of a single intravenous infusion (Walter et al., 2014). The antidepressant effects of ketamine, however, only last from
a couple of days to a few weeks. Moreover, ketamine is a drug of abuse (Dillon
et al., 2003), which has undeniably limited its widespread clinical use.
Intriguingly, other anesthetic drugs have also displayed rapid-acting antidepressant properties in some clinical trials (Langer et al., 1995; Mickey et al.,
2018; Nagele et al., 2015). These trials have reported similar treatment effects
to ECT without some of the cognitive side effects. While several different molecular mechanisms and cellular signaling pathways have been implicated in
the rapid-acting antidepressant effects of ketamine, the neurobiological basis
of these effects remains obscure. Thus, further understanding of the molecular
mechanisms behind the rapid antidepressant action of ECT and ketamine, as
well as other anesthetics, will provide tools for both refining current practices
and for the discovery of novel somatic and pharmacological treatments.
The literature review in this thesis briefly describes the history of antidepressants and associated theories of depression to provide a foundation for
discussing the latest scientific knowledge regarding rapid-acting antidepressants. The experimental findings provide novel insights into the neuropharmacological mechanisms of anesthetic drugs and their putative associations with
rapid-acting antidepressant effects.
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2 REVIEW OF THE LITERATURE
2.1

Major depressive disorder

M

ajor depressive disorder (MDD) is the most common mood disorder

in the world (Smith, 2014), causing immense individual suffering and
impairment of social and occupational functioning (Whiteford et al., 2013).
It is a significant risk factor for suicide (Chesney et al., 2014) and one of the
biggest contributors to the economic burden caused by diseases (Olesen et al.,
2012). The estimated lifetime prevalence of MDD is close to 15% (Bromet et
al., 2011), and the World Health Organization has predicted that MDD will
become the most burdensome disease in the world within this century (Moussavi et al., 2007).
Major depressive disorder is a complex pathology with many levels of different symptoms and multiple possible contributing etiological factors, such
as stress (Kendler et al., 1999), inflammation (Vogelzangs et al., 2012), cognitive and emotional factors (Joormann & Siemer, 2011), genetic predisposition (Dunn et al., 2015), and developmental processes (Whittle et al., 2014).
Moreover, environmental factors such as maltreatment during childhood have
been strongly associated with a substantially increased risk of depression in
adulthood (Li et al., 2016). Depression shares features with normal emotional
responses of sadness and grief, but in MDD these feelings become disproportionate to their cause and are not relieved despite the alleviation of external
causes (Belmaker & Agam, 2008). Major depressive disorder is characterized
by at least one depressive episode lasting for a duration of at least two weeks
(Otte et al., 2016). During a depressive episode, distinctive changes in mood
and loss of interest and/or pleasure in daily activities take place along with alterations in cognitive functioning, which may manifest as a diminished ability
to think or concentrate. The heterogeneity of the disorder is further demonstrated by varying and sometimes opposing symptoms, such as weight loss or
weight gain and insomnia or hypersomnia (van Loo et al., 2012). Importantly, sleep disturbances are very commonly associated with depressive disorders
(Riemann et al., 2001).
Major depressive disorder is most prevalent in adults aged 18 to 64 years,
with a median age of onset in the 20s (Kessler et al., 2003, 2012). Depressive
episodes, however, may appear at almost any age. Childhood depression is
rarely diagnosed partly due to a lack of research and proper criteria. Typically,
the first diagnosis is made during adolescence or early adulthood (Egger &
Angold, 2006). When compared to adolescents (13-17 years) or older adults
(65+ years), adults (18-64 years) are twice as likely to be diagnosed with MDD
2

(Kessler et al., 2003, 2012). In addition, women are much more likely to be diagnosed with MDD than men regardless of the age group in question.
While major advances in understanding the complex neurobiological
mechanisms behind MDD have been made, no complete mechanisms have
been established that would explain all aspects of the disease. This is exemplified by the fact that the clinical diagnosis of depression and the treatments
in use are still lacking objective biomarkers (Jentsch et al., 2015). Among the
functional and structural alterations that have been associated with MDD are
reductions in hippocampal volumes (Kempton, 2011), changes in the activity
or connectivity of neuronal networks (Menon, 2011), alterations in inflammatory activity (Nusslock & Miller, 2016), and the dysregulation of brain metabolism and sleep (Breslau et al., 1996; Germain et al., 2004).
Several pharmacological and non-pharmacological treatment options exist for MDD. The most widely used pharmacotherapy is per os medication with
selective serotonin/noradrenalin reuptake inhibitors (e.g. SSRIs and SNRIs),
but only 35-50% of patients receive benefits from these drugs (Murrough &
Charney, 2012; Trivedi et al., 2006, 2008). A significant portion of patients do
not exhibit a favorable response to treatment with one or more antidepressants,
and are categorized as having treatment-resistant depression (Fava, 2003). For
the patients that do respond to antidepressant treatment, a significant delay
exists between the initiation of pharmacotherapy and full remission. Moreover,
chronically depressed patients may only begin to respond after 8 to 10 weeks of
drug treatment (Keller et al., 1998). Notably, the improvement achieved with
traditional antidepressants has been suggested to be minimal in milder forms
of depression (Fournier et al., 2010).
Besides traditional pharmacotherapy, psychotherapy is also commonly used in treating MDD. Psychotherapy is generally estimated to be equally
as effective as pharmacotherapy in treating MDD (Amick et al., 2015), and
non-pharmacological therapies may be particularly helpful in preventing
recurring depression (Clarke et al., 2015). Any direct comparison between
non-pharmacological and pharmacological treatments is difficult due to methodological differences. Psychotherapy is rarely used alone in treating severe depression, but it may be combined with pharmacotherapy (Depression. Current
Care Guidelines, 2016). On the other hand, psychological interventions may
hold particular promise in treating subclinical depression and preventing the
onset of major depressive disorder (van Zoonen et al., 2014).
Different neurobiological hypotheses of depression have been proposed
over the years, including impaired monoamine neurotransmission, altered activity of the hypothalamic-pituitary-adrenal (HPA) axis, neuroinflammation
(Nusslock & Miller, 2016), impaired neurotrophic signaling and plasticity
3

(Duman et al., 1997), and impaired neuronal network wiring (Castrén, 2013).
However, these hypotheses are not mutually exclusive, and each may contribute to different aspects of the disease. As will be elaborated upon in the following chapters, many of these hypotheses have been generated along with
the accumulation of understanding of the mechanisms of action of traditional
antidepressant drugs or through serendipitous clinical observations.

2.1.1 A brief history of antidepressants
Since ancient times, psychiatric ailments have been treated with natural remedies. Some of these phytotherapeutics, like Hypericum perforatum (St. John’s
Wort) (Istikoglou et al., 2010), are still in use and have been shown to produce
some antidepressant effects in modern clinical trials (Linde et al., 2005). The
plant Papaver somniferum, a source of opium and morphine, has a history of
medical use that likely dates back to ancient times, as witnessed by archeological findings of Minoan artefacts (Askitopoulou et al., 2002). More documented uses of opium for melancholia are from the 18th century (Weber &
Emrich, 1988). Among one of the earlier somatic treatments for depression is
sleep deprivation, which essentially consists of depriving depressed patients of
sleep. The first written accounts of sleep deprivation as a putative treatment for
melancholia date back to the first half of the 19th century and were the work
of psychiatrist Johann Christian August Heinroth (Steinberg & Hegerl,
2014). Clinical experiments of using sleep deprivation were carried out in later
decades (Schilgen & Tölle, 1980). Sleep deprivation therapy is still in use in
some countries.
The accounts of experimental seizure-provoking treatments for psychiatric disorders date back to the 1930s (Kalinowsky, 1986). Like all previous
therapies, these methods were discovered not by understanding the etiology
of the disease, but by the clinical observation of psychiatric patients. Insulin
coma therapy, championed by Manfred Sakel, was practiced from 1933 until the late 1950s (Crammer, 2000; Jones, 2000; Shorter, 2009). In this form of
therapy, psychiatric patients were put into a hypoglycemic coma using high
doses of insulin. After waking up from the coma, patients were often agitated
and sometimes experienced generalized convulsions (Kral & Laponte, 1956).
During the 1930s, another new therapeutical concept was developed based on
the idea of seizures having therapeutic effects. This new treatment was coined
convulsive therapy and it was introduced mainly by the Hungarian psychiatrist
Ladislas von Meduna, who experimentally induced seizures using camphor
and pentylenetetrazol in psychiatric patients (Fink, 2001). Meduna’s idea of the
therapeutic effects of convulsive therapy was based on the observations that
spontaneous seizures, such as those occurring after barbiturate withdrawal,
4

often resulted in the temporary loss of psychotic symptoms in schizophrenic
patients (Kalinowsky, 1986). The results from using electricity to produce similar convulsions in animals were first reported in an English journal by Lucio
Bini (1938), the student of Ugo Cerletti, and the first patient trials soon
followed (Aruta, 2011; Cerletti & Bini, 2018). The positive observations from
early trials led to the development of ECT as an easier, less expensive, and safer
alternative to chemical seizure therapies. In general, convulsive therapies were
first used to treat schizophrenic patients, but they were later found out to be
very effective for depression as well (Kalinowsky, 1986). After the establishment of ECT, chemical seizure therapies continued to be experimented with
in the 1950s. Among novel agents used for inducing seizures was the volatile
convulsant flurothyl (Esquibel et al., 1957), which demonstrated effects similar
to ECT (Fink, 2014). Insulin coma therapy, however, was withdrawn in the
late 1950s and has been discredited by some as a passing medical fad without
proper scientific basis (Jones, 2000).
At the end of the 19th century Paul Erlich, who synthesized the arsenic medicine arsphenamine for syphilis, first articulated the idea that chemical substances might have specific actions on disease processes (Winau et
al., 2004). He described these new pharmacotherapies as “magic bullets” that
could act specifically on infections without affecting rest of the body. Following these lines, the views on how psychiatric drugs worked also changed in the
1950s (Moncrieff, 2008). In the previously dominant drug-centered perspective, psychiatric drugs were inducers of abnormal states such as sedation or
stimulation, and these states were considered useful in some manifestations of
psychiatric conditions. These views gave way to the new disease-centered view,
in which drugs were seen to treat the underlying causes of the disease, and thus
classes of drugs like antipsychotics and antidepressants were coined.
The development of the first so-called antidepressant drugs began in the
1950s, when the available pharmaceuticals for treating psychiatric disorders
were few (Moncrieff, 2008). Medications against depression were mostly limited to amphetamine, which had been marketed for the treatment of mild
depression since 1935 (Guttmann & Sargant, 1937), and opiates, which were
used historically for many psychiatric conditions (Weber & Emrich, 1988). A
completely new perspective on antidepressant development was fueled by the
serendipitous discovery of the antidepressant effects of the anti-tuberculosis
agent isoniazid (Pletscher, 1991). A drug with a very similar chemical structure,
iproniazid, became the first pharmaceutical to be marketed solely for treating
depression. It was thought to do so by inhibiting the action of the enzyme
monoamine oxidase (MAO), responsible for the degradation of monoamines.
This discovery was soon followed by a wave of novel monoamine oxidase in5

hibitors and tricyclic antidepressants, the first of the tricyclic drugs being imipramine. Along with the new antidepressants, the discovery of the antipsychotic
drug chlorpromazine has been credited with having led the way to a new era
in the treatment of mental disorders. Furthermore, these new drugs played an
important role in replacing rudimentary neurosurgical procedures and also led
to a decline in the use of convulsive therapies (Kalinowsky, 1986).
The introduction of the first line of psychiatric medications, the advancing understanding of the function of synapses, and the discovery of the spectrophotofluorimeter triggered the development of neuropharmacology in the
mid-1950s (Ban, 2001). During the following decades, dozens of new antidepressants were developed following the basic pharmacological principle called
the monoamine theory of depression (Hirschfeld, 2000). The scientific advances
in receptor binding assays allowed further sophistication in drug development
(Ban, 2001). The advent of modern antidepressant drugs became most evident
with the work that led to the discovery of fluoxetine in the 1970s (Perez-Caballero et al., 2014). As a selective serotonin reuptake inhibitor (SSRI), fluoxetine
had a much tolerable pharmacodynamic profile than the previous generation
of antidepressants and proved to be a massive commercial success. The efficacy
of fluoxetine suggested that selective regulation of serotonergic neurotransmission had antidepressant effects, and soon after, several new drugs appeared on
the market with a similar mechanism of action. In the 1980s, the identification
and separation of receptor subtypes along with genetic technology paved the
way for more tailor-made antipsychotics and antidepressants (Ban, 2001). Today, molecules with slightly different receptor profiles and milder side effects
are continuously being developed, but the efficacy of antidepressant drugs has
not improved since the discovery of tricyclic antidepressants (Figure 1) (Cipriani et al., 2018; Undurraga & Baldessarini, 2017).
While the monoaminergic hypothesis of depression dominated the field
for decades, some other lines of investigation were also carried out. In the
1960s, some clinical reports described the anxiolytic and antidepressant effects of gamma hydroxybutyrate, now known to act on both GABAB (gamma-aminobutyric acid B) and GHB (gamma hydroxybutyric acid) receptors
(Bosch et al., 2012). Early work with ketamine and psychedelic drugs hinted
of their potential in psychiatric use, but the research was more qualitative than
quantitative in nature (Clark, 1975; Clark, 1977; Khorramzadeh & Lotfy, 1973;
Wolfson & Wolfson, 2014), and was often performed in incoherent ways. In the
1980s and 1990s, pilot clinical experiments sought to examine the idea that the
postictal silencing and burst-suppressing electroencephalogram (EEG) activity, also seen after ECT seizures, might produce antidepressant effects instead
the seizure itself. These EEG changes seen after ECT, essentially short periods
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Figure 1. Overview of antidepressant developments. MAOI, monoamine oxidase

inhibitor; TCA, tricyclic antidepressant; SSRI, serotonin reuptake inhibitor; SNRI, serotonin and noradrenaline reuptake inhibitor; NRI, noradrenaline reuptake inhibitor;
NDRI, noradrenaline and dopamine reuptake inhibitor; NASSA, noradrenergic and
specific serotonergic antidepressant; MT, melatonin receptor.

of high-amplitude low-frequency bursts of activity, can be achieved with deep
isoflurane anesthesia. This pharmacologically induced EEG burst-suppression
produced by isoflurane was found to elicit antidepressant responses in patients
suffering from major depression (Langer et al., 1985; Carl et al., 1988; Engelhardt et al., 1993; Langer et al., 1995). While the results from these trials were
promising, showing treatment effects comparable to ECT with fewer cognitive
side-effects, some groups reported limited or no beneficial effects from volatile
anesthetics (Greenberg et al., 1987; García-Toro et al., 2001). Due to conflicting results and the lack of animal research, these studies did not gain much
attention until recently, when Weeks et al. (2013) replicated some of Langer’s
initial work by demonstrating the antidepressant effects of isoflurane in a small
open-label trial.
The rapid advances in understanding the nervous system along with new
developments in the basic tools of molecular biology opened new perspectives in examining antidepressant effects in preclinical research. The discovery
of nerve growth factor (NGF) in the early 1950s by Rita Levi-Montalcini
and Viktor Hamburger (Levi-Montalcini & Hamburger, 1951) was followed
decades later by the discovery of brain-derived neurotrophic factor (BDNF)
(Barde et al., 1982). These neurotrophins were found to have essential roles
in mediating the development of the nervous system (Davies, 1994; Huang
& Reichardt, 2001), but also in mediating neuronal plasticity in the adult
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brain (Poo, 2001; Thoenen, 1995). Moreover, the discovery of neurotrophins
paved the way for the seminal work done by Ronald Duman and colleagues,
who demonstrated that monoaminergic antidepressants and electroconvulsive shock (ECS; a rodent model of ECT) produced gradual increases in the
synthesis of BDNF in the hippocampus and cortex of rodents (Nibuya et al.,
1995). Taken together, these discoveries led to the presentation of a molecular
and cellular theory of depression, with the regulation of neurotrophic factors
and neuronal plasticity by antidepressants being one of the key mechanisms
of action (Duman et al., 1997). Since then, some scientists have suggested that
traditional antidepressants act as “plasticity enhancers” capable of reactivating
sensitive period-like plasticity and brought up questions about the importance
of psychotherapy in conjunction with antidepressants (Castrén, 2013; Castrén
& Hen, 2013).
The work of Phil Skolnick and colleagues linked antidepressant-like behavioral outcomes in animal models to NMDARs (Trullas & Skolnick, 1990).
In another study, a link between the chronic administration of traditional antidepressants and alterations in NMDAR subunit messenger RNA (mRNA) expression was discovered (Boyer et al., 1998). Following these findings, a major
breakthrough in depression research came with a clinical study that demonstrated the rapid-acting antidepressant effects of subanesthetic ketamine (Berman et al., 2000). Ketamine was not only found to provide rapid amelioration
of depressive symptoms, but to have efficacy in treatment-resistant and suicidal
MDD patients. These findings marked a shift in approaching the pharmacological basis of antidepressant effects from monoaminergic neurotransmission to
glutamatergic neurotransmission. Importantly, the fact that ketamine, also a
drug of abuse, could be administered in small dosages that elicited only minor
psychoactive effects was promising for the development of non-psychoactive
novel molecules. In the following decades, a myriad of drug candidates targeting glutamatergic neurotransmission emerged, but they have had relatively
little clinical success so far. The preclinical studies of ketamine have, however,
strengthened the association of neurotrophic signaling, synaptogenesis, and
neurogenesis with the mediation of antidepressant effects (Duman & Aghajanian, 2012; Ma et al., 2017).
Evidence of other putative rapid-acting antidepressants besides ketamine
have emerged in the recent years. One small pilot study recently demonstrated
the promising rapid-acting effects of the anesthetic gas nitrous oxide (N2O) in
the treatment of MDD (Nagele et al., 2015). Even more recently, psychedelic
drugs like psilocybin, targeting the 5-hydroxytryptamine receptor 2A (5-HT2A),
have regained attention regarding their role in the treatment of psychiatric
disorders. The most recent evidence regarding psilocybin comes from a pilot
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clinical trial where the drug was found to produce rapid and long-lasting antidepressant effects in a small sample of MDD patients (Carhart-Harris et al.,
2016). Along with these findings and the re-introduction of psychedelic drugs
to modern neuroscience, old perspectives on the importance of the psychological experience in a therapeutic context have been brought back into modern
discussion (Carhart-Harris et al., 2018).

2.1.2 Major hypotheses of depression and antidepressant action
The monoamine hypothesis of depression has unarguably had the largest impact on the research of antidepressant drugs and depression to date. This hypothesis was formulated following several different converging observations
regarding the role of monoamines and especially serotonin in brain function
and drug action. Intriguingly, one of the key drivers for this progress was the
surge in scientific research conducted with the then recently discovered lysergic acid diethylamide (LSD), which was found to block the effects of serotonin
on peripheral receptors and to cause strong hallucinogenic effects in humans
(Woolley & Shaw, 1954). However, before the role of serotonin in the brain was
discovered, the pharmacological properties of serotonin were mostly associated
with its ability to cause smooth muscle contractions and subsequent vasoconstriction – hence the term serotonin, or “serum tonic”. Vittorio Erspamer
extracted a compound from enterochromaffin cells and named it enteramine in
1937 (Ersparmer & Viallu, 1937). Later, it was found to be the same compound
as serotonin (Erspamer & Asero, 1952), which was separately discovered by
Maurice Rapport and colleagues (Rapport et al., 1948) and characterized
as 5-hydroxytryptamine (5-HT) (Rapport, 1949). Just a few years after the discovery of serotonin, Woolley and Shaw (1954) first speculated that the mental
aberrations produced by LSD were the result of the substance interfering with
the function of serotonin in the brain. While vivid debates on the role of serotonin in the central nervous system were launched (“The Role of Serotonin in
the Central Nervous System,” 1956), the notion of chemical transmission in the
brain prevailed, and monoaminergic neurotransmitters began to be considered
crucial for controlling brain activity (Gaddum, 1963).
Findings related to the drug reserpine, an antihypertensive drug extracted
from the plant Rauwolfia serpentina, formed another important link between
noradrenaline, serotonin, and depression (Pletscher, 1991). Reserpine was
found to inhibit vesicular monoamine transporters (VMAT) responsible for
the transport of intracellular monoamine transmitters into presynaptic vesicles
and to deplete the brain of monoamines in large doses (Brodie et al., 1955),
precipitating depressive symptoms in some individuals (Muller et al., 1955).
Both serotonin and reserpine were found to act as sedatives in mice and could
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potentiate the action of other hypnotic drugs. These effects could be counteracted by pretreating the animals with LSD (Shore et al., 1955). Noradrenaline
could not be ruled out as a mediator either, since the precursor to noradrenaline, dihydroxyphenylalanine, has been effective in reversing reserpine induced
effects in animals (Carlsson et al., 1957).
Another line of evidence came along with the discovery of the euphoric and stimulating effects of the tuberculosis drugs isoniazid and iproniazid
(Crane, 1956). Iproniazid was discovered to act as an inhibitor of monoamine
oxidases (MAOI), which are enzymes responsible for the oxidative deamination, or inactivation, of free intracellular monoamine neurotransmitters. Essentially, pre-administration of iproniazid was found to reverse the action of
reserpine by sparing cytosolic monoamines from inactivation and turning
reserpine’s sedative effects into stimulation (Pletscher, 1991). These findings
were well in line with the notion that increasing the synaptic concentrations of
monoamines led to the relief of depressive symptoms, and these observations
were one of the key factors in the development of the monoamine hypothesis
(Bunney & Davis, 1965; Hirschfeld, 2000; Schildkraut, 1965). In particular, the
monoamine hypothesis proposed that depression is a disease manifested by
reduced levels of noradrenaline, dopamine, and/or serotonin in the brain, and
that this could be counteracted by the inhibition of the enzyme responsible for
breaking down these substances.
The discovery of the antidepressant effects of imipramine, the first of many
antidepressant drugs with a tricyclic structure, did not at first fit into the initial monoamine theory since it only marginally affected MAO enzymes (Pletscher, 1991). Imipramine was originally developed as a sedative anxiolytic for
use in agitated psychotic patients. Its use as an anxiolytic was unsuccessful
because it had the tendency to provoke manic effects, but patients with depression showed remarkable stimulation and relief (Kuhn, 1958). After the
serendipitous discovery of its antidepressant potential, imipramine was found
to inhibit the reuptake of noradrenaline and serotonin, with lower doses acting as stimulant and higher doses producing sedation in animals (Maxwell &
Palmer, 1961). A number of drugs were produced based on the tricyclic structure following imipramine, and these had potent effects on both serotonin and
noradrenaline (Hillhouse & Porter, 2015; Owens et al., 1997). Tricyclic antidepressants, however, possess a number of off-target effects to muscarinic, adrenergic, and histaminergic receptors that lead to a wide variety of unwanted side
effects, such as sedation, dry mouth, blurred vision, and hypotension (Gillman, 2007). In the 1960s, evidence from a postmortem study indicated that
the levels of serotonin in the hindbrain were decreased in depressed patients
that had conducted suicide (Shaw et al., 1968), and other studies indicated the
10

mood-promoting effects of the serotonin precursor tryptophan in conjunction
with MAOIs (Coppen et al., 1963; Pollin et al., 1961). These and other studies
further advanced understanding of the role of serotonin in mediating mood.
To combat both the side effects of tricyclic antidepressants and the primary target of rational drug design, the development of more pharmacologically
specific drugs began. Indeed, drugs such as fluoxetine, sertraline, and citalopram addressed some issues of safety and tolerability by being more selective
to serotonin reuptake inhibition without potent off-target effects (Owens et
al., 1997). Following the success of SSRIs, drugs that selectively target noradrenaline reuptake inhibition (NRIs), like reboxetine, or drugs that target
serotonin and noradrenaline reuptake (SNRIs), like duloxetine, were also been
developed. In addition, a group of drugs labeled as atypical antidepressants
have primary targets other than the regulation of serotonin and/or noradrenaline. This class consists of a wide variety of drugs with targets varying from
noradrenaline and dopamine reuptake inhibition (NDRIs, e.g. bupropion)
to noradrenergic and specific serotonergic antidepressants (NaSSAs, e.g. mirtazapine) and melatonin receptor agonists (e.g. agomelatine). Despite the triumph of more selective antidepressants, some tricyclic antidepressants are still
in active clinical use and their antidepressant effects are comparable to SSRIs
(Cipriani et al., 2018; Undurraga & Baldessarini, 2017).
The monoamine hypothesis continued to gather strong support until the
last few decades, when contradicting hypotheses and evidence surfaced. For
example, more recent evidence indicates that monoamine depletion in healthy
subjects does not provoke episodes of depression (Salomon et al., 1997), and
that the depletion of monoamines or tryptophan levels does not increase depressive symptoms in MDD patients without medication (Berman et al., 2002).
In a meta-analysis of monoamine depletion studies, decreased mood was
demonstrated only in patients with a family history of MDD and in patients
who are not currently on medication and have MDD in remission (Ruhé et al.,
2007). This meta-analysis also concluded that these depletion studies fail to
demonstrate a causal relationship between monoamine depletion and MDD. It
is, however, possible, that different paradigms of depletion and prolonged depletion periods could have more pronounced effects in provoking depression.
Another line of evidence against the monoamine hypothesis of depression comes from the acute pharmacological action of antidepressant drugs.
Since most of these drugs elicit their effects on synaptic concentrations of
monoamines within hours of drug administration, antidepressant effects
could be expected to be almost immediate. However, the antidepressant effects become evident only after weeks or months of continuous treatment. For
example, in a trial by Glassman and Platman (1969), treatment with MAOI
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and tryptophan had an onset of 7 to 21 days, though the treatment is expected
to produce an immediate increase of serotonin in most brain areas. This delay
in antidepressant effects is a critical concern in clinical practice, where patient compliance is important and suicidal symptoms are sometimes present.
Moreover, it is well known that the adverse effects of antidepressants often
manifest rapidly after treatment initiation, which further indicates immediate
effects on monoamines. Another clinically relevant problem is that many patients do not respond to any traditional antidepressant treatments, but remain
pharmaco-resistant. Were depression a disease only dictated by insufficient
monoamine activity in the sense of the traditional hypothesis, relief would be
achieved by increasing monoamines with the many means available to clinicians today.
The growing body of evidence against the monoamine hypothesis has
encouraged researchers to look for new neurobiological clues that could explain antidepressant effects beyond monoamines. Refinements to the original
hypothesis have also been made, such as the addition of new mechanistic
layers including the regulation of monoamine receptor dynamics (Charney et
al., 1981; Zemlan & Garver, 1990). A hypothesis born out of these new ideas
proposed that the regulation of neurotransmitter release by serotonin autoreceptors is crucial in explaining the delayed onset of action of antidepressant
drugs (Blier & de Montigny, 1994; Stahl, 1998). These receptors are located
not only on the postsynaptic terminal, but also in the cell body, as in the case
of 5-HT1A receptors (Hannon & Hoyer, 2008; Sprouse & Aghajanian, 1987;
Weissmann-Nanopoulos et al., 1985), or in the vicinity of presynaptic axon
terminals, as in the case of 5-HT1D receptors (Hannon & Hoyer, 2008; Hoyer
& Middlemiss, 1989; Waeber et al., 1990), where they have regulatory roles
in controlling neuronal activity and transmitter release. The stimulation of
5-HT1A autoreceptors located in the raphe nucleus, where most serotonergic
neuronal cell bodies reside, decreases the firing of these neurons and thus reduces the amount of 5-HT released from neuronal projections (Rutter et al.,
1995; Sprouse & Aghajanian, 1987), a phenomenon known to happen during
physiological activity and acutely after SSRI treatment (Bel & Artigas, 1992;
Chaput et al., 1986; Invernizzi et al., 1992). Chronic treatment with SSRIs,
however, results in the desensitization of 5-HT1A receptors, which leads to the
disinhibition of neuronal activity and increased serotonergic neurotransmission. Indeed, increased levels of extracellular 5-HT have been observed in
some chronic studies (Bel & Artigas, 1993; Rutter et al., 1994), but not in all
(Hjorth & Auerbach, 1994). Following this idea, it has been suggested that the
continuous presence of SSRIs might be important to maintain high enough
extracellular 5-HT levels for the therapeutic effects (Invernizzi et al., 1996).
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Intriguingly, many antidepressant drugs with atypical pharmacological profiles that do not easily fit the confines of even the refined monoamine hypothesis have also been discovered. Some of these drugs, such as tianeptine and
mianserin, date back to the 1960s, while others have been developed more recently, like mirtazapine and agomelatine. For example, tianeptine does not
inhibit serotonergic, dopaminergic, or noradrenergic transporters or receptors,
but may in fact increase serotonin uptake (Kasper & McEwen, 2008; Mennini
et al., 1987). Interestingly, tianeptine’s main action has been proposed to be
mediated through μ-opioid receptors (MOR) (Gassaway et al., 2014; Samuels
et al., 2017). Moreover, many antidepressants are prescribed today for a variety of conditions ranging from obsessive compulsive disorder to social phobia
and post-traumatic stress disorder (Schatzberg, 2000), which has prompted
discussion on the validity of calling these drugs antidepressants (Lara & Souza,
2001). Novel therapeutic approaches have been warranted, and the development of new drugs based on old principles have been discouraged by some
researchers (Agid et al., 2007).
Alternative views on the importance of monoamine transmission in the
mechanism of action of antidepressants have also been expressed. For example, Heninger et al. (1996) state that monoaminergic systems are more modulatory in nature and may interact with other systems to produce antidepressant effects. They proposed that antidepressant effects may manifest through
the modulation of different systems, for example, by affecting glutamatergic
neurotransmitters and normalizing the function of the HPA axis, by altering
neurotrophin signaling, or through effects on immune systems and various
intracellular cascades. Indeed, many of these areas of research have gathered
increasing attention in the last decades. Some researchers have also proposed
the idea of serotonin playing a completely opposite role, so that serotonin
transmission is in fact increased in depression (Andrews et al., 2015).
Abnormalities in the activity of the HPA axis have been proposed to play
a key role in the etiology of depression (Ehlert et al., 2001; Gold & Chrousos,
2002; Gold et al., 1988; Holsboer, 2000; Merali, 2004). Essentially, stress-causing stimuli lead to the activation of the autonomic sympathetic nervous system
and the HPA axis. While the autonomic nervous system is responsible for the
acute and rapid stimulation of adrenaline secretion by the adrenal glands, the
HPA axis uses corticotropin releasing factor (CRF) as its first-line messenger
(Chrousos & Gold, 1998). Corticotropin releasing factor is released from the
paraventricular nucleus of the hypothalamus and further stimulates the release
of adrenocorticotropic hormone (ACTH) from the pituitary, which results in
the synthesis and release of the glucocorticoid hormone cortisol (corticosterone
in rodents). Glucocorticoids serve several functions, from catabolic action to
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the suppression of the immune system. Most importantly, glucocorticoids play
a key role in the homeostatic regulation of stress responses. A study investigating the pituitary volume of treatment-naive pediatric patients found that MDD
patients had significantly larger pituitary gland volumes than healthy controls.
The biggest differences were observed in boys suffering from nonfamilial MDD
(MacMaster et al., 2006)
While normal responses to stress, as regulated by the HPA axis, are typically adaptive and help an organism to cope with stress-inducing situations, excessive and prolonged stress responses can have harmful effects. For example, early life stress has been reported to cause changes in the ability of the HPA axis to
respond to stress during adulthood and is associated with an increased risk of
psychiatric disorders (Heim et al., 2008; Martins et al., 2011). In addition, the
incidence of major depressive episodes is associated with more frequent stressful life events (Hammen, 2005). During chronic stress, glucocorticoid levels
are elevated, which can produce atrophic changes in the hippocampus. This is
supported by findings that depression duration predicts hippocampal volume
loss in otherwise healthy women (Sheline et al., 1999). Additional evidence
has been found in studies detecting decreased neurogenesis, synaptogenesis,
and dendritic spines in relation to stress (Egeland et al., 2015). Moreover, patients who suffer from Cushing’s syndrome, characterized by abnormally high
levels of circulating cortisol, often show depressive symptoms and atrophic
changes in the hippocampus (Starkman et al., 1992; Starkman & Schteingart,
1981). However, not all patients display abnormalities in the HPA axis, while
some types of depression are overrepresented when HPA changes are examined (Stetler & Miller, 2011).
A systematic review looking at atypical and melancholic depressive subtypes found that melancholic depression is especially associated with increased
cortisol levels (Juruena et al., 2018). Elevated cortisol in depression may be
caused by issues at different levels of regulation, including impairment of the
negative feedback from glucocorticoid receptors (Boero et al., 2018), increased
responsiveness of the adrenal glands to circulating ACTH, and the abnormal
secretion of CRF. Taken together, these findings have encouraged investigators to seek potential targets of drug development. In animal studies, centrally
administered CRF has been reported to reduce exploratory behavior in novel
environments and to cause stress-induced freezing behavior, among other behavioral changes (Dunn & Berridge, 1990), while CRF antagonists have been
found to reverse some of these outcomes (Heinrichs et al., 1995). Antagonists
targeting glucocorticoid and CRF receptors have been developed and tested
for treating depression and anxiety disorders among other uses, but such drugs
have not yet entered the market. While some positive results have been report14

ed with CRF1 antagonists attenuating stress responses in primates (Habib et
al., 2000) and reducing the effects of chronic mild stress in behavioral paradigms of mice when combined with fluoxetine (Ducottet et al., 2003), CRF
antagonists have failed to produce antidepressant-like behavioral effects in rats
tested with the forced swim test (FST) (Jutkiewicz et al., 2005).
The forced swim test is one of the most widely used behavioral models in
the characterization of monoaminergic antidepressants, in which a rodent is
placed in a beaker filled with water, unable to escape from the water and the
confined space. The injection of an antidepressant drug prior to the testing typically results in an increased time spent actively swimming before settling for
passive floating. This effect is typical to most monoaminergic antidepressants
and has served as an excellent predictor of antidepressant potential in new
drug candidates, since up to 90% of clinically effective antidepressants show
significant results in the FST (Borsini & Meli, 1988). This test, however, may
not be optimal for measuring putative antidepressants with novel mechanisms
of action. Comprehensive clinical trials may be required to further assess the
potential of CRF antagonists in depression.
The wide array of non-antidepressant applications of antidepressant drugs
and the discovery of the regulation of neurotrophic factors by antidepressants
formed the basis for the neurotrophin hypothesis of depression (Figure 2).
This important hypothesis revolves around the idea of depression being the
consequence of insufficient neurotrophic signaling, leading to impaired connectivity and survival of neurons especially in brain areas important for mood
regulation (Duman et al., 1997). This hypothesis is supported by the preclinical
findings that stress and glucocorticoid injections could decrease the expression
of BDNF and promote atrophy of hippocampal neurons (Smith et al., 1995),
while chronic antidepressant treatment (Dwivedi et al., 2006), ECS (Nibuya et
al., 1995), or exercise (Russo-Neustadt et al., 1999) could prevent this downregulation in rodents. Subsequently, neurotrophic factors and plasticity-related signaling pathways became a major branch of depression research.
Indeed, continuous antidepressant administration to rodents subjected
to chronic stress can reduce immobility time in the FST and prevent the reduction of sucrose consumption in the sucrose preference test (Haenisch et
al., 2009), which are thought to be markers of antidepressant-like action. The
sucrose preference test measures the preference animals have for drinking a
sweet sucrose solution compared to water. A decrease in preference is thought
to be indicative for anhedonia. Furthermore, evidence linking BDNF to antidepressant-like behavioral responses in the learned helplessness (LH) model
and FST in rats have been demonstrated in studies investigating direct infusions of BDNF into the midbrain (Siuciak et al., 1997) and the dentate gyrus
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of the hippocampus (Shirayama et al., 2002). Similar results have also been
achieved using intracerebroventricular infusion in rats, from which the effects
on FST were found to persist for six days after a single infusion (Hoshaw et
al., 2005). In addition, reduced BDNF expression levels have been measured
post mortem in the brains of suicide victims (Dwivedi et al., 2003) and serum
levels of BDNF have been found to be lower in the serum of depressed patients
(Molendijk et al., 2014). Increased BDNF expression in the hippocampus of
depressed patients has been noted after antidepressant treatments (Chen et al.,
2001).

Figure 2. Overview of some of the major hypotheses of depression.

In addition to the neurotrophin hypothesis, the network hypothesis of depression has also been discussed in the scientific literature. While the neurotrophin hypothesis suggests that insufficient neurotrophic support underlies depression, the network hypothesis postulated that the amelioration of
depression is the result of increased plasticity and consecutive adaptations
in neuronal networks, and that this network wiring could be modified by increasing neuroplasticity through antidepressant drugs and activity-dependent
processes (Castrén, 2013). Most importantly, this hypothesis accounts for the
delay in the onset of action of traditional antidepressant drugs and suggests
that antidepressant treatments may be most effective when combined with
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psychotherapy. Since neuronal plasticity and the shaping of neuronal networks are activity-driven processes (Hensch, 2005), environmental guidance
may play a key role (Castrén, 2013; Castrén & Hen, 2013). Indeed, this idea is
supported by the ability of the antidepressant drug fluoxetine to reintroduce
juvenile-type plasticity in the rat visual cortex and to facilitate recovery from
developmental amblyopia (i.e. reduced vision in one eye due to closing of the
eye during a sensitive period) (Vetencourt et al., 2008). Similar effects have
been observed in mice using fear conditioning, where a combination of extinction training with fluoxetine produced a sustained loss of conditioned fear
responses (Karpova et al., 2011). This suggests that similar phenomena might
be occurring in mood-related circuitry.
Built upon the foundations of the neurotrophin and network hypotheses
of depression, a hypothesis called undirected susceptibility to change proposes
that SSRI treatments do not enhance mood as such, but amplify the influence of external conditions on the depressed patients (Branchi, 2011). Several lines of preclinical and clinical studies have recently emerged that support
such an idea. For example, mice subjected to chronic stress and treated with
fluoxetine in an enriched condition improved their depression-like symptoms
in behavioral tests, while stressful conditions led to worsening of behavioral
responses (Alboni et al., 2017; Branchi et al., 2013). Moreover, citalopram has
been suggested to produce antidepressant outcomes that are dependent on
socioeconomic status (Viglione et al., 2019) and living conditions (Chiarotti
et al., 2017). Further research is required to elucidate the complex interactions
between SSRI treatment and environmental factors, and whether they are of
significant clinical importance.
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2.2 Rapid-acting treatments of depression

C

linical depression is likely to develop slowly, with functional alter-

ations taking place long before major depressive episodes appear. While
traditional antidepressants take time to ameliorate depressive symptoms, rapid-acting treatments of depression can be characterized by the rapid (within
days) or almost immediate (within hours) relief of depressive symptoms after
a single treatment. The question of how such alterations can develop so slowly
yet be remedied so rapidly remains unanswered. Despite gaps in understanding the mechanisms of action behind rapid-acting treatments of depression,
two clinically effective treatments are in active use. These are electroconvulsive
therapy and the intravenous administration of ketamine. Emerging evidence
indicates that several other putative rapid-acting antidepressant treatments
may also exist. In this chapter, clinical and preclinical research on rapid-acting
antidepressant treatments that have demonstrated efficacy in clinical trials is
reviewed from neuropharmacological and neurobiological perspectives.

2.2.1 Electroconvulsive therapy
The use of ECT as a psychiatric treatment began in the late 1930s (Bini, 1938;
Cerletti & Bini, 2018). Electroconvulsive therapy is still in widespread use and
remain one of the most effective and rapid treatments for MDD, in particular
for pharmacoresistant depression. Many different treatment protocols exist,
and they vary according to the disease being treated, since ECT is also widely
used for the treatment of other disorders like mania (Small et al., 1985) and
schizophrenia (El-Islam et al., 1970). The current form of ECT consists of a
brief pulse of electrical stimulation under anesthesia, oxygenation, and continuous monitoring. This makes modern ECT much safer and more effective than
the historical treatments. The effectiveness of ECT in the treatment of depression has been well demonstrated, and shown to be superior to pharmacotherapy (Giacobbe et al., 2018; Husain et al., 2004; UK ECT Review Group, 2003).
When compared to traditional pharmacotherapy, ECT produces a more
rapid alleviation of depressive symptoms (Husain et al., 2004; Spaans et al.,
2015). Electroconvulsive therapy is most often delivered as a series of 6 to 12
treatments, typically three times a week, and a reduction in depressive symptoms is typically seen in 2-4 weeks. It has been reported that over half of the
patients treated with ECT received an initial response already within the first
week of treatment (Husain et al., 2004). Electroconvulsive therapy treatment
also reduces suicidality to a greater degree than traditional pharmacotherapies
(Kellner et al., 2005). From a clinical perspective, this relatively rapid action is
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particularly important in severely depressed and suicidal patients. Systematic monitoring of treatment responses is important, especially since premature
discontinuation can lead to relapse of depression.
While ECT is an effective treatment, it can also cause clinically significant
adverse cognitive effects in some patients (Nuninga et al., 2018). These vary
from mild memory problems to more severe (and rare) delirium. Research has
demonstrated that cognitive functions do recover in the following months after
the treatment, but concerns about the safety of ECT remain persistent. Obbels
et al. (2018) demonstrated that no significant long-term cognitive side effects
were visible six months post-ECT in any of the neuropsychological measurements investigated in late-life depressed patients. Similar results were also obtained by Nuninga et al. (2018), who reported acute negative cognitive effects,
but also recovery after six months. Partly fueled by gruesome depictions of
ECT in popular culture (Sienaert, 2016) and the misunderstanding that ECT
severely damages the brain and cognition, many patients refrain from considering ECT as a treatment option. While studies on humans and nonhuman primates have not demonstrated any evidence of anatomical changes (Dwork et
al., 2004; Sheryl et al., 2015), further research using modern imaging methods
is warranted (Oltedal et al., 2015). Due to some of the aforementioned issues,
ECT is sometimes, perhaps improperly, considered a last resort after all other
treatment options have failed.
The mechanisms of action behind the therapeutic effects of ECT remains
a mystery. Many different hypotheses have been proposed, including monoaminergic, neuroendocrine, and neuroplasticity-centered perspectives. While
most of the evidence for molecular mechanisms has been derived from animal
models using ECS treatments, new evidence from modern human neuroimaging studies has also emerged in recent years.

2.2.1.1 Clinical administration of ECT
A typical course of ECT takes place in the morning after a night of fasting (K.
Järventausta, personal communication, 23.11.2018). It consists of placing sets
of electrodes on the scalp of the patient to monitor EEG and lead the electric
current to the brain, electrodes on the chest for monitoring the electrocardiogram, a blood pressure cuff around the arm, and a pulse oximeter in the finger.
Patients are not typically intubated, but oxygen is administered through a mask.
A needle is placed into a vein in the arm for the intravenous administration
of medication. Since many medications may interact with ECT, medications
are usually discontinued before the initiation of the treatment course (Lisanby,
2007). The patient is then anesthetized, either using a volatile anesthetic or an
intravenous one, and given a neuro-muscular blocking agent such as succinyl19

choline for muscle relaxation. Motor symptoms of a seizure are also monitored.
This can be achieved by allowing muscle contraction in a limb, for example, for
by using a tourniquet around the patient’s ankle before the administration of
a muscle relaxant. Atropine or other drugs may be used to reduce bradycardia
and bronchial secretions. During an optimal state of anesthesia, a brief pulse
of electrical current is passed through the brain. The goal is for this current to
trigger a generalized cerebral tonic-clonic seizure that affects the entire brain.
The successful delivery of ECT requires the placement of two electrodes on
the scalp. The location of the electrodes may differ, with many varying configurations possible (Lisanby, 2007). The location of the electrodes and the intensity
of the current affects both the efficacy of the treatment and the profile of adverse effects (Sackeim et al., 2000). Bitemporal or bilateral (BT), right unilateral
(RUL), and bifrontal (BF) are the electrode placements used most frequently
(Lisanby, 2007). The dose of ECT is measured in millicoulombs, and an effective dose must be sufficient to induce seizure activity. A typical approach is the
selection of appropriate dosage based on seizure-threshold titration, in which
progressively higher amounts of charge are delivered in subsequent treatment
sessions until a dose above the established seizure threshold is selected.
In the beginning, ECT was given using sine wave stimulation, but this
method has been since found to be inefficient for seizure induction and have
a pronounced profile of adverse cognitive effects (Prudic, 2008). Today, brief
pulse waveform is more commonly used, since it produces an equivalent level
of efficacy and a much better profile of postictal function (Fujita et al., 2006). In
brief pulse stimulation, peak stimulus intensity is reached rapidly, reducing the
amount of excess energy transmitted after neuronal depolarization. Typically
used pulse widths range from 0.5 to 2 milliseconds (Prudic, 2008). Ultra-brief
pulses of less than 0.5 milliseconds have also been investigated and found to
produce fewer cognitive deficits, while still producing sufficient treatment efficacy (Loo et al., 2015).
After the treatment, patients may feel confused and disoriented – partly
due to anesthesia and partly due to the treatment itself. This state of confusion
is typically not long lasting (Lisanby, 2007). Memory loss can be present during
the course of ECT treatments, but memory should gradually return to normal after the treatments have been stopped. Amnesia of events shortly before,
during, and after treatment can occur. Other typical but passing side effects
include headaches and nausea. The frequency of ECT administration, electrode
placement, stimulus waveforms, pulse width, and intensity of electrical charge
also contribute to the profile of adverse cognitive effects (Prudic, 2008; Weiner
et al., 1986).
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2.2.1.2 Research on the mechanisms of ECT
Once an electrical pulse is released from the ECT electrodes, it travels through
intermediary tissue to the brain and forces stimulation into groups of neurons
by altering their electrical surroundings and concentrations of ions (Singh
& Kar, 2017). Groups of neurons then begin to fire simultaneously, which
produces the propagation of seizure activity. This abnormal electrical activity
generalizes throughout the brain and affects brain structures from the cortex
to hypothalamus and the basal ganglia, although certain brain areas might
be more specifically involved (Enev et al., 2007). Since methods like repetitive high frequency transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) also stimulate the brain and may act as
antidepressants without producing seizure activity, it has been proposed that
the stimulation induced by ECT may also be beneficial, albeit less so than the
generalized seizure following it (Swartz, 2014).
While the therapeutic efficacy of ECT is traditionally attributed to a generalized seizure, a seizure is not sufficient for achieving the therapeutic response.
Other EEG characteristics have been intensively studied in recent decades using computational methods (Mayur, 2006). For example, a low dose of RUL
ECT has been demonstrated to be relatively ineffective despite producing a
generalized seizure (Sackeim et al., 1987). The duration of seizure activity has
also been previously considered to be a marker for adequate therapeutic response (Maletzky, 1978), but other studies indicate that this is not likely to
be the case (Gangadhar et al., 1999; Krystal et al., 1993; Nobler et al., 1993;
Weiner et al., 1986).
On the other hand, changes in EEG after an ECT treatment may predict
the clinical outcome. The most common EEG finding thought to be associated
with the clinical outcome is the slowing of EEG activity during the treatment
course, especially in the frontal cortex in the delta frequency band (~1-4 Hz)
(Fink & Kahn, 1957; Perera et al., 2004; Sackeim et al., 1996). It is well known
from studies of epilepsy that seizures are followed by an immediate period of
EEG slowing or postictal depression (So & Blume, 2010). The slowing of EEG
during and acutely after the course of convulsive therapies has been well documented (Chusid & Pacella, 1952; Kriss et al., 1978; Silfverskiold et al., 1987),
and appear to be similar in both ECT and pharmacological convulsant treatments (Chatrian & Petersen, 1960). It has also been observed that more pronounced postictal slowing after a single ECT session is associated with more
rapid responses to ECT (Folkerts, 1996) and clinical improvement (Nobler et
al., 1993; Suppes et al., 1996). Alternatively, different analysis methods such as
the fractal dimension of EEG signal can be applied. In a study by Gangadhar
et al. (1999), smaller postictal fractal dimension (smaller values corresponding
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to a more isoelectric EEG) at a first ECT predicted remission status after six
ECTs. Furthermore, increased delta activity has been also suggested to underlie clinical improvement after pharmacological and psychotherapeutic interventions (Buysse et al., 1997). Taken together, this evidence indicates that the
modulation of cortical slow oscillatory activity seems to be intimately connected to the mechanisms by which ECT provides its therapeutic efficacy.
Among other markers of efficacy, the upregulation of circulating BDNF
levels after ECT has been proposed as a putative marker of treatment response. Three meta-analyses have focused on the changes in peripheral blood
BDNF levels after ECT treatment with patients suffering from MDD (Brunoni
et al., 2014; Polyakova et al., 2015; Rocha et al., 2016). The meta-analysis by
Polyakova et al. (2015) consisted of four studies, with a total of 108 patients,
looking at plasma BDNF levels, and found an increase following ECT. A positive correlation between plasma BDNF levels and the number of ECT treatments was also noted. In another meta-analysis by Rocha et al. (2016), results
from nine studies, with a total of 207 patients, indicated that BDNF levels in
serum or plasma increased in MDD patients following ECT treatments. Finally, Brunoni et al. (2014) looked at 11 studies, with a total of 221 patients, and
found that when combining serum and plasma data, BDNF levels increase
after ECT. However, it is important to note that none of above meta-analyses show a relationship between BDNF changes and antidepressant responses.
Contrasting results have also been published, with Ryan et al. (2018) reporting
no difference in plasma BDNF levels 1-3 days after the end of ECT treatment.
In their study, 61 medicated MDD patients and 50 healthy controls were investigated. They also reported no differences in levels of plasma BDNF between
baseline controls and medicated MDD patients or between ECT responders
and non-responders.
The regulation and function of blood BDNF is poorly understood. Human platelets are known to be rich in BDNF (Fujimura et al., 2002; Rosenfeld
et al., 1995), which is released during blood coagulation and can be easily measured from serum (Naegelin et al., 2018). A recent study reported that human
and rat megakaryocytes express BDNF mRNA in a similar manner to neurons,
though BDNF was undetectable in mouse megakaryocytes – a finding in line
with the absence of BDNF in mouse serum (Chacón-Fernández et al., 2016).
These results suggest that megakaryocytes are the main source of blood BDNF.
However, the mechanisms of how the BDNF levels measured from blood reflect brain BDNF remain unclear. Notably, many factors influence peripheral
BDNF levels, and a high inter-individual variability exists in plasma (Lommatzsch et al., 2005) and serum BDNF (Naegelin et al., 2018). The levels of
plasma BDNF have been shown to vary within a day and between days, with
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highest levels occurring in the morning and a trend of constant decreasing
towards the night suggestive of circadian regulation (Begliuomini et al., 2008).
While the connection of brain BDNF with peripheral BDNF is not yet
fully elucidated, levels of serum BDNF have been shown to correlate with levels of cortical BDNF in rats (Karege et al., 2002). Electroconvulsive shock has
also been shown to alter levels of BDNF-related micro-RNAs (miRNAs) both
in rat brains and blood (Ryan et al., 2013). In addition, ECS regulates the
expression of many immediate-early genes (IEGs) with specific temporal patterns (Dyrvig et al., 2014). Preclinical evidence has accumulated regarding the
neurotrophic effects of ECS in rodents, for which ECS – as well as MAOIs
and SSRIs – increased the expression of BDNF in the hippocampus (Nibuya
et al., 1995). Similar increases in BDNF levels after ECS in rats have also been
observed in other studies. For example, Altar et al. (2003) reported that after
10 daily ECS treatments, BDNF levels were upregulated in the frontal cortex,
entorhinal cortex, parietal cortex, hippocampus, striatum, and septum. They
noted that BDNF increased gradually in the frontal cortex and hippocampus,
with peak responses occurring by the fourth day. Li et al. (2007) also reported
an increase of hippocampal BDNF after a 14 day ECS treatment course, accompanied by increases in locomotor activity and decreased immobility in the
FST. In addition, O’Donovan et al. (2012) investigated the effects of ultra-brief
pulse (UBP) (0.3 ms) and brief pulse (BP) (0.5 ms) ECS in naïve rats and
found increases in cell proliferation within the dentate gyrus with BP-treated
animals after an ECS course of three treatments a week for 22 days. They also
reported an increase in hippocampal BDNF and a lower immobility time in an
FST after an BP ECS, while for UBP these results were not statistically significant. Intriguingly, a similar study using the corticosterone model of depression
in rats reported the effects of BP and UBP ECS in the FST and the increases in
BDNF protein in the hippocampus to be essentially equipotent (O’Donovan et
al., 2014). The upregulation of activity-dependent Bdnf transcripts along with
dendritic spine remodeling have also been reported in a chronic stress model
of depression in mice after ECS (Maynard et al., 2018).
The increased expression of BDNF after ECS is thought to regulate diverse
molecular actions by binding to its cognate receptor TrkB, a receptor tyrosine
kinase that mediates the phosphorylation of tyrosine residues in accompanying proteins (Reichardt, 2006). Once activated by its ligand, TrkB receptors
dimerize and become autophosphorylated in their catalytic domains (tyrosine
residues 701, 705, and 706), which results in increased kinase activity (Cunningham & Greene, 1998; Middlemas et al., 1994; Segal et al., 1996; Stephens
et al., 1994), however, recent evidence indicates that TrkB monomers may also
initiate cellular signaling (Zahavi et al., 2018). The activated receptor kinase
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leads to further activation of the receptor and to the formation of docking
sites for adaptor proteins. In short, tyrosine 515 recruits adaptor proteins Shc
and fibroblast growth factor receptor substrate 2 (FRS2) to activate signaling
through the Ras – mitogen-activated protein kinase (MAPK, i.e. extracellular
signal-regulated kinase ERK) pathway and the phosphatidylinositol 3-kinase
(PI3K) – Akt (i.e. Protein kinase B) pathway, while tyrosine 816 is the binding
site for phospholipase Cγ (PLCγ) (Figure 3). Additionally, adaptor proteins
may also associate with phosphotyrosine residues in the catalytic domain (for
thorough reviews, see Kaplan & Miller, 2000 and Minichiello, 2009).
TrkB-induced activation of downstream pathways orchestrates diverse
effects on synaptic plasticity, proliferation, differentiation, and cell survival
(Alonso et al., 2004; Gonzalez et al., 2016; Huang & Reichardt, 2003). For
example, the MAPK pathway leads to the translocation of p44/42-MAPK into
the nucleus and to the further regulation of transcription factors, such as cyclic
AMP response element binding protein (CREB) (Patterson et al., 2001; Ying
et al., 2002). The activation of the PI3K – Akt pathway leads downstream to
the activation of the mammalian target of rapamycin (mTOR) and its downstream effector p70S6 kinase (p70S6k) (Kumar et al., 2005; Takei et al., 2004),
further promoting trophic actions and protein synthesis. Akt may also phosphorylate glycogen synthase kinase 3 β (GSK3β) in the serine 9 residue, essentially inhibiting the actions of this promiscuous kinase (Eleonore Beurel et
al., 2015). Moreover, the activation of PLCγ activates the enzyme to hydrolyze
phosphatidylinositol 4,5-bisphosphate (PIP2) to diacylglycerol (DAG) and
inositol trisphosphate (IP3), which act as second messengers regulating protein kinase C (PKC) and intracellular Ca2+ release leading to the activation of
Ca2+/calmodulin (Ca2+/CaM) dependent protein kinases (CaMKK and CaMKIV) (Reichardt, 2006). In particular, this tyrosine 816 mediated signaling appears important for hippocampal synaptic plasticity, since a point mutation of
the residue impairs signaling through calcium-dependent protein kinases to
CREB (Minichiello et al., 2002).
Since increased BDNF-TrkB signaling has been proposed to be sufficient
to explain the effects of traditional antidepressants in rodents (Koponen et
al., 2005; Saarelainen et al., 2003; Shirayama et al., 2002; Siuciak et al., 1997),
the activation of TrkB may also hold relevance for ECT. Surprisingly, there
are not many studies investigating TrkB activation in the preclinical context.
One study investigated the total and phosphorylated levels of BDNF receptor
TrkB in the rat hippocampus after a 10-day ECS treatment regimen (Enomoto
et al., 2017). The study reported an increase in both BDNF levels and TrkBY706
phosphorylation while the total levels of TrkB were downregulated, suggesting
ligand-induced downregulation of the receptor. Conversely, in another study,
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Figure 3. Main signaling pathways of the BDNF receptor TrkB. Phosphorylation

upon BDNF binding can happen in the catalytic domain (Y701/Y705/Y706), the Shc
binding site (Y515), or the PLCγ binding site (Y816). The activated receptor may recruit adaptor proteins to signal through the Ras – MAPK pathway, the PLCγ pathway,
and the PI3K – Akt pathway, which lead to diverse cellular changes.
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TrkBY706 phosphorylation in the rat prefrontal cortex (PFC) was not found to
be regulated acutely by ECS treatment, while p44/42-MAPK signaling was robustly increased (Hansen et al., 2007). Increased MAPK signaling has also
been reported by others acutely in the rat hippocampus (HC) (Kang et al.,
2002), PFC, cerebellum (Jeon et al., 1998), and after repeated ECS treatments,
in the PFC (Kang et al., 2006). In addition, increased phosphorylation (functional inhibition) of GSK3βS9 has also been reported after acute ECS in the HC
and PFC of mice (Basar et al., 2013) and rats (Roh et al., 2003).
Increased neurogenesis after ECS has been consistently reported in the literature. Madsen et al. (2000) demonstrated neurogenesis in the dentate gyrus
of rats treated with 10 ECS seizures, with many of the newborn cells displaying
a neuronal phenotype. Moreover, Perera et al. (2007) reported similar effects in
adult nonhuman primates. Increased hippocampal neurogenesis has also been
observed with ECS after chronic corticosterone administration (Hellsten et al.,
2002), and has been reported to be necessary for antidepressant-like behavioral
changes in a corticosterone model of depression (Schloesser et al., 2015). Furthermore, Olesen et al. (2017) demonstrated using chronic restraint stress and a
clinically relevant ECS schedule in rats that the newly born neurons survive up
to 12 months, but are not associated with increases in mobility in the FST. In
addition, increases in hippocampal dendritic arborization (Smitha et al., 2014)
and the regulation of markers associated with synaptogenesis (Okada-Tsuchioka et al., 2014) have been associated with ECS in rats. These intriguing findings, along with the fact that hippocampal atrophy is present in MDD, may at
least partly explain neuroimaging studies showing hippocampal enlargement
in humans after ECT (Dukart et al., 2014; Nordanskog et al., 2010; Tendolkar
et al., 2013). In a meta-analysis comprising of eight studies with a total of 193
participants, ECT was found to increase volumes of both the hippocampus
and the amygdala (Takamiya et al., 2018). These findings have paved the way
for the hypothesis of hippocampal enlargement as a potential biomarker for
treatment outcome of ECT in severely depressed patients. However, a recent
study indicates that hippocampal enlargement in humans does not seem to be
associated with the clinical outcome of ECT (Oltedal et al., 2018).
Modern functional imaging technologies have also provided the ability
to study brain connectivity. Indeed, abnormalities in the connectivity of neuronal networks have been hypothesized to underlie the mood symptoms of
depressed patients (Kaiser et al., 2015; Wang et al., 2012). Three important
networks known as the affective network, the cognitive control network, and
the default mode network have been proposed to mediate different aspects of
the disorder such as decreased focus, rumination, and emotional dysregulation
(Sheline et al., 2010). In particular, an fMRI study of depressed patients noted
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increased resting state functional connectivity from these three networks to a
bilateral dorsal medial prefrontal cortex region and vice versa (Sheline et al.,
2010). They suggest that reducing the increased connectivity to this area could
be a potential target for the treatment of depression. Moreover, Perrin et al.
(2012) investigated the acute effects of ECT on global functional connectivity and found a decrease localized to a limited area within the left dorsolateral prefrontal cortex (DLPFC), an area of the brain previously implicated in
depression and cognitive function (Steele et al., 2007). On the other hand,
Liu et al. (2015) reported an increase in the local activity and connectivity
of the subgenual anterior cingulate cortex (sgACC) and suggested that these
changes play a key role in the mechanisms underlying the effectiveness of ECT.
Pretreatment connectivity measures of the DLPFC and sgACC have also been
proposed to predict ECT treatment outcomes in a recent study (Leaver et al.,
2018). Taken together, these results suggest that the therapeutic mechanisms of
ECT may include the normalization of hyper- or hypoconnectivity of certain
brain networks.
Since prefrontal slowing, diminished cerebral blood flow, reduced metabolism, and altered connectivity are all present during the postictal state of
ECT, this state has been suggested to underlie the key mechanism of the action
of ECT (Krystal & Weiner, 1999). The findings of increased BDNF expression following seizure activity (Duman et al., 1997) suggest that neurotrophic
signaling mechanisms might mediate the possible reactivation or rewiring of
diminished connectivity among neuronal networks. Drawing together many
studies, Farzan et al. (2014) proposed a connectivity resetting hypothesis of
ECT action, which postulates that the therapeutic effects of ECT are mediated
through resetting patterns of neural connectivity. They suggest that this resetting takes place through networks such as thalamocortical pathways, which
further modulate cortical neuronal oscillations. Importantly, evidence of increased intra- and internetwork connectivity in support of network reconfiguration is emerging (Wang et al., 2018). Many similar changes have also been
observed with ketamine, another rapid-acting treatment of depression, as will
be discussed in the next chapter.

2.2.2 Ketamine
Ketamine was first synthesized in 1962 by the Parke-Davis pharmaceutical
company, following the discovery of phencyclidine (PCP), another arylcyclohexylamine dissociative anesthetic (Denomme, 2018). Due to PCP’s unwanted
profile of effects, many of its subsequent derivatives were screened in animal
experiments by Parke-Davis pharmacologists. From these experiments, ketamine emerged as the lead compound. After animal testing, ketamine was first
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given to prisoners in studies led by Edward Domino and was found to be a
safe and short-acting anesthetic in humans. Many of the peculiar psychotropic
effects of PCP, however, were still present. Thus, ketamine was coined as a dissociative anesthetic (Domino et al., 1965).
Ketamine is the mixture of two optical stereoisomers: S(+) and R(-)-ketamine. It is pharmaceutically produced in both racemic and enantiopure
preparations. Its main pharmacological mechanism of action is the blocking
of NMDARs, a key component of glutamatergic excitatory neurotransmission
(MacDonald et al., 1991). The enantiomers of ketamine have slightly different
effects. S-ketamine is often preferred in clinical anesthesia due to its more potent activity at blocking NMDARs, while R-ketamine has a much lower affinity
for NMDARs (Zanos et al., 2018). Based on animal experiments, R-ketamine
has been proposed to be the ideal isomer for treatment of depression due to its
less pronounced profile of psychotomimetic effects (Yang et al., 2015), however
no clinical evidence exists for the superiority of either isomer.
The classical NMDAR antagonists ketamine, PCP, and MK-801 are all
non-competitive inhibitors of NMDAR ion channels (Bolshakov et al., 2003;
MacDonald et al., 1991). They exhibit a trapping block by entering the ion
channel and then being captured inside the closing pore. Some other NMDAR
antagonists, such as memantine, are thought to act as partial trapping blockers
– only hindering the channel closure but not entirely preventing it (Blanpied
et al., 1997). Ketamine has also been proposed to have many other targets, including dopaminergic, serotonergic, adrenergic, opioidergic, cholinergic, and
sigma receptors. It also has effects on serotonin, noradrenaline, and dopamine
uptake transporters (SERT, NET, DAT respectively) and ion channels, such as
voltage-gated sodium channels (VGSC) (Haeseler et al., 2003) and hyperpolarization-activated cyclic nucleotide gated (HCN) channels (Zhou et al., 2013).
For a review of ketamine’s pharmacology, see Zanos et al. (2018).
Ketamine is rapidly distributed in the body, has low plasma protein binding, and a short elimination half-life of two to four hours (Clements & Nimmo,
1981; Mathew & Zarate, 2016). While (R,S)-norketamine (NK) is the initial metabolite, (2R,6R;2S,6S)-hydroxynorketamine (HNK) and (R,S)-dihydronorketamine (DHNK) are among the major circulating metabolites in human
plasma after a typical ketamine infusion used in the treatment of depression
(Zarate et al., 2012; Zhao et al., 2012). Peak plasma concentrations are reached
in approximately 1.3 hours for NK and 3.8 hours for DHNK and HNK (Zhao
et al., 2012). Plasma levels of HNK and DHNK are still significantly elevated
24 hours after the infusion and can be detected for up to 48 hours in some
patients. The initial N-demethylation to NK is mainly catalyzed by liver cytochrome P450 enzymes CYP2B6 and CYP3A4, followed by hydroxylation into
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hydroxynorketamines and dehydronorketamine (Portmann et al., 2010). Several minor metabolic pathways also exist (Adams et al., 1981; Woolf & Adams,
1987). Ketamine’s metabolism and pharmacokinetics are reviewed thoroughly
by Zanos et al. (2018).
The dissociative anesthesia produced by ketamine is different from many
other sedatives and anesthetics as it is not a sedative or a hypnotic drug (Sinner
& Graf, 2011). Ketamine-induced blockade of NMDARs leads to the occurrence
of dissociative states, where patients may experience being conscious while being drawn away from their sensory perception (Mathew & Zarate, 2016). The
level of dissociation is dose-dependently increased, with higher doses deepening into hallucinatory-like states of open and closed-eye visuals and extreme
perturbations of thought and bodily sensation (Garfield et al., 1972). Patients
going through ketamine anesthesia often report dream-like states unlike anything experienced previously, such as sensations of traveling through space
and time while being detached from bodily sensation. Anesthetic doses induce
a state of total dissociation often accompanied by amnesia, since NMDARs are
crucial components of long-term potentiation and memory formation. Some
of these psychoactive properties of ketamine have been sought by recreational
users, as evidenced by the surge in recreational use in the 1970s that continues
to this date (Mathew & Zarate, 2016).
Due to its unique mechanism of action, ketamine is also considered to
be safe for emergency anesthesia in a prehospital setting. The dosing range
is relatively wide, and ketamine supports cardiovascular function due to its
sympathomimetic action, maintains respiratory function, and provides effective analgesia comparable to morphine (Marland et al., 2013). Following its
Food and Drug Administration (FDA) approval in the 1970s, these properties prompted the use of ketamine on American soldiers during the Vietnam
War. Today, ketamine is often employed in emergency units for anesthesia and
widely used for procedural sedation in a variety of patient populations, from
children to adults (Sinner & Graf, 2011). Ketamine is not preferred for general
anesthesia performed at hospitals due to its potent psychotropic effects and
the potential to produce emergence phenomena, manifesting as profound confusion or hyperexcitation upon waking up from the dissociative state in up to
20% of adults (Marland et al., 2013). However, these side-effects of ketamine
were desirable in the psychiatric investigations in the 1970s, which consisted of
using ketamine as an “abreactive agent.” A variety of doses more than capable
of producing psychotropic experiences were employed in early trials (Khorramzadeh & Lotfy, 1973). While intriguing anecdotes of facilitated psychotherapeutic responses in psychiatric patients were described, it took close to three
decades before the first scientifically rigorous investigations were launched.
29

Berman et al. (2000) were the first to demonstrate the rapid-acting antidepressant effects of ketamine in patients suffering from MDD. These results have
since been replicated in several clinical trials (Lapidus et al., 2014; Murrough
et al., 2013; Zarate, Singh, Carlson, et al., 2006). Ketamine’s effects take place
within hours of drug administration and these effects may last for days or weeks
after a single dose. In addition, the antidepressant-like effects of ketamine have
been demonstrated in various animal models (Autry et al., 2011; Li et al., 2011;
Maeng et al., 2008). However, the psychoactive properties and abuse liability
of ketamine have hindered its widespread clinical application in treating depression (Krystal et al., 1994). Perhaps partly due to the stigma associated with
hallucinogenic drugs, research on ketamine has been mostly focused on utilizing the lowest possible doses with minimal psychoactive effects. A large interest
also exists in developing treatments that mimic the action of ketamine without
its psychotropic side effects. While preclinical and clinical investigations have
figured out many of the effects that ketamine has in the brain, the precise neurobiological basis of its rapid antidepressant effects remains a mystery.

2.2.2.1 Clinical administration of ketamine
Doses of ketamine in the induction of anesthesia are typically in the range of 1
to 2 mg/kg intravenously, which produce dissociative anesthesia within one to
two minutes of injection (Marland et al., 2013). When ketamine is used for the
treatment of depression, intravenous doses from 0.1 to 0.5 mg/kg are commonly
employed (Andrade, 2017). The first randomized controlled trials demonstrating ketamine’s efficacy used an IV dose of 0.5 mg/kg over 40 minutes (Berman et
al., 2000; Zarate, Singh, Carlson, et al., 2006). This dosage and route of administration have been adopted by many clinicians since. According to C. Zarate,
ketamine is typically administered in research settings during the morning for
convenience (personal communication, 23.11.2018). The peak of antidepressant
effects occurs 24 hours after an infusion, but most patients experience a relief of
their depressive symptoms within two to four hours of administration. Dissociation is variably present during the infusion, but most patients can still answer
questions. Once the 40-minute infusion ceases, the patients are for the most part
neither in sedation or stimulation states, but are more talkative and active, as in
a non-depressed state (C. Zarate, personal communication 23.11.2018).
Ketamine can be administered orally, sublingually, intranasally, intramuscularly, and subcutaneously, but best bioavailability is achieved by intravenous
or intranasal administration (Andrade, 2017). Notably, a recent open longitudinal study suggested that a rapid ketamine bolus of 0.5 mg/kg also has rapid
antidepressant effects (Vidal et al., 2018). Recent clinical trials also indicate the
antidepressant action of intranasal (Daly et al., 2018; Lapidus et al., 2014) and
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per oral (Arabzadeh et al., 2018; Domany et al., 2018) ketamine administration.
In clinical practice, ketamine treatments can be repeated and dosages can be
increased if patients do not respond to initial administration (Andrade, 2017).
Consecutive sessions may be also used to extend and maintain antidepressant
effects.
A typical course of experimental ketamine treatment in the Turku University Hospital in Finland consists of a psychiatric evaluation, electrocardiogram
(ECG) and blood pressure measurements, and urine and plasma screenings
before the initiation of treatment (Taiminen, 2017). Racemic ketamine is then
continuously infused at a dose of 0.5 mg/kg over 40 minutes. Blood pressure
is constantly monitored during the ketamine infusion and the patient is kept
in the hospital for at least four hours after the treatment. If the treatment response is evident, the patient may receive additional treatments twice a week
for a period of one to two weeks. Treatment can be then continued for up to
three months with ketamine infusions once a week. During the course of the
treatment, ECG, blood pressure, and screenings are checked monthly.
Despite the widespread use of ketamine in clinical practice, the safety of
long-term ketamine administration remains a continuing concern. Ketamine
impairs memory function acutely, and may cause prolonged memory problems
when used in high doses for longer periods of time (Morgan & Curran, 2006).
While the findings of John Olney in the 1980s were suggestive of NMDAR
antagonist-induced neurotoxicity (Olney et al., 1989) – so-called Olney’s lesions in rodents – neurotoxicity in primates likely requires significantly higher
doses. However, neuroimaging studies of chronic ketamine users have indicated
cortical atrophy and reductions in prefrontal gray matter after two to four years
of ketamine abuse (Liao et al., 2011; Wang et al., 2013). Notably, the majority
of the subjects in the Wang et al. study were using 1 g of ketamine a day – far
beyond the dosage range used in the treatment of depression or even in anesthesia. Cognitive deficits have also been observed in users who used ketamine
more than four times a week (Morgan et al., 2010). Since there are no reports of
ketamine anesthesia-induced neurocognitive deficits despite its widespread use,
it is likely that ketamine produces significant neurotoxicity only after chronic
administration of very high doses. The safety and tolerability of long-term ketamine treatments for depression thus must be carefully studied.

2.2.2.2 Research on the mechanisms of ketamine
Since the breakthrough clinical trial of Berman et al. (2000) reporting the rapid-antidepressant effects of a single continuous infusion of 0.5 mg/kg ketamine
over 40 minutes in treatment-resistant patients, most studies have followed
along similar dosages of ketamine (Diazgranados et al. 2010, Valentine et al.
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2012, Murrough et al. 2013). These sub-anesthetic dosages at slow rates of infusion are described to produce only minor psychoactive effects, avoiding the
more psychedelic states produced by higher but still sub-anesthetic dosages.
Similar treatment outcomes have also been observed with a single intranasal
administration of 50 mg of ketamine (Lapidus et al. 2014). The potential of
intranasal ketamine has also been investigated by Janssen in their clinical trial
comparing the effects of 28, 56, and 84 mg doses of S-ketamine (Daly et al.
2018). Interestingly, this study found that the higher doses produced a longer-lasting remission of depressive symptoms. In addition to its antidepressant
effects, intranasal administration of S-ketamine (84 mg) has also been reported
to reduce suicidality in patients at imminent risk for suicide (Canuso et al.,
2018). Most importantly, in a recent double-blind active placebo-controlled
trial of various subanesthetic ketamine doses, only the higher doses of 0.5 mg/
kg and 1.0 mg/kg were found to have clinically meaningful effects (Fava et al.,
2018).
While impressive numbers of individual trials have investigated the efficacy of ketamine in treating MDD, the literature still lacks solid evidence for
dose-dependent effects or the minimum effective dosage for achieving antidepressant responses. The practice of using low doses of ketamine in treating
depression seems sensible if the psychedelic or dissociative effects intervene
with the antidepressant outcome, but evidence for this is lacking. On the contrary, some studies suggest that the opposite could be true. For example, Loo
et al. (2016) investigated the effects of ketamine dose titration in depressive
patients with intravenous, intramuscular, and subcutaneous routes of delivery.
The placebo-controlled pilot trial consisted of 15 patients, with ascending doses rather than randomized design. They found no differences between methods of administration, but the dose required for the antidepressant response
differed between individuals, suggesting that dose titration should be done on
an individual basis. A higher dose resulted in greater antidepressant response
as well as greater psychotomimetic effects. These results are also in line with
a meta-analysis by Xu et al. (2016), who performed a systematic review and
meta-analysis of nine trials with ketamine. Six trials were categorized as a low
dose (0.5 mg/kg IV) and three trials tested a very low dose of ketamine (one 50
mg intranasal spray, one 0.1-0.4 mg/kg IV and one 0.1-0.5 mg/kg IV or SC).
They reported that a low dose of ketamine appears to be more effective than
a very low dose, but that there is substantial heterogeneity in the clinical response, with one-fifth of patients showing remission of symptoms at one week,
but most others showing benefits that were not as enduring. Additionally, Lai
et al. (2014) compared different doses (0.1, 0.2, 0.3, 0.4 mg/kg) of ketamine
administered to four patients as an IV infusion over five minutes in a dou32

ble-blind, placebo-controlled, crossover design. They presented dose-response
data of both ketamine efficacy and psychoactive effects and proposed that antidepressant efficacy may be dose related, and that psychoactive effects were
dose-related.
Some trials have reported evidence that points towards the importance
of dissociative or psychoactive effects in producing concurrent antidepressant responses. For example, a double-blind, cross-over, placebo-controlled
clinical trial by Sos et al. (2013) found a substantial relationship between
the antidepressant response and the psychotomimetic effects elicited by ketamine treatment. Their trial shows that more intense psychotomimetic symptoms (as assessed by the Brief Psychiatric Rating Scale (BPRS)) correlated
with improved mood ratings on the Montgomery-Åsberg Depression Rating
Scale (MADRS) seven days post-ketamine infusion. Luckenbaugh et al. (2014)
investigated whether the psychoactive effects of ketamine are important to
the subsequent antidepressant effects. They analyzed 108 treatment-resistant
depressive patients from three studies, of which two were double-blind and
the third had an open-label design. In these studies patients received a single
subanesthetic dose (0.5 mg/kg) of ketamine via an intravenous infusion over
40 minutes. Ratings of depression, hypomania, mania, psychotomimetic, and
dissociative symptoms were measured using the Hamilton Depression Rating
Scale (HDRS), the Young Mania Rating Scale (YMRS), the BPRS, and the
Clinician Administered Dissociative States Scale (CADSS). Psychiatric ratings
were collected before and at 40, 80, 110, and 230 minutes after the start of infusion, and at various time points post-infusion. The correlation of increased
CADSS at 40 minutes and improvement in HDRS at 230 minutes and on day
seven were found to be significant. However, changes in YMRS, BPRS total,
or BPRS positive symptoms at 40 minutes were not found to be correlated
with the improvement of HDRS. Luckenbaugh et al. concluded that the present correlation suggests that dissociative side effects may serve as a clinical
biomarker to predict ketamine’s efficacy. Most recently, a study reported that
dissociative symptoms measured by the CADSS were found to be related to
the antidepressant responses after 0.5 mg/kg of ketamine (Niciu et al., 2018).
However, contrasting results have also been published that show no correlation between maximum CADSS and HDRS responses at any time following
ketamine infusion (Valentine et al., 2011).
Some researchers have proposed that the antidepressant effects cannot be
separated from the dissociation and/or psychedelia, and that these are central
to successful treatment when combined with psychotherapy (Wolfson 2014).
An intriguing recent clinical trial, however, demonstrated that the antidepressant effects of ketamine can be attenuated with the administration of an opioid
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receptor antagonist naltrexone, while the dissociative effects are still present
(Williams et al., 2018). However, the small number of patients in this trial limit
the possibility of making thorough conclusions.
Preclinical studies of ketamine have focused on identifying important neuronal, molecular, and metabolic targets of ketamine. The first preclinical work
suggesting antidepressant-like action of NMDAR antagonists in the FST was
done by Trullas and Skolnick (1990) in mice. They demonstrated that the competitive NMDA antagonist AP-7 and non-competitive antagonist MK-801 both
reduced the immobility of animals subjected to the FST, similar to the tricyclic
antidepressant imipramine. Following these findings, Skolnick et al. (1996)
demonstrated that chronic antidepressant treatments change radioligand binding to NMDARs in the cerebral cortex and proposed NMDARs as a common
pathway for traditional antidepressant action. Additional evidence for the rapid-antidepressant behavioral effects of ketamine, MK-801, and Ro25-6981, a
selective antagonist for the NMDAR subtype 2B (NR2B), have since been published (Maeng et al., 2008). Ketamine, however, was found to produce the most
sustained responses.
Since NMDARs are crucial mediators of excitatory glutamatergic neurotransmission, one could expect their inhibition to lead to decreased neuronal
excitability. Intriguingly, among one of the most prevailing hypotheses of ketamine’s antidepressant action is the disinhibition hypothesis, which proposes
that ketamine’s antidepressant action is due to the preferential inhibition of
NMDARs present in gamma-aminobutyric acid (GABA) producing interneurons, leading to decreased inhibition of excitatory pyramidal neurons and increased glutamatergic signaling at subanesthetic doses in rodents (Figure 4)
(Homayoun & Moghaddam, 2007; Moghaddam et al., 1997). Another proposed
cellular hypothesis of ketamine’s action revolves around the direct antagonism
of extrasynaptic NMDARs present on pyramidal neurons, which disrupt the
tonic activation of NMDARs by ambient glutamate and trigger homeostatic
synaptic plasticity alterations and compensatory increases of excitatory drive
in the prefrontal cortex (Miller et al., 2016). In particular, these changes are
thought to be mediated by the blockade of extra-synaptic NMDARs containing NR2B subunits (Miller et al., 2014). Ketamine has also been proposed
to inhibit spontaneous NMDAR-mediated miniature excitatory post-synaptic
currents (mEPSCs) and to trigger increases in the translation of proteins such
as BDNF by reducing the phosphorylation of eukaryotic elongation factor-2
(eEF2), leading to antidepressant-like effects (Autry et al., 2011; Nosyreva et
al., 2013; Sutton et al., 2007). In addition, decreased activation and burst firing
of neurons in the lateral habenula after ketamine administration has been associated with acute antidepressant effects in congenitally helpless rats, which
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otherwise display abnormal NMDAR-dependent firing and helpless behavior
(Yang et al., 2018). These hypotheses, however, do not exclude each other,
and might all be contributing to the molecular alterations seen after ketamine
administration.
The excitatory effects of ketamine seem to be very dose dependent, with
anesthetic doses of 200 mg/kg intraperitoneally (IP) administered decreasing
acute glutamate activity measured by microdialysis in rats and lower doses of
10, 20, and 30 mg/kg increasing glutamate outflow in the prefrontal cortex
(Moghaddam et al., 1997). Ketamine has been also shown to provoke transient
changes in glutamate cycling in the medial prefrontal cortex (mPFC) of rats
(Chowdhury et al., 2017). This surge in glutamate after ketamine administration has been proposed to underlie the rapid-acting antidepressant effects, perhaps via the regulation of α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid receptors (AMPARs), since AMPAR blockade with NBQX abolishes antidepressant-like behavioral responses in mice and rats (Koike & Chaki, 2014;
Koike et al., 2011; Maeng et al., 2008). Moreover, positive allosteric modulators
of AMPARs produce antidepressant-like behavioral effects in rodents (Knapp
et al., 2002; Li et al., 2001) and increase the synthesis of BDNF (Lauterborn et
al., 2000; Mackowiak et al., 2002).
Rapid synaptic neurotransmission in the brain is mediated by AMPARs,
which are ionotropic transmembrane glutamatergic receptors (Derkach et al.,
2007). These receptors play a key role in the regulation of activity-dependent
changes in the synaptic strength of excitatory synapses and are involved in numerous complex signaling pathways that regulate synaptic plasticity. AMPARs
are constantly in dynamic motion to and from the postsynaptic membrane.
NMDAR activation and the following Ca2+ influx is thought to play a role in
the lateral diffusion and incorporation of GluR1 subunit containing AMPAR
from extrasynaptic sites to the synapses thus promoting synaptic potentiation.
Small GTPases Ras and Rap have been found to control AMPAR trafficking
and synaptic potentiation through mechanisms requiring p44/42-MAPK activation (Zhu et al., 2002). Moreover, p44/42-MAPK is downstream of Ras/
MEK (MAPK/ERK kinase), which is downstream of Ca2+/calmodulin-dependent protein kinase kinase (CaMKK). CaMKK is sensitive to Ca2+ elevation, providing a putative route of signaling for early long-term potentiation
(e-LTP) expression (Derkach et al., 2007; Schmitt et al., 2004). The late phase
of LTP (L-LTP) also requires changes in the transcription of genes and the
synthesis of new proteins (Derkach et al., 2007). Among these proteins are proposedly AMPAR subunits and other components involved in regulating their
movement. Additionally, many proteins important for the structural changes
in dendritic spines are thought to be produced, perhaps via the translocation
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Figure 4. Overview of proposed molecular mechanisms underlying ketamine’s rapid an-

tidepressant action. (A) Disinhibition hypothesis: ketamine blocks NMDARs on GABAergic
inhibitory interneurons, which leads to decreased inhibitory tone on excitatory pyramidal neurons. Increased glutamate release acts on postsynaptic AMPARs and induces cellular effects,
e.g. BDNF release, TrkB activation, and the regulation of downstream pathways important for
plasticity and protein synthesis, including the activation of MAPK and mTOR and the regulation of AMPAR dynamics and scaffolding proteins like PSD95. (B) Hydroxynorketamine
metabolites modulate postsynaptic AMPAR signaling leading to downstream changes. (C)
The inhibition of GSK3β by ketamine reduces phosphorylation of PSD95T19, which augments
AMPAR signaling by reducing the internalization of AMPAR subunits. (D) Ketamine blocks
extrasynaptic NMDARs that are normally tonically activated by glutamate and disinhibits
mTOR activity. (E) The blockade of spontaneous NMDAR-mediated neurotransmission leads
to the disinhibition of BDNF translation via eEF2-dependent mechanisms.
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of polyribosomes from dendritic shafts into spines for local translation (Ostroff et al., 2002).
Among other important molecular targets, the inhibition of GSK3β by
ketamine via the phosphorylation of Ser9 residue has been suggested to be
necessary for the rapid antidepressant-like effects observed in mice (Beurel et
al., 2011). This inhibition can take place through Akt (Zhou et al., 2014) and reduces the phosphorylation of postsynaptic density protein 95 (PSD-95) Thr19
residue, which augments AMPAR-mediated signaling by diminishing the internalization of GluA1 subunits (Beurel et al., 2016). Inhibition of GSK3 has also
been shown to potentiate the synaptogenic and antidepressant-like effects of a
subthreshold dose of ketamine in rats (Liu et al., 2013). However, contradictory results by Ma et al. (2013) failed to demonstrate long lasting-antidepressant
effects of a GSK3β inhibitor in a model of chronic stress in mice. Importantly,
GSK3β is a promiscuous kinase with multiple targets and the precise mechanisms of its regulation are difficult to ascertain (Li & Jope, 2010).
Molecular investigations into the intracellular effects of ketamine in rats
have revealed the rapid regulation of the mammalian target of rapamycin
(mTOR) pathway as an important molecular alteration. The mTOR is particularly important for cellular protein synthesis, along with increased synaptic
protein levels and the formation of spines in the prefrontal cortex after small
doses of ketamine (5-10 mg/kg, IP) (Li et al., 2010). In this study, phosphorylation changes were observed within 30 minutes in mTOR, 4E-BP1, ERK1/2,
Akt, and p70S6K proteins in isolated synaptoneurosomes, while synaptic proteins Arc, Synapsin I, PSD95, and GluR1 were upregulated after two hours.
In addition, the blockade of mTOR activity using rapamycin (ICV) abolished
the effects of ketamine on synaptogenesis and in behavioral assays, suggesting these changes are dependent on mTOR-driven protein synthesis. Li et al.
(2010) also reported that, unlike a dose of 10 mg/kg, 80 mg/kg of ketamine
failed to reduce immobility time in the FST. These results further support the
idea of a specific dosage range of ketamine in promoting acute glutamatergic
excitability and the subsequent intracellular effects required for antidepressant-like effects. Based on the current evidence, it is likely that ketamine not
only exerts differential dose-dependent effects on neuronal activity, but also
temporally varying effects.
Some studies have pinpointed the actions of ketamine on the infralimbic
prefrontal cortex (IL-PFC) in rodents. For example, the inactivation of ILPFC using muscimol has been demonstrated to block the antidepressant-like
behavioral actions of ketamine, while a microinfusion of ketamine to the ILPFC essentially recapitulated the effects of systemic ketamine administration
(Fuchikami et al., 2015). Moreover, optogenetic stimulation of the IL-PFC
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produced rapid and sustained antidepressant effects that were associated with
increases in the number and function of spines. The authors highlight the importance of neuronal activity in producing ketamine’s effects. Moreover, the
latest research has also implicated a subtype of pyramidal neurons in the antidepressant effects of ketamine. The study assessed Drd1 and Drd2 dopamine
receptor-expressing pyramidal neurons and found that the optogenetic activation of Drd1 pyramidal cells of the mPFC produced rapid and long-lasting
antidepressant effects, while Drd2 neuron stimulation was ineffective (Hare et
al., 2019).
To make things more complicated, it may be that the regulation of molecular events important for antidepressant-like effects cannot deduced from the
effects of ketamine alone. Notably, recent study by Zanos et al. (2016) demonstrated that the ketamine metabolite HNK was sufficient to promote rapid antidepressant-like responses in mice, and that the metabolism of ketamine to
HNK was required for these responses. They suggested these effects of HNK
may be independent of NMDAR inhibition, involving a more direct activation of AMPARs instead. Moreover, (2R,6R)-HNK was proposed to act as the
more potent enantiomer in exerting antidepressant-like effects on a behavioral and molecular level. The authors further support this hypothesis with the
previous findings that R-ketamine is more potent than S-ketamine in mouse
models of depression, and that the antidepressant effects of S-ketamine are
not sustained over 24 hours. Moreover, in this study, MK-801 did not exert
sustained antidepressant-like effects in mice, which could be argued to be due
to the lack of active metabolites. Furthermore, they demonstrated that a deuterated ketamine analogue, that is minimally metabolized into HNK, did not
produce ketamine-like behavioral effects. Consistent with the idea of AMPAR
activation driving the antidepressant-like effects, the blockade of AMPAR with
NBQX prevented both the acute and sustained antidepressant-like behavioral effects of (R,S)-ketamine and (2R,6R)-HNK and ameliorated the acute increase of EEG gamma oscillations (Zanos et al., 2016). Since HNK did not
seem to produce the unwanted psychotropic effects of ketamine, this study
immediately gained enormous attention.
Controversy around this hypothesis was also imminent, as evidenced by
the correspondence of Collingridge et al. (2017). In their letter to the editor,
they dispute the idea of NMDAR-independent antidepressant effects of ketamine and bring up various translational problems in interpreting findings
from animal models to humans. According to their letter, S-ketamine has been
estimated to be around two times as potent as racemic ketamine in humans, citing a clinical trial by Singh et al. (2016). Although this study does not directly
compare the ketamine isomers, Singh et al. demonstrated around two weeks
38

of sustained antidepressant effects after S-ketamine administration, contrary to
the effects seen in mice by Zanos et al. (2016). Since S-ketamine is unlikely to
be metabolized into (2R,6R)-HNK, Collingridge et al. (2017) conclude that
these observations are consistent with NMDAR antagonism as the principal
mechanism of action. Moreover, Collingridge et al. underline that comparing
ketamine with MK-801 is difficult, since they possess different properties in
blocking the NMDARs, and that the therapeutic effects of NMDAR antagonists seem to be associated with their affinity and voltage dependence. This
is also evidenced by memantine, which binds with a low affinity and has not
been demonstrated to function as an antidepressant in humans. Following the
findings of Zanos et al. (2016) on the NMDAR-independent antidepressant
actions of HNK, Suzuki et al. (2017) published a study where they assessed
NMDAR-mediated mEPSCs in cultures of hippocampal neurons. Most importantly, they demonstrated that (2R,6R)-HNK does indeed inhibit synaptic NMDARs and triggers the phosphorylation of eEF2 similarly to ketamine.
However, they also suggest that these ketamine metabolites may explain the
sustained antidepressant effects of ketamine, which some other NMDAR antagonists are lacking. Many questions, however, remain unanswered regarding
the molecular alterations ketamine induces in animal models and how these
changes are connected to its antidepressant effects in humans.
Human brain imaging studies have demonstrated normalized global functional connectivity after subanesthetic ketamine treatment (Abdallah, Averill,
Collins, et al., 2017; Abdallah, Averill, Salas, et al., 2017) and changes in the
balance of frontoparietal connectivity patterns (Muthukumaraswamy et al.,
2015). A recent double-blind, placebo-controlled crossover study used fMRI
to demonstrate that connectivity between the insula and the default mode network (DMN) was normalized in MDD patients when compared to healthy
controls two days post-ketamine infusion (Evans et al., 2018). Furthermore,
this change was reversed after 10 days, in line with the duration of ketamine’s
antidepressant effects. Evans et al. (2018) used a triple network model of connectivity dysfunction between the DMN, salience (SAL), and central executive (CEN) networks as their working model, which has been suggested to be
the cornerstone of psychiatric and neurological disorders, including depression (Menon, 2011). This hypothesis proposes that in MDD, the activity of the
DMN is increased (Hamilton et al., 2015), while activity in the SAL and CEN
networks are reduced (Menon, 2011). The DMN is a network implicated in
introspective thought and ruminative thought patterns, while SAL mediates
salient information processing from the outside world and CEN is important
in working memory function and attentional processes. Since the insula is involved in the integration of external emotional stimuli and processing of exter39

nal information, the authors suggest increased connectivity between the insula
and DMN after ketamine may suggest an improved ability to process external
stimuli and thus the improvement of symptoms (Evans et al., 2018).
The effects of ketamine may also vary depending on the baseline conditions
of the subjects, since ketamine has been reported to have distinct electrophysiological – as measured by magnetoencephalography – and behavioral effects
when given to depressed or healthy subjects (Nugent et al., 2017). While MDD
patients show rapid improvements in depressive symptoms, healthy controls
may display increases in depressive symptoms for up to a day after ketamine
administration. Additionally, Nugent et al. (2017) reported that MDD patients
who had lower baseline gamma power but displayed high gamma power after
ketamine administration responded better to the treatment. These increases
in gamma power lasted for up to nine hours post-ketamine infusion in both
healthy controls and MDD patients, suggesting changes in synaptic plasticity that greatly outlast the infusion period. Furthermore, the authors propose
gamma power as a potential marker of synaptic homeostasis. In support of the
idea that baseline conditions affect the outcomes of ketamine treatments, mice
have been found to elicit glutamate functional hyperconnectivity in the chronic social defeat model of depression (McGirr et al., 2017). Administration of subanesthetic ketamine to these mice resulted in large global cortical glutamate
transients. Similar effects were observed in naïve mice that were subjected to
local cortical inhibition of glutamate transporters and subsequently given ketamine, suggesting a unique sensitivity to subanesthetic ketamine after chronic
social defeat stress.
Clinical evidence indicates that the metabolic activity of the prefrontal
cortex is increased in healthy volunteers after subanesthetic ketamine administration (Breier et al., 1997). Similarly, increased glutamate neurotransmission
in the prefrontal cortex of healthy and depressed patients has been reported
after the patients received ketamine (Abdallah et al., 2018; Li et al., 2016). Intriguingly, in rats, ketamine doses up to 60 mg/kg produce behavioral arousal
and increase theta range EEG activity but show no activation of the sleep-promoting nuclei of the ventrolateral preoptic nucleus (VLPO) of hypothalamus,
as measured with Fos immunoreactivity (Lu et al., 2008). Instead, ketamine
was found to activate subcortical wakefulness-promoting nuclei. In the same
study, animals that were administered a high dose of 150 mg/kg of ketamine
showed signs of hyperarousal upon awakening. Furthermore, two hours after
ketamine administration, the expression of Fos in the cerebral cortex, arousal
systems, and VLPO were reported to be similar as with the lower dosages that
were arousal-promoting. This arousal-promoting effect of NMDA antagonists
is followed by a subsequent period of rebound sleep with markedly increased
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delta frequency power in rats (Campbell & Feinberg, 1996; Feinberg & Campbell, 1995). Intriguingly, increased slow-wave activity (SWA) has been reported in humans during sleep following subanesthetic ketamine administration,
and this has been proposed to predict the therapeutic efficacy of the treatment
(Duncan, Sarasso, et al., 2013). In addition to increases in slow EEG oscillations, baseline delta-sleep ratios have also been implicated in rapid antidepressant responses after ketamine (Duncan, Selter, et al., 2013).
The mechanistic link between increased neuronal excitability and the induction of increased slow EEG activity remains unclear. However, the phenomena of increased SWA after prolonged sleep deprivation (Huber et al.,
2000) or somatosensory stimulation (Kattler et al., 1994) has been reported
in mice and also in humans after rTMS (Huber et al., 2007) or ECT (Sackeim
et al., 1996). Combining the variety of known effects of ketamine on synaptic
plasticity processes, functional connectivity changes, neuronal metabolism,
and the regulation of sleep and wakefulness are instrumental in understanding
ketamine’s multifaceted profile of effects.

2.2.3 Other putative treatments
Emerging evidence supports the idea that multiple drugs besides ketamine
may possess rapid-acting antidepressant potential. The close association between ECT-induced post-seizure neuronal inhibition and its therapeutic efficacy (Fink & Kahn, 1957) encouraged researchers a few decades ago to test the
antidepressant actions of isoflurane anesthesia in depressive patients (Langer
et al., 1985). Isoflurane is a potent volatile halogenated ether general anesthetic. Its mechanism of action is not entirely known, but it appears to modulate
both NMDARs and GABARs among other targets (Jones et al., 1992; Krasowski & Harrison, 2000; Ming et al., 2001). Isoflurane anesthesia deep enough to
provoke burst suppression EEG patterns has been demonstrated to produce
antidepressant effects comparable to those of ECT in double-blind (Langer et
al., 1995, 1985; Weeks et al., 2013) and open-label study designs (Engelhardt et
al., 1993). These effects seem to take place relatively rapidly after the first treatment. Isoflurane has also been demonstrated to produce antidepressant-like
behavioral effects in animal models of depression and to activate signaling
pathways relevant to the antidepressant-like effects of ketamine in mice (Antila
et al., 2017; Brown et al., 2018). In particular, isoflurane has been shown to
activate TrkB and mTOR signaling while inhibiting GSK3β activity (Antila
et al., 2017). Moreover, isoflurane was demonstrated to facilitate LTP in the
hippocampus, to increase the activity of parvalbumin interneurons, and to facilitate GABAergic neurotransmission. These changes appeared 24 hours after
anesthesia.
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Propofol is another general anesthetic that engages NMDARs and GABARs
and has been reported to produce rapid-antidepressant effects comparable to
ECT in a small open label trial (Mickey et al., 2018). The antidepressant effects
of anesthetic doses of propofol used in this study (9-20 mg/kg) appeared to
be both rapid and sustained. Like ketamine, propofol is also widely used in
lower doses for procedural sedation, and has a rapid onset and offset of action
combined with an acceptable safety profile (Lamperti, 2015). Notably, propofol produces dose-dependent decreases in cortical activity similar to isoflurane
(Pilge et al., 2014). Further studies are required to validate the putative antidepressant effects of propofol, including possible dose-dependent effects, and to
elucidate the molecular changes that take place in the brain during and after
propofol anesthesia.
The effects of another anesthetic, nitrous oxide (N2O), were investigated in
a psychiatric context already decades ago. In a study conducted by Brill et al.
(1959), schizophrenic and depressive patients received either ECT, ECT and
succinylcholine, ECT and thiopental, thiopental alone, or N2O alone. The authors noted that all treatments contributed to symptomatologic improvement,
however, the low sample sizes did not allow for statistical significance. More recently, a mixture of 50% N2O and 50% O2 was given to patients suffering from
treatment-resistant depression in a small blinded placebo-controlled crossover
trial (Nagele et al., 2015). The subjects inhaled the gas for 1 hour and depressive symptoms were measured at 2 hours and 24 hours post-inhalation. Nitrous oxide produced a marked and rapid alleviation of depressive symptoms
in some patients when compared to a placebo. Nitrous oxide is also regularly
used in procedural sedation and as an additive to more potent anesthetics. Its
minimum alveolar anesthetic concentration (MAC) is estimated to be 1.04 atm
in humans (Hornbein et al., 1982) and even greater in rats (Gonsowski & Eger
2nd, 1994). Due to this, N2O is rarely used as a sole anesthetic, but instead
often combined with other, more potent general anesthetics such as isoflurane
or sevoflurane.
Nitrous oxide is known to act as an NMDAR antagonist (among other targets) similar to ketamine (Mennerick et al., 1998; Yamakura & Harris, 2000),
but the intracellular neuronal mechanisms triggered by nitrous oxide treatment
remain relatively unstudied. Notably, the molecular effects of N2O have not
been investigated in the context of depression. Nitrous oxide administration
at subanesthetic concentrations produces dissociative and psychotropic effects
relatively similar to other dissociative anesthetics (Block et al., 1990; Ghoneim,
2001). Moreover, N2O has been shown to induce cell proliferation in the dentate
gyrus of rat hippocampi, similar to ketamine, which is suggestive of neurogenesis (Chamaa et al., 2018). Notably, N2O is known to paradoxically regulate
42

slow EEG oscillations in humans by blunting slow EEG activity during administration (unlike other anesthetics) and causing prominent rebound increases in
slow EEG activity after the cessation of the gas flow (Foster & Liley, 2011, 2013;
Henrie et al., 1961; Williams et al., 1984). Some studies also report increases in
higher frequency EEG oscillations during gas inhalation (Rampil et al., 1998).
One proposed mechanism for the cortical activation during N2O treatment
may be the increased release of noradrenaline in the cerebral cortex (Yoshida
et al., 2010). However, the relationship of these neurobiological effects to their
putative antidepressant potential is unknown.
The antimuscarinic agent scopolamine has been shown to produce antidepressant effects in small randomized placebo-controlled clinical trials (Drevets & Furey, 2010; Furey & Drevets, 2006). In these trials, scopolamine hydrobromide was administered as an intravenous infusion of 4 µg/kg. Significant
clinical responses were observed three to four days after the first treatment,
suggestive of a slightly slower onset of antidepressant effects compared to ketamine. These responses have been reported to last for more than two weeks
after the final treatment. However, in a recent randomized, placebo-controlled,
crossover trial, Park et al. (2018) reported no significant antidepressant effects
of scopolamine in treating MDD. Results from animal experiments suggest
that increases in glutamatergic transmission, activation of mTOR signaling
pathways, and synaptogenesis are associated with scopolamine as well as ketamine (Voleti et al., 2013). Moreover, ketamine and scopolamine have both
been shown to provoke transient changes in glutamate cycling in the mPFCs
of rats (Chowdhury et al., 2017).
Drugs like psilocybin, LSD, and dimethyltryptamine that act on serotonergic receptors, especially the 5HT2A-receptor, have been investigated as potential
psychiatric treatments in the past (Dos Santos et al., 2016). While many of these
studies are indicative of beneficial effects, most of the studies are limited by size
and protocol. In a more recent small open-label feasibility study of psilocybin
for treatment-resistant depression, a rapid improvement of depressive symptoms was reported (Carhart-Harris et al., 2016). In this trial, the symptoms of
depression were reduced for up to three months or more in some patients. Due
to major limitations of the study, such as the low number of participants and trial design, no thorough conclusions can be made about the therapeutic efficacy
of psilocybin in treating MDD. However, psilocybin has also been investigated
in a double-blind placebo-controlled crossover trial in treating patients struggling with severe cancer and related psychological stress (Ross et al., 2016).
This study reported rapid and robust anxiolytic and antidepressant effects that
endured for at least seven weeks. Upcoming clinical trials will likely unravel the
potential that psychedelics may hold as rapid-acting antidepressants.
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The most researched non-pharmacological treatment of depression is sleep
deprivation. This old experimental practice holds the potential to provide rapid and notable amelioration of depressive symptoms (Boland et al., 2015). In
sleep deprivation, patients are kept awake for prolonged periods of time, which
results in reduced depressive symptoms for some patients. The effects of sleep
deprivation are often short-lived and modest in size, with symptoms returning
within days. There is no clear knowledge of the mechanism of how sleep deprivation elicits its effects (Wu & Bunney, 1990). After sleep deprivation, patients
exhibit increased rebound slow wave sleep in subsequent sleep periods (Berger
& Oswald, 1962; Nakazawa et al., 1978). Moreover, sleep deprivation causes
prominent changes in the expression of c-Fos in the rat brain, indicative of
cortical activation among other areas (Cirelli et al., 1995). Findings from functional imaging suggest increases in the connectivity of the dorsal nexus to the
prefrontal cortex occur in humans after sleep deprivation (Bosch et al., 2013).
Moreover, high pretreatment rates of metabolism and subsequent decreases in
metabolic rates of the medial prefrontal cortex have been proposed to characterize patients whose depressive symptoms improve after sleep deprivation
(Wu et al., 1999; Wu et al., 2008).
Since the discovery of the rapid-acting antidepressant effects of ketamine,
clinical research has been carried out with a variety of different drugs, but to
date, none of them have produced effects comparable to those of ketamine –
that is, rapid and robust antidepressant efficacy in treatment-resistant MDD
that is sustained from days to weeks (Henter et al., 2018). Among the drugs that
have been investigated for their rapid-antidepressant effects is memantine, an
uncompetitive NMDAR antagonist at the PCP-binding site like ketamine. Notably, memantine has failed to produce antidepressant effects in double-blind
placebo controlled clinical trials (Lenze et al., 2012; Zarate, Singh, Quiroz, et
al., 2006). Relatively rapid antidepressant effects were observed in one study,
but this was an open-label trial utilizing dose titration (Ferguson & Shingleton, 2007). These results may be explained by the pharmacodynamic properties of memantine, which is a low-affinity voltage-dependent antagonist with
a half-life of 60-100 hours in humans (Matsunaga et al., 2018). It has a unique
binding affinity, receptor kinetics, strong voltage dependency, and preference
for receptor subtypes and thus brain areas (Parsons et al., 1995; Porter & Greenamyre, 1995). Unlike ketamine, memantine only exhibits partial trapping of
the NMDAR ion channels (Blanpied et al., 1997) and has differential effects on
receptor desensitization (Glasgow et al., 2017). All the aforementioned properties essentially make memantine a very different type of NMDAR antagonist
compared to ketamine. Notably, one of the proposed mechanisms of action
for the use of memantine in the treatment of neurodegenerative diseases is its
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neuroprotective properties against glutamatergic excitotoxicity (Parsons et al.,
1999), while the antidepressant effects of subanesthetic ketamine have been
linked to acutely increased glutamate bursting (Moghaddam et al., 1997). Recreational users have reported that memantine can produce potent dissociative
effects (Erowid, 2018), but only at doses much higher than those investigated
in clinical trials.
Investigational drugs in development include but are not limited to,
NMDAR glycine site antagonists, NR2B antagonists, NMDAR glycine site
partial agonists, mGluR2/3 antagonists, and mGluR5 negative allosteric modulators (Henter et al., 2018). NMDAR antagonists such as MK-0657 (aka
CERC-301) (Ibrahim et al., 2012) and AZD6765 (aka lanicemine) (Sanacora et al., 2017), mGluR2/3 antagonist RO4995819 (ClinicalTrials.gov, 2018b),
mGluR5 antagonist AZD2066 (ClinicalTrials.gov, 2018a), and mGluR5 negative allosteric modulator RO4917523 (basimglurant) (Quiroz et al., 2016) have
produced disappointing results in clinical trials, despite having displayed potential effectiveness in animal studies. The difficulty in translating preclinical
findings into clinically effective rapid-acting antidepressants thus remains a
major issue and may require further understanding of the molecular mechanisms of rapid-acting treatments and the formulation of animal models that
are more representative of the key mechanisms mediating rapid antidepressant
responses.
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3 AIMS OF THE STUDY
There is huge unmet medical need for safer, more efficient, and reliable rapid-acting antidepressants. In addition to ketamine, several other anesthetics
like isoflurane (deep anesthesia) and nitrous oxide (subanesthetic) have been
shown to provide rapid therapeutic effects in depressed patients. Moreover, the
amelioration of depression has occasionally been observed following a single
ECT, a phenomenon thought to be linked with postictal EEG slowing. The
purpose of this thesis is to utilize such diverse treatments carrying rapid antidepressant potential to find shared neurobiological principles underlying an
immediate remedy against major depression.
The specific aims of the study are as follows:
I

investigating phosphoproteomic alterations induced by burst-suppressing
isoflurane anesthesia,

II investigating the effects of diverse rapid-acting antidepressants on EEG
and molecular signatures implicated in ketamine’s antidepressant effects
and
III investigating the dose-dependent effects of ketamine on TrkB and GSK3β
signaling.
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4 MATERIALS AND METHODS
The main methods and contributions by the author of this thesis are listed in
Table 1. More detailed information on these procedures can be found in the
original publications.

Table 1. Methods and author (S.K.) contributions
Method

Used in

Author personally involved

Experimental design

I, II, III

II, III

Pharmacological treatments

I, II, III

I, II, III

Brain dissection

I, II, III

I, II, III

Tissue processing

I, II, III

I, II, III

II

II

EEG surgery

I, II, III

II

EEG recordings

I, II, III

II

EEG analysis

I, II, III

qPCR

Behavioral experiments

II

Phosphoprotein enrichment

I

LC-MS analysis

I

Bioinformatics

I

I

Writing of manuscript

I, II, III

I, II, III

Statistics

I, II, III

I, II, III

Figures

I, II, III

I, II, III
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5 RESULTS
5.1
		

Phosphoproteomic investigation of the effects
of brief isoflurane anesthesia (I)

Previous clinical studies have indicated that isoflurane anesthesia is capable
of producing rapid antidepressant effects comparable to those of ECT, without the pronounced cognitive side-effects (Langer et al., 1985, 1995). However,
the mechanisms of action of isoflurane anesthesia remain unknown. Moreover,
very little is known about the subcellular events following general anesthesia.
In general, pharmacological agents can be expected to have a myriad of effects
on protein phosphorylation pathways, yet only a few selected targets can be
investigated using antibody-based detection of western blots. Thus, we utilized
liquid chromatography tandem mass spectrometry (LC-MS/MS) based analysis coupled with titanium dioxide phosphopeptide enrichment to investigate
the molecular alterations set forth by a brief isoflurane anesthesia without a
priori assumptions. To our knowledge, this is the first phosphoproteomic study
concerning the effects of anesthesia in samples obtained from the mammalian
brain.
We first validated the stable expression of an EEG burst suppression pattern in mice using 4% isoflurane anesthesia for induction and 2% isoflurane
for maintenance during a 30 min period. This protocol of isoflurane anesthesia
is also commonly used in animal experiments requiring surgical anesthesia.
Similar treatment protocol was then used to anesthetize the mice from which
the brain samples were collected. We found altogether 318 significant phosphorylation alterations in a total of 237 proteins between the isoflurane anesthetized and sham treated mice. A number of phosphorylation hits represented
the primary pharmacological targets of anesthetics, such as the phosphorylation of GABAA α1-subunit Ser373 and Thr366, GABAB β3-subunit Ser394, and
NMDAR NR2B subunit Ser1036 and Tyr1039 residues. In addition, several
other proteins implicated in a variety of biological processes were identified,
including members of solute carriers, ion channels, kinases, and phosphatases.
Among these changes, robust regulation of GSK3β at the inhibitory Ser9 residue was identified – a molecular change previously implicated in the rapid-antidepressant actions of ketamine. Moreover, reduced phosphorylation of the
activating loop residues of p44/42-MAPKT202/Y204 and increased phosphorylation of microtubule-associated protein 2 (MAP2) residues Thr1620,1623 were
found. Intriguingly, both of these proteins have been also implicated in mechanisms of antidepressants and plasticity (Bianchi & Baulieu, 2012; Li & Jope,
2010).
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The results of the phosphoproteomic analysis were validated using western
blotting and commercially available antibodies for GSK3βS9, p44/42-MAPKT202/
Y204
, and MAP2T1620/1623. In further experiments, we demonstrated that these
three protein targets were all similarly regulated by sevoflurane, urethane, and
ketamine – suggesting that these intracellular events are common to all the anesthetics investigated regardless of their somewhat different pharmacological
targets (Figure 5).

Figure 5. Diverse anesthetics produce similar acute phosphorylation changes on

p44/42-MAPKT202/Y204, GSK3βS9, and MAP2T1620/1623 in the adult mouse hippocampus.
(A) Effects of isoflurane anesthesia (4% induction, 2% maintenance; 30 min) (N = 10/
group). (B) Effects of sevoflurane anesthesia (6% induction, 4.5% maintenance; 30 min)
(N = 6/group). (C) Effects of urethane anesthesia (2.0 g/kg, IP; 30 min) (N = 4/control
group, N = 6/urethane group). (D) Effects of subanesthetic ketamine (100 mg/kg, IP.;
30 min) (N = 6/group). *p < 0.05, **p < 0.01, ****p < 0.0001; two-tailed unpaired t test
with Welch’s correction.
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Our results provide a foundation for the use of quantitative phosphoproteomics in investigating the neurobiological mechanisms of anesthetic drugs and
raise important questions about the functional significance of these phosphorylation changes. Most importantly, these results suggest that isoflurane,
sevoflurane, urethane, and ketamine all regulate the phosphorylation changes
of GSK3βS9, p44/42-MAPKT202/Y204, and MAP2T1620/1623 in a similar manner. Furthermore, our results demonstrate that a brief isoflurane anesthesia regulates a
myriad of molecular changes that may be confounding factors in many experimental models investigating alterations in cellular signaling.

5.2
		

Shared neurobiological mechanisms of
ketamine, nitrous oxide, and flurothyl (II)

Among the shared properties of the clinically effective rapid-acting treatments
ECT and ketamine is the capacity of these treatments to regulate cortical excitability and to modulate several molecular pathways implicated in neuronal
plasticity. With the intriguing clinical report of nitrous oxide produced rapid-acting antidepressant effects by Nagele et al. (2015) in mind, we sought to
investigate the acute effects of nitrous oxide on EEG parameters and molecular
alterations in mice.
We first adopted the treatment protocol used by Nagele et al. (2015) and
investigated markers of neuronal excitability using quantitative PCR and western blotting. Mice received 50% N2O mixed with 50% oxygen for an hour, and
the samples were collected one hour after the cessation of the treatment. Samples from the medial prefrontal cortex demonstrated the increased expression
of several immediate-early genes: c-fos, Arc, Bdnf, Zif-268, Homer1A, Egr-2, Mkp-1
and Synapsin I (Figure 6A). Similar changes were also observed in experiments with continued N2O administration for a duration of two hours after
which samples were collected (Figure 6B). Phosphorylation of p44/42-MAPKT202/Y204 was also found to be increased after a 30 min N2O treatment along
with the upregulated expression of c-fos mRNA (Figure 6C). These results
suggest increased excitatory tone in the prefrontal cortex under the effects of
N2O. Importantly, these changes bear resemblance to those reported after ECS
(Dyrvig et al., 2014) and sleep deprivation (Cirelli et al., 1995).
The administration of subanesthetic ketamine produced an acute increase in gamma EEG oscillations, a marker of neuronal activity, followed by
increased slow EEG oscillations after ketamine’s elimination (Figure 7A).
These properties prompted us to investigate the EEG alterations arising after the cessation of N2O treatment. No clear EEG alterations were observed
during exposure to 50% N2O, but upon gas withdrawal, slow EEG oscillations
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increased above baseline values (Figure 7B). We further tested a higher dose
of 75% N2O in a shorter 20-minute exposure to investigate this rebound emergence of slow oscillations and found a rapid increase in delta-frequency power
after the cessation of 75% N2O, which could be repeated by intermittent dosing
(Figure 7C).

Figure 6. (A) Levels of Arc, Bdnf, c-fos, Egr-2, Homer-1a, Mkp-1, Synapsin 1, and Zif-268

mRNA after continuous administration of N2O (50%) for 1-h and a 1h washout period. (B) Arc, Bdnf, and c-fos mRNA levels are similarly upregulated by 2-h continuous
N2O (50%) and 1-h N2O (50%) followed by a 1-h washout period. (C) c-fos mRNA and
p-MAPKT202/ Y204 levels are increased after 30 min of N2O (50%) administration. Data are
means ± S.E.M. *< 0.05, **< 0.01, ***< 0.001
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Figure 7. (A) Representative time frequency EEG spectrogram and normalized pow-

er of EEG oscillations after a subanesthetic dose of ketamine (KET; 10 mg/kg, IP) Subanesthetic ketamine evokes rebound delta oscillations gradually after the acute effects
of the drug on high gamma oscillations have dissipated. (B) Slow wave delta (1–4 Hz)
and theta (4–7 Hz) EEG oscillations are transiently increased upon N2O (50%) withdrawal. (C) Rebound delta oscillations after discontinuation of 75% N2O treatment.
Data are means ± S.E.M.

52

The activation of TrkB, inhibition of GSK3β, and regulation of mTOR signaling have been implicated in antidepressant-like behavioral effects in rodents
(Beurel et al., 2011; Li et al., 2010; Saarelainen et al., 2003). We investigated
how these molecular pathways are regulated during acute nitrous oxide exposure and during the subsequent withdrawal period. Samples from animals
exposed to N2O for a 30 min period did not show any regulation of the aforementioned pathways (Figure 8A). However, samples collected during the
withdrawal period, 5 or 15 minutes after exposure to N2O, demonstrated statistically significant phosphorylation changes (Figure 8B-C). In particular, 65%
N2O was found to produce increased phosphorylation of TrkBY816, GSK3βS9,
and p70S6KT421/S424 (a downstream effector of mTOR) after both 5 and 15 minutes during a period of increased slow EEG oscillations (Figure 8B-C).
The emergence of post-ictal slow EEG activity is also observed in patients
following seizures induced with ECT or flurothyl, and this phenomenon has
been proposed to predict both the efficacy and onset of the antidepressant effects of convulsive therapies (Fink & Kahn, 1957; Folkerts, 1996; Nobler et al.,
1993; Perera et al., 2004; Sackeim et al., 1996; Suppes et al., 1996). We administered flurothyl to mice in amounts that produced a generalized seizure that
was terminated rapidly upon drug withdrawal. During the post-ictal period,
a robust increase in delta power emerged while the animals appeared motionless and sedated, as evidenced by reduced electromyogram activity (Figure
9A). When samples were collected during this post-ictal period, the robust regulation of TrkBY816, GSK3βS9, and p70S6KT421/S424 was evident (Figure 9B).
These data suggest that putative rapid-acting antidepressants evoke TrkBY816,
GSK3βS9, and p70S6KT421/S424 alterations as during homeostatically generated
slow EEG oscillations in response to the preceding period of cortical excitation.
To test whether the direct facilitation of slow EEG oscillations without
preceding excitation can also produce these effects, we used medetomidine, a
hypnotic-sedative drug commonly used in veterinary anesthesia. Medetomidine increased slow EEG oscillations, but did not produce any acute changes in the expression of IEGs (Figure 10A,C). Most intriguingly, a sedative
dose of medetomidine robustly activated TrkBY816, GSK3βS9, and p70S6KT421/
S424
(Figure 10B), suggesting direct facilitation of slow EEG oscillations to be
sufficient for the activation of these pathways.
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Figure 8. (A) Levels of p-TrkBY816, p-GSK3βS9, and p-p70S6kT421/424 after 30 min of N2O

(50%) administration. (B) Levels of p-TrkBY816, p-GSK3βS9, and pp70S6kT421/424 at 5-min
post-N2O exposure (50–75%). (C) Levels of p-TrkBY816, p-GSK3βS9, and p-p70S6kT421/424
at 15-min post-N2O exposure (65%). Data are means ± S.E.M. *< 0.05, **< 0.01, ***<
0.001.
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Figure 9. (A) Representative time frequency EEG spectrogram and normalized

power of major EEG oscillations after flurothyl induced seizures. Flurothyl evokes rebound emergence of slow-wave delta and theta oscillations. (B) Levels of p-TrkBY816,
p-GSK3βS9, and pp70S6kT421/424 10 min after flurothyl (FLUR) administration. Data are
means ± S.E.M. *< 0.05, ***< 0.001
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Figure 10. (A) Representative time frequency EEG spectrograms and normalized

power of major EEG oscillations during 30-min saline and medetomidine (MED; 0.3
mg/kg, IP) treatment. (B) A low dose of medetomidine (0.05 mg/kg, IP) rapidly increases phosphorylation of TrkBY816, GSK3βS9, and p70S6kT421/424 in the mouse medial
prefrontal cortex. (C) Levels of Bdnf, c-fos, Arc, Homer1a and Zif268 mRNA 2 h after
medetomidine (0.3 mg/kg, IP) administration. Data are means ± S.E.M. *< 0.05, **<
0.01, ***< 0.001
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We found that medetomidine, unlike subanesthetic doses of ketamine, reduced the phosphorylation of p44/42-MAPK (Figure 11A). Since increased
phosphorylation of TrkB-mTOR, GSK3β, and MAPK have been thought to
be important for ketamine’s antidepressant-like behavioral effects, we tested
whether medetomidine would produce antidepressant-like behavioral responses without increasing MAPK phosphorylation or regulating immediate-early
gene expression. We tested both medetomidine (0.05 mg/kg, IP) and ketamine
(15 mg/kg, IP) in the learned helplessness paradigm and found a single dose
of subanesthetic ketamine to ameliorate the avoidance deficit, while medetomidine produced no such effect (Figure 11B)

Figure 11. (A) Dose-dependent acute effects (30 min) of ketamine (KET) and effects
of a low dose of medetomidine (MED; 0.05 mg/kg, IP) on phospho-MAPKT202/Y204. (B)
Number of escape failures before and 24-h after low-dose ketamine (15 mg/kg, IP) or
medetomidine (0.05 mg/kg, IP) in the learned helplessness paradigm. Data are means
± S.E.M. *< 0.05, ***< 0.001
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5.3
		

The regulation of TrkB-GSK3B signaling by
ketamine is dose-dependent (III)

Ketamine is most commonly given in subanesthetic doses (~0,5 mg/kg, IV over
40 min) for the treatment of depression. However, a number of studies have
suggested that there is a positive relationship between the antidepressant response and the dissociative symptoms produced by the higher-end of subanesthetic doses (Lai et al., 2014; Loo et al., 2016; Luckenbaugh et al., 2014; Niciu
et al., 2018; Sos et al., 2013; Xu et al., 2016). Moreover, a recent animal study
has suggested that a particular metabolite of ketamine, 6-hydroxynorketamine
(HNK), is responsible for ketamine’s rapid antidepressant effects (Zanos et al.,
2016). Thus, we sought to investigate how different doses of ketamine modulate TrkB-GSK3β signaling and whether these effects rely on ketamine or its
metabolites.
Essentially, we investigated the acute effects of ketamine, 6,6-d2-ketamine
(a deuterated ketamine analogue resistant to metabolism), and cis-HNK on
TrkB and GSK3β signaling and concomitant electroencephalographic (EEG)
alterations in the prefrontal cortex of adult mice. A low dose of ketamine (10
mg/kg, IP) increased gamma high power (60-100 Hz), while a higher dose
of ketamine (100 mg/kg, IP) prominently facilitated the increase of delta-frequency (1-4 Hz) power along with increases in theta (4-7 Hz), beta (12-25 Hz),
gamma low (25-40 Hz) and gamma high (60-100 Hz) power, while decreasing
alpha frequency power (7-12 Hz) (Figure 12A-B). Furthermore, prominent increases in TrkBY816, p70S6kT421/S424, and GSK3βS9 phosphorylation were evident
30 minutes after a higher dose of ketamine, while a low dose failed to produce
any changes (Figure 12C). Most importantly, the ability of ketamine to produce these effects was dose-dependent, with the most significant changes seen
after an anesthetic dose.
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Figure 12. (A) Normalized power of major EEG oscillations during ketamine (10

and 100 mg/kg) (data analyzed in 5 min bins). Dashed vertical line indicates injection
point (0 min). (B) Major EEG oscillation frequency band power of ketamine treatments
represented as area under curve (AUC) from 30 minutes of recording. (C) Phosphorylation of TrkBY816, GSK3βS9, and p70S6kT421/424 in the adult mouse medial prefrontal cortex
30 min after an IP injection of saline (SAL) and ketamine (K10, 10 mg/kg; K100, 100
mg/kg). Approximate molecular weight (MW) for each protein band of interest is given
in kilodaltons (kDa). Data are means ± S.E.M. *<0.05, **<0.01, ***<0.005
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To elucidate whether these effects are driven by ketamine or by its metabolite
HNK, we investigated EEG changes after the acute administration of a high
dose of cis-HNK (20 mg/kg, IP). cis-Hydroxynorketamine produced negligible changes on EEG power spectra when compared to saline-treated animals
(Figure 13B-C). Moreover, tissue samples collected 30 minutes after a similar
HNK injection failed to demonstrate any changes in TrkBY816, p70S6kT421/S424,
and GSK3βS9 phosphorylation (Figure 13A).

Figure 13. (A) Phosphorylation of TrkBY816, GSK3βS9 and p70S6kT421/424 in the adult

mouse medial prefrontal cortex 30 min after an IP injection of saline (SAL) and cis-6-hydroxynorketamine (HNK, 20 mg/kg). (B) Normalized power of major EEG oscillations during HNK (20 mg/kg) (data analyzed in 5 min bins). Dashed vertical line indicates injection point (0 min). (C) Major EEG oscillation frequency band power of
HNK treatment represented as area under curve (AUC) from 30 minutes of recording.
Data are means ± S.E.M. *<0.05, **<0.01, ***<0.005
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The possible role of HNK in mediating signaling effects in conjunction with
the parent drug was further tested by rapid sample collection after a very high
dose of ketamine and by utilizing a deuterated ketamine analogue resistant to
metabolism. A very high dose of ketamine (200 mg/kg, IP) produced rapid
phosphorylation changes in PFC samples collected 3 minutes after the injection (Figure 14A), when the mice appeared to be sedated.
Furthermore, mice were administered equal high doses of either 6,6-d2-ketamine or ketamine (100 mg/kg, IP). We found that 6,6-d2-ketamine produced
essentially similar effects on TrkB and GSK3β phosphorylation as an equal
dose of ketamine (Figure 14B). These findings reveal that the effects of ketamine on TrkB-GSK3β signaling are by no means restricted to subanesthetic
doses and that cis-HNK is not solely responsible for these effects.

Figure 14. (A) Ketamine produces increases in TrkBY816, GSK3βS9, and p70S6kT421/424
in the adult mouse medial prefrontal cortex 3 minutes after an IP injection of saline
(SAL) or ketamine (KET, 200 mg/kg). (B) Effects of KET (100 mg/kg, IP; 30 min) and
6,6-dideuteroketamine (d-KET, 100 mg/kg, IP; 30 min) on p-TrkBY816, p-GSK3βS9, and
p-p70S6kT421/424. Data are means ± S.E.M. *<0.05, **<0.01, ***<0.005
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6 DISCUSSION
6.1

I

Anesthesia induced phosphoproteomic changes

t has been over 80 years since electroconvulsive therapy was first used to

treat psychiatric patients (Cerletti & Bini, 2018). Later, ECT was also found
to be effective for treating severe depression (Kalinowsky, 1986). One of the
clinically important markers of ECT’s action is the post-ictal and/or inter-ictal increase in slow EEG oscillations (Fink & Kahn, 1957; Perera et al., 2004;
Sackeim et al., 1996). This EEG slowing has been suggested to underlie the
efficacy and onset of action of ECT (Folkerts, 1996; Nobler et al., 1993; Suppes
et al., 1996), while not much is known about the molecular correlates of this
particular brain state. Intriguingly, in the 1980s, researchers had already set out
to investigate whether increasing slow EEG activity and/or burst-suppression
with volatile anesthetics such as isoflurane could mimic the effects of ECT and
produce therapeutic effects of their own. Indeed, preliminary results from pilot
trials with isoflurane have demonstrated effects similar to ECT, without major
cognitive side effects (Engelhardt et al., 1993; Langer et al., 1995, 1985; Weeks
et al., 2013). The neurobiological mechanisms activated by isoflurane have,
however, remained somewhat uncharted.
We investigated the molecular alterations produced by a brief burst-suppressing isoflurane anesthesia in the mouse hippocampi using TiO2-phosphopeptide enrichment coupled with phosphoproteomics (I). This method can
recognize global phosphorylation alterations from sample tissue without a priori knowledge. However, this methodology as such does not allow the analysis
of changes in precise subdivisions of anatomical structures, such as hippocampal subfields, which may hold differential relevance for depression. Moreover,
it does not provide any information on whether the changes are taking place in
neuronal or non-neuronal cells, but rather pools all phosphorylation changes
together from the sample. It also does not provide an absolute picture of the
phosphorylation changes, since TiO2-based enrichment is thought to enrich
phospho-serine/threonine residues better than phospho-tyrosine. With these
limitations in mind, the vast number of changes demonstrated by our study
is a solid indicator of the widespread molecular alterations set forth by brief
burst-suppressing isoflurane anesthesia. Since similar anesthesia procedures
are very commonly used in preclinical research, these findings raise important
questions about the confounding effects of anesthesia on phosphoprotein analyses (e.g. immunohistochemistry following transcardiac perfusion) and assays
in general. This is especially important since some of phosphorylation changes
elicited by isoflurane appear rapidly after brief exposure and may have long
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lasting effects on animal behavior (Antila et al., 2017; Brown et al., 2018).
Altogether, 318 phosphorylation alterations were identified in a total of
237 proteins, which are fully represented and discussed thoroughly in the original publication (I). Here I will focus on selected hits, which are also relevant for the other studies. These hits are GSK3βS9, p44/42-MAPKT202/Y204, and
MAP2T1620/1623, which were confirmed using western blotting and site-specific
antibodies. Moreover, we investigated whether the same residues were affected
by other anesthetics drugs at high doses: ketamine, urethane, and sevoflurane.
To our surprise, all the anesthetics had similar effects on the phosphorylation
of these selected molecular targets, even though their pharmacological mechanisms are not entirely identical. For example, the volatile anesthetics isoflurane
and sevoflurane profoundly increase the activity of inhibitory GABAA receptors
that are already at clinically relevant concentrations, while drugs like ketamine
are not known to have similar effects (Krasowski & Harrison, 1999). Furthermore, isoflurane and sevoflurane are known to increase glycine-induced Clcurrents, while ketamine does not modulate the glycine receptor. On the other
hand, ketamine has more potent effects on the inhibition of NMDA receptors
(Yamakura & Harris, 2000). Urethane likely has the widest profile of pharmacological targets. It induced increases in glycine and GABAA receptor function,
while its inhibition of NMDA and AMPA receptors is considered more modest
(Hara & Harris, 2002). Based on these findings, we hypothesized that these anesthetics may cause some molecular alterations by having similar effects on the
global brain state (i.e. anesthesia or sedation) despite the differences in their
main pharmacological targets.
Several of the discovered hits are involved in the regulation of the cytoskeleton and microtubule dynamics. Among these, microtubule-associated
proteins (MAPs) like MAP2 play a role in coordinating the bundling activity
of microtubules that form anchoring scaffolds for other proteins to interact
with. MAPs are known to be heavily regulated by phosphorylation, which
changes their ability to bind to microtubules and stabilize their structure (Sánchez et al., 2000). MAP2 phosphorylation in Thr1620/1623 residues is known
to render its dissociation from microtubules in vitro (Sánchez, Pérez et al.,
2000). Thus, there can be various downstream effects of the phosphorylation
of MAPs, including changes in the regulation of organelle transport and anchorage of protein kinases and phosphatases. The actions of microtubules and
MAPs have been also been proposed to be relevant for psychiatric disorders
(Marchisella et al., 2016). Intriguingly, some studies have implicated actions
on MAP2 in the putative antidepressant effects of neurosteroid drugs (Bianchi
& Baulieu, 2012; Daftary et al., 2017). The association of microtubule-related
functions with psychiatric disorders thus remains a promising avenue for fur63

ther research, which may also hold relevance for the antidepressant effects of
anesthetic drugs.
Among the phosphorylation alterations induced by the anesthetics, we observed an increase in the phosphorylation of GSK3β Ser9 residue (I), which
inactivates (Frame et al., 2001) this promiscuous kinase (Linding et al., 2007).
This phosphorylation event has been previously suggested to be necessary for
the rapid antidepressant-like effects of ketamine observed in mice (E Beurel et
al., 2011). Moreover, we observed a reduction in the p44/42-MAPK phosphorylation of the Thr202/Tyr204 residues with all anesthetics. The MAPK pathway
has also been implicated in the behavioral effects produced by antidepressants
and ketamine (Duman et al., 2007; Li et al., 2010; Réus et al., 2014). In particular, in vivo studies indicate increased phosphorylation of p44/42-MAPK in antidepressant effects, while the blockade of MAPK activity using MEK inhibitors
diminishes these effects (Duman et al., 2007; Pochwat et al., 2017).
The phosphorylation of p44/42-MAPK is generally thought to increase in
response to excitatory neuronal activity, and it is increased rapidly and robustly after ECS (Baraban et al., 1993; Bhat et al., 1998; Yamagata et al., 2002). Indeed, MAPK phosphorylation is increased in ex vivo brain slices by glutamate
administration and mediates the phosphorylation of the transcription factor
CREB and the expression of cFos (Vanhoutte et al., 1999). Many studies, in
the context of rapid-acting antidepressant effects, have investigated the effects
of subanesthetic doses of ketamine (~10 mg/kg, IP), while the decreased phosphorylation of MAPK in our study may represent the molecular changes particularly associated with more anesthetic states, since we used a dose of 100
mg/kg. Importantly, Li et al. (2010) reported increased phosphorylation of
p44/42-MAPK after 10 mg/kg, but not after 80 mg/kg of ketamine when measured in the PFC of rats one hour after administration. However, they analyzed
synaptosomal fractions instead of raw lysates. Nevertheless, the differential
regulation of glutamate dynamics with small and large doses of ketamine remains a plausible explanation for the decrease in MAPK phosphorylation after
a 100 mg/kg dose of ketamine IP. While 100 mg/kg of ketamine is not sufficient
to produce surgical anesthesia, it does produce visible behavioral immobility
unlike much lower subanesthetic doses, and in this way corresponds to the
anesthetic states produced by isoflurane, sevoflurane, and urethane, which also
reduced MAPK phosphorylation (I).
MAPK phosphorylation is increased in vitro in primary cultured neurons
by rapid-acting antidepressants and is thought to be dependent on both AMPA
and TrkB receptors (Lepack et al., 2016). According to Lepack et al., this increase in MAPK phosphorylation was not evident with traditional antidepressants, which suggests that it might be a particular property of rapid-acting
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treatments at least in primary cultures. Other studies have also connected neurotrophic signaling via the BDNF receptor TrkB with the antidepressant-like
behavioral effects of both traditional and rapid-acting antidepressants (Saarelainen et al., 2003; Sun et al., 2016). Chronic treatment with traditional antidepressants is known to increase the synthesis of BDNF (Nibuya et al., 1995),
which has been proposed to act through its cognate receptor TrkB to promote
plasticity (Karpova et al., 2011; Vetencourt et al., 2008). However, antidepressants can also transactivate TrkB in the absence of BDNF (Rantamäki et al.,
2011), and similar transactivation may occur with isoflurane, sevoflurane, and
halothane (Antila et al., 2017).
One of the downstream targets of neurotrophic signaling is the mTor pathway, a key regulator of protein synthesis and cellular metabolism (Magnuson
et al., 2012), which has been proposed to underlie some of the changes in synaptic proteins and spine formation following ketamine administration in rodents (Li et al., 2010). Activators upstream of mTOR are protein kinase B (i.e.
Akt) and MAPK (Inoki et al., 2006). Furthermore, the activation of GSK3β
inhibits mTor activation. Downstream of mTor is the ribosomal protein S6 kinase beta-1, also known as p70S6K (Magnuson et al., 2012), a serine-threonine
kinase that is phosphorylated and activated consequently via mTOR activity
by ketamine in the prefrontal cortex of rats (Li et al., 2010). The activation of
p70S6K further targets the S6 ribosomal protein, which induces protein synthesis at the ribosome (Magnuson et al., 2012). While this study did not reveal
phosphorylation changes on p70S6K, we investigated these in another study
and found increased phosphorylation after isoflurane anesthesia in the hippocampus and mPFC of mice (Antila et al., 2017).

6.2
		

Nitrous oxide regulates neuronal signaling
events implicated in rapid antidepressant effects

The intriguing clinical report by Nagele et al. (2015) led us to investigate
whether nitrous oxide, a gaseous anesthetic, would produce similar molecular alterations to those previously witnessed after ketamine and isoflurane. We
were surprised to find that an acute 30 min nitrous oxide (50% N2O/O2) treatment had little impact on the phosphorylation levels of TrkBY816, p70S6kT421/S424,
and GSK3βS9 measured from mPFC samples (II). It did, however, increase the
phosphorylation of p44/42-MAPKT202/Y204, suggesting increased cortical excitability taking place during N2O administration. Indeed, nitrous oxide readily
regulated the expression of multiple IEGs (Arc, Bdnf, Bdnf exon IV, cFos, EGR2,
Homer1a, MKP1, Synapsin 1, and Zif268). In further support of this idea, a pre65

vious study has suggested that the cerebral metabolic rate (CMR) is increased
during nitrous oxide anesthesia in goats (Pelligrino et al., 1984). Increases in
cerebral blood flow (CBF) with nitrous oxide inhalation have also been measured in humans (Deutsch & Samra, 1990; Field et al., 1993).
We also conducted EEG measurements during and after nitrous oxide
treatment, which revealed that once the gas administration ceased, mice exhibited increased slow EEG oscillations – a phenomenon also reported in human
trials (Foster & Liley, 2011; Henrie et al., 1961; Williams et al., 1984). Since we
had previously seen phosphorylation changes in GSK3βS9 and p44/42-MAPKT202/Y204 after high doses of various anesthetics known to silence EEG activity
(I), we investigated whether these molecular alterations are present during the
increased slow EEG activity following the cessation of nitrous oxide administration. Indeed, nitrous oxide increased TrkB, GSK3β, and p70S6K phosphorylation in mPFC samples collected after the cessation of gas flow (II).
Moreover, a subanesthetic dose of ketamine (10 mg/kg, i.p) produced a similar
homeostatic rebound of slow EEG oscillations after the acute pharmacological effects of the drug were dissipated. We continued to test the connection
between excitatory activity, subsequent EEG slowing, and the associated molecular changes by utilizing flurothyl to trigger generalized seizures. These seizures were followed by prominent post-ictal increases in slow EEG activity,
and when mPFC samples were collected during this state, significant increases
in the phosphorylation of TrkB, GSK3β, and p70S6K were noted. Phosphorylation of TrkB, GSK3β, and p70S6K, however, remain unaltered immediately
following the seizure when slow oscillations had not yet emerged (Rosenholm
M, unpublished). Thus, we hypothesized that ketamine, nitrous oxide, and
flurothyl drive excitatory activity in the cortex, to which the brain responds
with the homeostatic emergence of rebound slow EEG activity. We also hypothesized that during this process, TrkB signaling becomes activated.
Since nitrous oxide produced an upregulation of Bdnf expression (II), the
synthesis of BDNF and its actions through TrkB receptors may be involved in
the subsequent emergence of slow EEG activity. Interestingly, BDNF injected
intracerebroventricularly in rats and rabbits has been shown to produce increases of time spent in non-rapid eye movement (NREM) sleep (Kushikata et
al., 1999), and cortical unilateral microinjections of BDNF have been shown
to increase SWA in the injected hemisphere during subsequent sleep periods.
On the other hand, TrkB receptor inhibitor K252a produces a decrease in SWA
(Faraguna et al., 2008). In addition, BDNF has been demonstrated to modulate baseline and homeostatic regulation of REM sleep (Garner et al., 2018).
These findings are most interesting since BDNF is also upregulated by ECT,
and sleep disturbances are a key feature of depression (Breslau et al., 1996;
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Germain et al., 2004). However, since we did not investigate acute changes in
BDNF levels in our study or elucidate whether TrkB activation was dependent
on BDNF, these ideas remain speculative. The results of these studies and effects of rapid-acting antidepressants on rebound SWA should be investigated
in Bdnf deficient animals.
BDNF signaling via its cognate receptor TrkB is thought to be dependent
on neuronal activity and to control activity-dependent plasticity (Ernfors et al.,
1991; Hall et al., 2000; Poo, 2001). However, the receptor may also be transactivated independently of BDNF (Rantamäki et al., 2011). The phosphorylation
of TrkB, particularly during sedative states, accompanied by increased slow
EEG activity, may thus suggest activity- and BDNF-independent mechanisms.
This transactivation of TrkB receptors has been proposed to also occur during
isoflurane anesthesia (Antila et al., 2017). In our study, however, we did not
further elucidate the molecular mechanisms behind TrkB activation. It has
been suggested that BDNF-induced activation of TrkB phosphorylates Y515
residue acting as the Shc binding site (Guo et al., 2014; Segal et al., 1996) could
be possibly used to distinguish between BDNF-dependent and independent
activation, since this site is not phosphorylated by isoflurane (Antila et al.,
2017). A better strategy would be to utilize forebrain-specific Bdnf knockout
mice and test whether TrkB phosphorylation events take place in these animals in response to the treatments. It also remains to be investigated whether
TrkB activation during increased slow EEG oscillations recruits other canonical downstream pathways and if the phosphorylation of p70S6K and GSK3β
are dependent on TrkB activation.
These effects of anesthetics may be dependent on direct receptor-mediated mechanisms, but on the other hand, these changes could also occur in
response to more global changes in neuronal metabolism and network activity.
Notably, many previous studies have reported abnormalities in the regulation
of energy metabolism in association with MDD, including deficits in cerebral
blood flow (Bench et al., 1993; Schlegel et al., 1989), glucose metabolism (Baxter et al., 1989; Li et al., 2015), and mitochondrial function (Allen et al., 2018).
For example, a high resolution positron emission tomography study looking at
the effects of ECT on CBF reported an increase during seizure activity in the
basal ganglia, brainstem, diencephalon, amygdala, and vermis as well as in the
frontal, temporal, and parietal cortices, while a decrease was evident during
the post-ictal period in the anterior cingulate and frontal cortex (Takano et al.,
2007). Both the anterior cingulate and the frontal cortex have been implicated
in the pathophysiology of depression (Drevets, 2000), and the reduction of
blood flow to these areas have been associated with positive clinical responses
(Nobler et al., 1994). These results of decreased postictal CBF in the cortex are
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also in line with the vast literature of EEG studies related to postictal anterior
slowing after ECT (Fosse & Read, 2013) and our findings of EEG slowing
after flurothyl-induced seizures. However, further studies are needed to fully
understand the similarities and differences between the postictal state and the
rebound increase of slow EEG oscillations after nitrous oxide and ketamine
administration.

6.3
		
		

Medetomidine increases TrkB-GSK3β
signaling, but does not produce
antidepressant-like behavioral effects

We pursued the connection between slow EEG activity and the observed molecular signaling mechanisms further using medetomidine, a sedative drug with
a completely different pharmacological mode of action than nitrous oxide and
ketamine (II). Unlike NMDA antagonists, medetomidine activates α2-adrenergic autoreceptors and decreases neurotransmitter release (Sinclair, 2003). We
demonstrated that medetomidine produces a rapid increase in slow frequency
power after an IP injection in mice – similar to that seen in humans during dexmedetomidine sedation (Sleigh et al., 2018; Xi et al., 2018). Moreover, to validate the claim of medetomidine not producing cortical excitation, we demonstrated that medetomidine does not induce changes in the expression of IEGs
in the mPFC two hours after drug administration. Most importantly, when
brain samples were collected 30 min after the injection of medetomidine, during
the medetomidine-induced slow EEG activity, we saw robust increases in TrkB,
GSK3β, and p70S6K phosphorylation, while p44/42-MAPK phosphorylation
was downregulated. These results suggest that these molecular alterations are
either driven by the brain state characterized by increased slow EEG activity or
coincide with it.
We continued to investigate whether the direct facilitation (i.e. not rebound
emergence) of slow EEG oscillations and the accompanying phosphorylation
alterations (but lack of excitatory markers) induced by medetomidine produces
antidepressant-like responses in the learned helplessness (LH) model of depression (II). In our experiments, untreated mice were first exposed to inescapable
mild foot shocks during two pre-test days, which effectively rendered the animals helpless – that is, they no longer tried to escape the unpleasant stimuli. On
the third day, the animals were tested again with the possibility of escaping the
shocks by crossing into another chamber. After this, saline, ketamine or medetomidine was administered, and the animals were retested again 24 hours later
to quantify changes in their avoidance behavior. Notably, medetomidine failed
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to elicit any antidepressant-like effects in the learned helplessness model, but
subanesthetic ketamine effectively ameliorated the avoidance deficit.
Previous studies have demonstrated that both ketamine (Autry et al., 2011;
Beurel et al., 2011; Li et al., 2010; Zanos et al., 2016) and ECS (Biedermann et
al., 2012; Sartorius et al., 2003) produce antidepressant-like effects in the LH.
However, it is important to keep in mind that all behavioral tests in rodents have
limitations. Despite the possibility that the behavioral results might not be measuring antidepressant effects as such, these findings provide novel evidence of
medetomidine-induced phosphorylation of TrkB, GSK3β, and p70S6K without
promoting antidepressant-like behavioral outcomes (II). Besides antidepressant drugs and anesthetics, the acetylcholinesterase inhibitors donepezil and
galantamine have also been shown to activate TrkB in the mouse hippocampus,
while not affecting MAPK phosphorylation (Autio et al., 2011). Since drugs like
medetomidine and donepezil are not known to have antidepressant effects in
humans, TrkB activation by itself does not seem to be sufficient for clinically effective therapeutics. It may also be the case that the phosphorylation alterations
we see during slow EEG activity are not relevant for treating depression per se,
but may hold other neurobiological significance, for example in the cascade of
events that leads to putative alterations in neuronal network function.
One of the clearest differences between medetomidine and ketamine is
their differing ability to affect cortical excitability. Above all, clinical evidence
supports the excitatory activity of nitrous oxide and ketamine and the lack of
excitatory activity for pharmacological sedatives. For example, nitrous oxide
has been reported to increase global CBF via the augmentation of blood flow
in frontal cortical areas, but increases have also been noted in the basal ganglia,
insula, and thalamic regions (Reinstrup et al., 1994). In a PET imaging study,
nitrous oxide on was found to have a minor but not statistically significant effect on global CMR (Reinstrup et al., 2008). However, the inhalation of nitrous
oxide was shown to change the regional distribution of CMR, with increases in
the thalamus and the basal ganglia. Moreover, nitrous oxide may particularly
increase metabolism in the limbic system (Reinstrup et al., 2008, 1994), which is
also supported by experiments using depth-electrode measurements of the limbic and thalamic regions in epileptic patients who displayed increased activity
after ketamine and nitrous oxide administration (Ferrer-Allado et al., 1973). On
the other hand, sedative drugs like midazolam that lack any obvious antidepressant effects seem to reduce regional CBF in regions including the prefrontal
cortex and thalamus (Veselis et al., 1997). Furthermore, a clinical study comparing dexmedetomidine, propofol, sevoflurane, and S-ketamine on regional
CMR using PET imaging reported that only S-ketamine did not reduce CMR
(Laaksonen et al., 2018).
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6.4 Two phases of rapid antidepressant action:
		a hypothesis
Based on our findings, we formulated a hypothesis of the two-phased action
of rapid-acting antidepressants in the brain (Figure 15). According to our hypothesis, the first phase of action takes place during the acute pharmacological
effects – that is, during N2O inhalation or during ongoing ketamine infusion,
when the cerebral cortex is directly under the influence of said rapid-acting
antidepressant. The acute drug-induced excitation may be reflected by EEG
changes, such as increased gamma power during ketamine administration, or
measurable as molecular changes (e.g. increased IEG expression and increased
phosphorylation of MAPK). The excitatory phase then results in the emergence of homeostatic slow EEG oscillations in the second phase, when the
drug has been cleared, metabolized, or excreted from the body. We speculate
that this increase in slow EEG activity is an inherent property of neuronal
networks responding to the preceding excitation, and during this state, the
phosphorylation alterations in neurotrophic pathways (e.g. increases in TrkB,
GSK3β, and p70S6K and decreases in p44/42-MAPK phosphorylation) also
become activated via endogenous mechanisms. However, the direct induction
of these phosphorylation alterations by triggering a sedative brain state or increasing slow wave activity without the preceding excitatory drive may not be
enough to achieve therapeutic effects (i.e. medetomidine).
Since our hypothesis suggests cortical excitation and the subsequent regulation of molecular alterations during slow EEG oscillations as the driving
forces behind the therapeutic effects of rapid-acting treatments, one must ask
how these fit into the putative rapid-acting antidepressant effects of general
anesthetics such as isoflurane or propofol. Notably, it has been suggested that
general anesthetics do not cause a global suppression of neuronal activity, but
result in more differential effects on cortico-cortical and thalamo-cortical networks (Alkire et al., 2008; Liu et al., 2013; Mashour & Alkire, 2013). Moreover,
general anesthetics may produce transient excitatory effects both during the
induction of anesthesia and during emergence from anesthesia, which are often called “emergence phenomena” (Cascella et al., 2018). These effects appear
to take place particularly during periods when the concentration of the drug
being administered has not yet reached anesthetic levels or has been reduced
from anesthetic concentrations (Kuizenga et al., 1998, 2001). The molecular
alterations coinciding with these phases of anesthesia remain to be investigated
in this context.
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Figure 15. Hypothesis of the two phases of rapid-acting antidepressant action. The

first phase (left side of the dashed line) occurs during the acute pharmacological challenge and is characterized by increases in cortical excitability and synaptic potentiation.
It is also marked by changes in the transcription of immediate-early genes and increased
MAPK phosphorylation. The second phase (right side of the dashed line) occurs when
the rapid-acting antidepressant is no longer present, and is characterized by an increase
in the homeostatic regulation of slow EEG activity coinciding with increased phosphorylation of TrkB, GSK3β, and p70S6K (downstream of mTOR), while MAPK phosphorylation is reduced. These alterations may, for example, coincide with the consolidation
of activity-driven changes or initiate synaptic downscaling, ultimately resulting in the
reconfiguration of network activity. Increased phosphorylation is marked by (+) and
decreased phosphorylation by (-).

Our results bring up a further important aspect to consider, which is related to the pharmacokinetic properties of neuropharmacological drugs. Ketamine, for instance, has a relatively rapid rate of metabolism, which makes
the acute pharmacological effects of the drug brief. For example, in the study
of Li et al. (2010), ketamine (10 mg/kg, IP) administered to rats produced a
rapid increase in the phosphorylation of p44/42-MAPK and Akt in the PFC
that was visible both 30 minutes and 1 hour after the injection, but not at sub71

sequent time points. This time course seems to readily follow the half-life of
ketamine. Since post-translational modifications like the phosphorylation of
proteins can be regulated in a scale of minutes, the precise time point of the
collection of samples may have significant influence over the state of phosphorylation events. This is best exemplified by our results regarding N2O,
which is essentially removed from the body almost instantaneously once the
gas flow is ceased. In the experiments with N2O, a brief change in the sample
collection time reflected surprisingly different results.
Hypothetically, the rapid clearance of ketamine may also be important
for its therapeutic effects, since many other NMDAR antagonists have failed
to demonstrate such robust antidepressant effects. Memantine, for example,
has a half-life that is between 60 and 100 hours in humans (Matsunaga et
al., 2018), and has been given to patients daily in clinical trials studying its
antidepressant effects (Lenze et al., 2012; Zarate, Singh, Quiroz, et al., 2006).
Besides the differences in the pharmacology of ketamine and memantine,
the differences in the pharmacokinetic properties and dosing pattern also
differentiate these treatments. According to our hypothesis, the rapid clearance and “pulse-like” administration of ketamine allows the drug to briefly
excite the cortex and then give way to the subsequent phases of homeostatic
realignment. Contrary to ketamine, once memantine is administered, it acts
in the brain for days. If stable concentrations of the drug are reached through
chronic daily administration, the homeostatic response of the brain will be
to readjust to maintain that state. Indeed, the relatively brief duration of action is a shared property of ketamine, N2O, isoflurane, propofol, and ECT.
Rapid-acting antidepressants are also pharmacologically rapid-acting. Most
importantly, the effects of rapid-acting antidepressants seem to become most
evident when the drug has already been cleared from the body, suggesting
that lasting changes took place during administration. Furthermore, the effects may last from days to weeks after just one single treatment, suggesting
that the rapid changes initiated by the drug are consolidated to some degree.
These properties share similarities with what is known about the mechanisms
of memory, a property of neuronal networks that illustrates similar rapidly
induced but long-lasting changes.
Physiologically, a strong stimulus may trigger the formation of memories, recapitulated by changes in synaptic strength via mechanisms such as
protein phosphorylation and increases in synaptic function via LTP (Bear,
1997; Nicoll, 2017). Without subsequent consolidation, the synaptic strengths
decay back and the encoded information is lost. Short-term memories have
been proposed to transform into long-term memories through a process
called synaptic tagging (Frey & Morris, 1997). In synaptic tagging, a stim72

ulus establishes molecular “tags” in specific synapses that can then become
further potentiated (i.e. L-LTP) by later associating with newly synthesized
plasticity-related proteins. In L-LTP, changes in postsynaptic gene transcription are thought to be triggered (Pittenger & Kandel, 1998). Kinases already
triggered during E-LTP are thought to contribute to L-LTP, such as MAPK
(Thomas & Huganir, 2004), CaMKII (Ma et al., 2014), Akt (Pen et al., 2016),
PI3K (Asrar et al., 2009) and PKC subtypes (Jalil et al., 2015), many of which
are also putative downstream (or upstream) targets of TrkB signaling. These
pathways then further contribute to the phosphorylation of other targets,
such as transcription factors like CREB (Barco et al., 2002), which further
leads to changes in protein synthesis by key regulators like mTOR (Hay &
Sonenberg, 2004; Tang et al., 2002). De novo protein synthesis is suggested to
be required for the maintenance of induced LTP, which is relevant to the formation of lasting memories (Bekinschtein et al., 2007; Goelet et al., 1986) and
to the behavioral effects of ketamine (Girgenti et al., 2017; N. Li et al., 2010).
It is plausible that major differences in the extent, duration, and selectivity of the excitatory activity produced by rapid antidepressant treatments
may also determine their functional consequences. While flurothyl (and
ECT)-induced seizures are a very pronounced form of global excitatory activity, ketamine and nitrous oxide seem to drive this excitation in a subtler
way. It may be that during the excitatory phase, IEGs are produced by the
activation of, for example, particular thalamocortical networks, which leads
to their translation during the subsequent period of slow EEG activity, and
ultimately leading to sustainable functional changes. This way, network activity, for example, in the form of synaptic tagging (Frey & Morris, 1997) or
inverse synaptic tagging via mechanisms implicating Arc (Okuno, Akashi,
Ishii, Yagishita-Kyo, et al., 2012), may be consolidated in subsequent phases.
Moreover, excitation during the acute pharmacological effects may drive activity into specific or preferential networks, depending on the properties of
the treatment. Thus different drugs may have different effects on a network
level. This could explain why ECT has a wide profile of deleterious cognitive
effects while isoflurane anesthesia or subanesthetic ketamine are less prone
to producing negative cognitive effects. Since in ECT the electrical current
led to the brain is in no way selective as to which neuronal populations are
activated, this activity and remodeling of the networks may incite not only
therapeutic effects but also changes that are detrimental to memory and cognitive functions.

73

6.5 The putative role of slow EEG activity in rapid
		antidepressant mechanisms
Our results provide evidence of a translationally relevant electrophysiological parameter – slow EEG activity – that correlates with specific phosphorylation alterations in neurotrophic pathways. The increase of slow EEG activity is particularly interesting, since similar increases in delta frequency power
are physiologically evident during stages of non-rem (NREM) sleep (Davis
et al., 2011). The synaptic homeostasis hypothesis (SHY) proposed by

Giulio Tononi and Chiara Cirelli (2003) states that SWA, which increases
as a function of previous wakefulness and decreases over the course of sleep,
drives molecular and structural changes in neuronal networks during NREM
sleep. While the task of connecting sleep- and waking-related molecular and
cellular changes to behavioral and cognitive effects is unarguably complex,
SHY provides an interesting framework to apply to the effects of rapid-acting
antidepressants.
The SHY proposes that a net increase in the strength of neuronal connections takes place during waking, while a net decrease takes place during sleep
(Tononi & Cirelli, 2014). Activity-induced changes during waking are encoded into long-lasting changes in the strength, number, and wiring of neuronal
connections, driven by cellular signaling cascades. Among these cascades are
activity- and plasticity-related genes such as Bdnf and Arc and the phosphorylation of transcription factors such as CREB. The expression of these LTP-related molecular markers is, however, markedly reduced during sleep (Cirelli &
Tononi, 2000). While synaptic strengthening takes place during wakefulness
and learning, a balancing act is required to prevent excess potentiation. According to SHY, this balance is achieved by the consecutive potentiation and
depotentiation taking place along the 24-hour sleep/wake cycle in humans.
During waking hours, our brains are active, and we connect to the external
environment through our senses. This provides an optimal time for interacting
and learning. During sleep, however, our brains become disconnected from
the external world, allowing the restoration of synaptic weights to take place.
This state is particularly ideal for systematic synaptic renormalization because
it is not influenced by ongoing sensory experience and activity (Tononi &
Cirelli, 2019). Notably, recent ultrastructural evidence from experiments using three-dimensional electron microscopy in mice demonstrated a decrease
in the axon-spine interface after sleep compared with wakefulness (de Vivo et
al., 2017). Moreover, other studies have reported decreases in cortical AMPAR
expression after sleep (Diering et al., 2017; Vyazovskiy et al., 2008).
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The state of wakefulness is inherently accompanied by LTP-like changes in the
brain and the buildup of synaptic potentiation, and is supported by increases in the synaptic density and neuronal complexity of animals subjected to
interventions like an enriched environment or whisker stimulation (Knott et
al., 2002; Kolb et al., 1998; May-Britt et al., 1998; Tononi & Cirelli, 2014). The
SHY postulates that this potentiation is connected to the homeostatic increase
of SWA during subsequent periods of sleep, and is perhaps mediated by the
buildup of LTP-related molecules. While the mechanisms of SWA increase are
still unclear, the increase of SWA after extended wakefulness does not seem to
be explained only by neuronal fatigue after sustained firing (Rodriguez et al.,
2016). The SHY proposes that the amount of SWA is a direct reflection of the
strength of corticocortical synapses and their potentiation (Tononi & Cirelli,
2003).
In NREM sleep, cortical and thalamic neurons oscillate between up and
down states, characterized respectively by the tendency to fire or not (Tononi & Cirelli, 2019). This rhythmic activity can be measured as slow waves
in cortical EEG and has been proposed to be important for sleep-dependent
down-selection, along with electrical activity like hippocampal sharp waves/
ripples (Norimoto et al., 2018). Accumulating evidence suggests that sleep-dependent renormalization of synaptic strength spares neuronal connections that
are most active during sleep (Tononi & Cirelli, 2019). According to SHY, a
process must exist for selective down-selection in order for sleep to promote
learning and memory consolidation while also permitting the refinement of
circuitries and forgetting (Tononi & Cirelli, 2014). Such protection from synaptic depression has been evaluated in computer simulations (Hashmi et al.,
2013; Nere et al., 2013) and recently gained support from an in vivo study
where urethane anesthesia was used to reproduce the up and down states of
NREM sleep (González-Rueda et al., 2018). In this study, conventional rules
of spike-timing-dependent synaptic plasticity applied when presynaptic afferents in the mouse barrel cortex were optogenetically stimulated during down
states. However, stimulation during up states never led to increases in synaptic
strength, which remained unchanged when presynaptic activation was coupled with postsynaptic activity and decreased when postsynaptic activity was
coincidental. As proposed by the work of González-Rueda et al. (2018) and
discussed by Tononi and Cirelli (2019), since neurons rarely fire during down
states and up states last longer than down states during sleep, these mechanisms could explain the wide yet synapse-specific renormalization that is able
to spare those connections that fire congruently. In other words, synapses adequately strengthened during wakefulness and learning would be resistant to
synaptic depression.
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Our results demonstrate the connection between increased slow EEG activity
and the activation of neurotrophic pathways (II, III). If these bear any similarity to the neurobiological mechanisms of sleep or to what SHY proposes,
the latter phase of regulation (i.e. slow EEG activity after the acute effects) or
the increase of slow EEG activity during subsequent nights may be related to
the downscaling of neuronal connections. On the other hand, the first phase of
excitation that occurs during acute treatment may activate specific patterns of
neuronal activity, which then result in specific connections being preferentially spared from synaptic downscaling. Applied to ketamine, these mechanisms
could result in the acute potentiation of selected networks, resulting in the
rapid onset of antidepressant action. This potentiation would then spare these
connections in the down-selection during subsequent sleep and slow EEG activity, effectively upkeeping the relative potentiation of these connections and
consolidation into functionally meaningful changes that manifest as a lasting
reduction of depressive symptoms.
Indeed, the rapid-acting antidepressant effects of ketamine are most
prominent 24 hours after the treatment, essentially after a night of sleep. This
timescale suggests that endogenous mechanisms of sleep regulation may indeed interact with the pharmacological effects of ketamine and other putative
rapid-acting antidepressants. Moreover, the antidepressant effects of ketamine
typically wear off within several days or a few weeks, but can be restored by
another dose of ketamine. Hypothetically, this loss of antidepressant effects
could result from several consecutive periods of renormalization during subsequent nights of sleep, which eventually reset the relative potentiation of specific networks if no further stimulus (i.e. ketamine treatment) is applied. Notably, increased SWA has been reported during the night following ketamine
treatments, and this has been proposed to predict the therapeutic efficacy of
the treatment (Duncan, Sarasso, et al., 2013).
Synaptic strength is governed by the trafficking and insertion of AMPARs
into the synaptic membrane and by their removal. Among proteins involved in
these processes are Homer1a (Diering et al., 2017), Arc (Okuno, et al., 2012),
GSK3β (Beurel et al., 2016), and MAPK (Zhu et al., 2002). Our results demonstrate changes in the expression of Homer1a and Arc after N2O administration
and the subsequent regulation of GSK3β and MAPK during increased slow
EEG activity. Notably, Tononi and Cirelli (2019) speculate that the Ser9 phosphorylation of GSK3β could be involved in the mechanism of tagging synapses potentiated during wakefulness and their protection from down-selection.
Since our studies have concentrated on whole tissue lysates, it is impossible to
further evaluate the compartmentalization of said molecular changes. In this
regard, further studies using enriched postsynaptic densities or synaptosomal
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preparations may provide additional insights into these mechanisms. Taken
together, these findings, combined with the vast amount of literature pointing
towards the role of slow EEG oscillations in the therapeutic efficacy of ECT,
highlight the possibility that rapid antidepressant effects may be intimately
tied to the neurobiology of sleep and memory.

6.6 Dose-dependent effects of ketamine on 		
		TrkB-GSK3β signaling
In our third study, we investigated the dose-dependent effects of ketamine in
the regulation of TrkB-GSK3β signaling. Notably, a recent study by Zanos et
al. (2016) suggested that a metabolite of ketamine, cis-HNK, is responsible for
ketamine’s rapid antidepressant effects. Thus, we also investigated whether it is
ketamine or its cis-HNK metabolite that drives changes in the molecular pathways implicated in ketamine’s antidepressant-like effects (III). We found that
higher doses of ketamine (100 mg/kg, IP) effectively regulated TrkB, GSK3β,
and p70S6K phosphorylation, while subanesthetic doses (10 mg/kg, IP) did
not. Furthermore, our EEG recordings provide further evidence for slow EEG
oscillations coinciding with the previously mentioned phosphorylation changes. High doses of ketamine capable of increasing delta frequency power also
activate TrkB signaling. Moreover, our results demonstrate that an anesthetic
dose of 6,6-d2-ketamine produces alterations in the previously mentioned pathways similar to those produced by ketamine, while cis-HNK failed to produce
any acute effects on slow EEG activity or TrkB signaling.
These results are especially interesting in the context of preclinical and
clinical ketamine research. Subanesthetic doses of ketamine (~0.5 mg/kg given
over a 40-minute infusion) have been consistently used in clinical trials and
have been reported to produce antidepressant effects. However, there is also
active discussion in the literature about the relationship between the antidepressant responses and the psychoactive or dissociative symptoms elicited by
higher but still subanesthetic doses (Lai et al., 2014; Loo et al., 2016; Luckenbaugh et al., 2014; Niciu et al., 2018; Sos et al., 2013; Xu et al., 2016). Interestingly, in a recent clinical trial, lower doses (0.1 and 0.2 mg/kg) were not found
to produce clinically meaningful antidepressant effects, while higher doses (0.5
and 1.0 mg/kg) were effective (Fava et al., 2018). In the preclinical context, a
dose of 10 mg/kg has been most commonly used in studies demonstrating antidepressant-like effects in rodents (Li et al., 2010; Zanos et al., 2016). However,
studies thoroughly validating the basis for the selection of this dose and its
translational relevance are lacking.
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A recently published study implicates BDNF and mTOR signaling in the antidepressant-like effects of HNK (Fukumoto et al., 2018). The authors report
that antidepressant actions of (2R,6R)-HNK can be blocked in mice using an
antibody against BDNF. Moreover, the blockade of L-type VGCCs, TrkB, or
mTOR signaling result in abolished antidepressant-like behavioral effects, suggesting activity-dependent BDNF release to play a key role in the effects of
HNK. Notably, 30 mg/kg of (2R,6R)-HNK was required to produce effects
equivalent to those of 10 mg/kg of ketamine in behavioral assays and in the
phosphorylation of mTOR. Our study used a relatively high dose of 20 mg/kg
of cis-HNK, and we could not detect any statistically significant differences in
p70S6K phosphorylation, a target downstream of mTOR activation. While a
higher dose of HNK may indeed produce similar phosphorylation alterations
as ketamine, 10 mg/kg of ketamine does not metabolize into 30 mg/kg of
(2R,6R)-HNK or to 20 mg/kg of cis-HNK. This discrepancy of using massive
doses of HNK compared to small doses of ketamine does not support the idea
that ketamine’s effects are solely mediated by HNK. It is plausible that ketamine and the part metabolized to HNK may interact to produce additive molecular changes. However, in our study, we compared the effects of equivalent
doses of ketamine and 6,6-d2-ketamine and found their effects to be essentially
similar. Furthermore, while Fukumoto et al. (2018) reported increased mTOR
phosphorylation after 10 mg/kg of ketamine, we did not see any changes in
the phosphorylation of p70S6K with the same dose. The discrepancy between
these results remains to be clarified, but may be due to differences in sample
processing, for example, the use of raw lysates versus synaptosomal fractions.
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6.7

Translational remarks

A severe translational gap exists between preclinical and clinical experiments
in the study of rapid-acting antidepressant effects, with several preclinically
promising drug candidates having failed in clinical trials. One possible way
to achieve better relevance for preclinical results would be to comprehensively
compare the effects of rapid-acting antidepressants like ketamine on translationally relevant electrophysiological parameters of brain activity. However,
several limitations are involved in techniques such as EEG and their interpretations for mice versus humans. Comprehensive EEG recordings combined
with the study of brain drug pharmacokinetics in rodents would still provide
important information on adjusting treatments to further match the clinical
setting. Notably, ketamine is most often administered as IP or SC injections to
rodents. Almost all clinical trials have employed an IV infusion. This discrepancy likely exists for the convenience of the researchers and due to the difficulty of IV administration in rodents. However, several methods such as infusion
minipumps could be considered to combat these obstacles. From this perspective, nitrous oxide also provides a more promising translational option to study
the effects of putative fast-acting antidepressants in rodents, since its administration and pharmacokinetic properties are relatively similar in humans.
Behavioral assays have dominated the field of depression research since the
very first tests were developed along with the discovery of monoaminergic antidepressants. Some of these tests, such as FST, sometimes demonstrate a rapid
amelioration of depressive symptoms after antidepressant administration. Notably, humans typically do not experience the rapid alleviation of depressive
symptoms with traditional antidepressants, raising questions about the nature
of these responses in rodents. Many animal models also use long-term mild
stress to produce depression-like phenotypes, however, the depressive behavior is typically ameliorated by the removal of the stressor (Grippo et al., 2003).
Major depressive disorder, in contrast, often persists when external causes are
improved (Belmaker & Agam, 2008). While these animal models might be useful in finding new drugs that act on monoaminergic mechanisms, they might
not be as valuable in the discovery of novel antidepressants with lesser-known
mechanisms of action. Moreover, the ability of these models to distinguish
rapid antidepressant effects requires further study. Since our understanding of
the pathogenesis of depression and the mechanisms of antidepressants remains
incomplete, we are also lacking in animal models that effectively represent human depression (Nestler et al., 2002).
Instead of relying heavily on animal models, our studies mostly approached rapid-acting antidepressants from the perspective of their neuro79

pharmacological and neurophysiological features. This provided the opportunity to find shared pharmacological targets and features of various drugs that
have clinically relevant fast-acting antidepressant effects. A possible limitation
of our work is the use of naïve animals, which requires the presupposition that
naïve animals will display relevant biochemical and physiological responses
when treated with drugs that have clinical relevance in treating depression. As
demonstrated by the work in this thesis, this line of approach has great potential for future discoveries. For example, combining complementary methods
like phosphoproteomics, metabolomics, and RNA sequencing with translationally relevant in vivo imaging or electrophysiological measurements may
give further insights into common targets of rapid-acting treatments.
Our results highlight decades-old research on the mechanisms of ECT and
raise further important questions about the connection between physiological
brain states and the molecular mechanisms driving the rapid-acting antidepressant effects of ketamine. If the mechanisms of action of rapid-acting antidepressants are related to putative intrinsic neurobiological mechanisms such as
the modulation of network plasticity during SWA, several considerations may
be important for future research. Most importantly, in clinical practice, subanesthetic ketamine and ECT are most often delivered during the early morning
or early afternoon (C. Zarate & K. Järventausta, personal communications,
23.11.2018). In preclinical research, treatments are often given during the daytime, but since most rodent species (mice and rats) are nocturnal animals, the
treatments take place during their inactive period. While the contrast between
periods of activity and wakefulness are not as clearly defined in rodents as in
humans, rodents are clearly much more active during the night. Pharmacological and behavioral tests conducted during the inactive period of animals, when
sleep pressure is high, may have severe confounding effects for molecular and
behavioral tests. This discrepancy between basic and clinical research may also
contribute to why so many preclinically effective treatments of depression fail
in clinical trials. Moreover, since human cortical excitability is also regulated in
a circadian manner (Ly et al., 2016), understanding its implications for central
nervous system disorders may provide ways to further advance human therapeutics.
Emerging evidence of the rapid antidepressant effects of psychedelic drugs
may be ultimately important for unraveling the neurobiological mechanisms
of ketamine as well. For example, psilocybin has also been suggested to produce changes in spontaneous cortical excitability (Kometer et al., 2013) and
to increase global cerebral metabolic rate of glucose utilization (CMRglu), with
particular changes in the prefrontal cortex, associated limbic areas, and thalamus (Vollenweider, Leenders, Scharfetter, Maguire, et al., 1997). Essentially
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similar increases in CMRglu have been noted in patients receiving psilocybin
and ketamine, and this has been proposed to support the idea of converging
mechanism behind these different drugs (Vollenweider, Leenders, Scharfetter,
Antonini, et al., 1997; Vollenweider & Kometer, 2010). Indeed, several studies
have demonstrated that activation of the 5HT2A receptor increases excitatory activity in the PFC (Aghajanian & Marek, 1999; Beique et al., 2007; Puig,
2003). Moreover, psychedelic drugs have also been shown to increase cortical
glutamate release in rodents (Muschamp et al., 2004; Scruggs et al., 2003),
similar to subanesthetic ketamine (Chowdhury et al., 2017; Moghaddam et
al., 1997). Thus, it is tempting to speculate that psychedelics may also evoke
similar molecular alterations after their acute effects.
To further advance the mechanistic knowledge of rapid-acting antidepressant treatments, it is also worth considering the psychological dimensions of
using psychotropic drugs as treatments. Biochemistry aside, the dissociative
states produced by ketamine and N2O bear some resemblance to the psychedelic states induced by drugs like psilocybin. Both ketamine and psychedelics
have been suggested to have positive psychological effects for depression and
anxiety in patients that are receiving end-of-life care (Gasser et al., 2015; Griffiths et al., 2016; Grob et al., 2011; Iglewicz et al., 2015; Sexton et al., 2018;
Stefanczyk-Sapieha et al., 2008; Zanicotti et al., 2013). The subjective psychological experience triggered by potent psychotropic drugs has not received
much attention in relation to the effects of anesthetic drugs, though it is one of
the key interests in the study of psychedelic drugs. The role of “set and setting”,
representing the psychological state and the environment in which psychedelic
therapy takes place, has been given special attention in modern clinical studies of psychedelic drugs (Carhart-Harris et al., 2018; Johnson et al., 2008). If
rapid-acting antidepressant effects are related to the modulation of neuronal
plasticity and memory formation, the role of well-designed psychotherapy may
be crucial in supporting their therapeutic effects. Indeed, accumulating evidence suggests that traditional antidepressants may work better in a favorable
environment, while a stressful environment promotes worse outcomes (Alboni
et al., 2017; Branchi et al., 2013; Chiarotti et al., 2017; Viglione et al., 2019). It
remains to be investigated whether psychological and environmental factors
also contribute to responses in patients receiving ketamine and other putative
rapid-acting antidepressant treatments.
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7 CONCLUSIONS
In this thesis, we examined the phosphoproteomic effects of brief isoflurane
anesthesia in the mouse hippocampus and studied several molecular and
electrophysiological changes induced by fast-acting antidepressants. The
phosphoproteomic study demonstrates that isoflurane produces broad alterations in the hippocampal phosphoproteome, and that several molecular
alterations are similarly regulated by anesthetic drugs other than isoflurane.
Most importantly, our results highlight decades old research implicating the
association of post-ictal slow EEG activity with the therapeutic effects of ECT
and demonstrate that rapid-acting antidepressant treatments like nitrous oxide and ketamine may share similar features of cortical excitation and inhibition. Moreover, we demonstrate that nitrous oxide regulates the activity of
TrkB, GSK3β, p70S6K, and MAPK differentially during acute drug exposure
and the subsequent withdrawal, and that ketamine dose-dependently regulates these signaling pathways without the direct influence of its metabolite
HNK. Based on these studies, we formulated a hypothesis of the two phases
of rapid antidepressant action and highlighted the intriguing association of
slow EEG activity and the activation of signaling pathways implicated in rapid
antidepressant effects, which may be related to the complex neurobiological
mechanisms of sleep and memory. Further studies will be instrumental in understanding the functional significance of the molecular alterations associated
with the described phenomena.
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The main conclusions are:
I

brief isoflurane anesthesia produces prominent phosphoproteomic
changes in the mouse hippocampus;

II

anesthetic/sedative doses of isoflurane, sevoflurane, ketamine, 		
and urethane produce similar phosphorylation alterations on GSK3β,
MAP2, and p44/42-MAPK;

III

nitrous oxide produces molecular changes indicative of cortical 		
excitation and evokes the emergence of homeostatic slow EEG 		
oscillations after the cessation of gas flow, during which TrkB-GSK3β
phorylation is upregulated;

IV

the emergence of post-treatment slow EEG oscillations is a shared
feature of nitrous oxide, subanesthetic ketamine, and flurothyl;

V

medetomidine sedation increases slow EEG oscillations and induces
the phosphorylation of TrkB-GSK3β, but does not produce 		
antidepressant-like effects in mice;

VI

anesthetic doses of ketamine regulate the phosphorylation of TrkBGSK3β most prominently; and

VII

increased phosphorylation of TrkB-GSK3β is not solely dependent on
ketamine’s non-sedative metabolite cis-hydroxynorketamine.

83

Acknowledgements �

T

he work leading to this thesis was carried out at the University of Hel-

sinki in several institutes: the Neuroscience Center during 2015 and 2016,
the Department of Physiology and Neuroscience, Faculty of Biological and
Environmental Sciences during the years 2016 through 2018, the Department
of Pharmacology and Pharmacotherapy, Faculty of Pharmacy, and the SleepWell Research Program, Faculty of Medicine during the years 2018 and 2019.
Some of the studies were done in close collaboration with the Turku Center for
Biotechnology at the University of Turku and the Institute of Biomedicine at
the University of Helsinki.
First and foremost, I would like to express my deep respect and gratitude
for Associate Professor Tomi Rantamäki, who has been the guiding force of
my scientific career. Our paths crossed during my master’s studies, where I
was struck by the exciting atmosphere of Tomi’s lecture about neurotrophic
factors and TrkB. I followed his Trk’s and stumbled down the rabbit hole into
the peculiar world of neuroscience. Tomi helped me thrive in this new habitat.
Not only did he share his knowledge, but he also brought up controversies and
fought stale truths. Inspired by his enthusiasm, I was ready to take the red pill:
to embark on a quest for knowledge in the face of uncertainty. That is exactly
what happened, when Tomi received funding to start his own group and I happened to be in the right place at the right time. From there onwards, I had the
amazing opportunity to work on my PhD while starting up the Laboratory of
Neurotherapeutics along with Tomi, one reagent and experiment at a time. In
retrospect, a lot of money was spent pursuing crazy ideas that would never see
the light of day. However, not all was in vain, as can be witnessed by this thesis.
I cannot stress how privileged I have been to have Tomi as my supervisor and
colleague. He is not only a hard-working scientist, but also an excellent leader.
These qualities were best witnessed when we had four people working in his
tiny office due to limited space. There we existed in harmony, broken only by
bouts of lively laughter and bad jokes. We worked long days and kept sending
emails late into the night while the stars crept up in the sky. Most importantly,
we shared and reveled in the excitement of science.
Second, I would like to express my very great appreciation for all the opportunities I have had to grow as a student by learning from good teachers.
In the Faculty of Pharmacy, I consider Professor Raimo Tuominen to be one
of the best. Besides acting as my thesis committee member, I had the pleasure
to learn from his vast knowledge in pharmacology during my earlier studies.
Most importantly, Raimo has been very supportive, easy to approach, and always ready to give advice to students. I am deeply grateful for his continued
84

support throughout these years. I would also like to express my very great
appreciation to all my mentors over the past years. I am particularly grateful
for the assistance of Dr. Henri Autio and Dr. Hanna Antila. Henri guided me
through my first practical lab work and Hanna continued to give important
advice throughout my work. They both made a lasting impression with their
flawless professionalism and witty puns. Their attitude, curiosity, and intelligence contributed to my decision to continue to work towards a PhD. They
also taught me the sacred art of western blotting, a delicate yet prestigious
ritual that can be refined only by years of repetition.
I wish to thank Professor Claudio Rivera and Adjunct Professor Henri
Huttunen for acting in my thesis committee and for all the helpful discussions
during our meetings. I would like to say thanks to Adjunct Professors Petri
Hyytiä and Jouni Sirviö for acting as reviewers of this thesis, and to Professor
Ronald Duman for accepting the invitation to act as my thesis opponent. I also
want to thank Outi Nikkilä for her technical assistance, Katri Wegelius for her
work in coordinating the PhD studies and all the wonderful personnel of the
Biocenter 3 animal facilities for making my work so much easier.
My sincere thanks belong to all the past and present colleagues with whom
I have had the pleasure to work and spend time. You have given me help and
advice numerous times. I would particularly like to say thank you to Wiebke,
Marko, Salla, Stanislav and Nobuaki. Special thanks are deserved by Okko
for all the stimulating discussions and artistic endeavors! I would also like to
acknowledge the important role of all the co-authors and collaborators in my
thesis publications. Science is essentially team work.
My special thanks are extended to all my friends who have supported my
progress throughout the years. During my pharmacy studies, I have been privileged to meet exceptional people and to make amazing new friends, of whom
I would especially like to thank Mr. Palm, Mr. Lindholm, and Mr. Teppo.
In the end, I owe my deepest gratitude to my parents, Kaarina and Henrik, whose continuous support, commitment, and love have encouraged me
to push forward in life, and to my beloved Piia, who not only encouraged my
decision to pursue a PhD, but also supported me throughout the long and
arduous journey.
The Academy of Finland, Business Finland, Doctoral Programme Brain &
Mind, the Orion Research Foundation, the Finnish Pharmaceutical Society,
the Finnish Pharmacists’ Society, the Finnish Pharmacological Society, and
The Association of Pharmacy Teachers and Researchers are thanked for their
very important financial support.
Helsinki, March 2019

85

References
Abdallah, C. G., Averill, C. L., Salas, R., Averill, L. A., Baldwin, P. R., Krystal, J. H.,
Mathew, S. J., and Mathalon, D. H. (2017). Prefrontal Connectivity and Glutamate
Transmission: Relevance to Depression Pathophysiology and Ketamine Treatment.
Biological Psychiatry Cognitive Neuroscience and Neuroimaging, 2, 566–574.
Abdallah, C. G., Averill, L. A., Collins, K. A., Geha, P., Schwartz, J., Averill, C., Dewilde,
K. E., Wong, E., Anticevic, A., Tang, C. Y., Iosifescu, D. V., Charney, D. S., and Murrough,
J. W. (2017). Ketamine Treatment and Global Brain Connectivity in Major Depression.
Neuropsychopharmacology, 42, 1210–1219.
Abdallah, C. G., de Feyter, H. M., Averill, L. A., Jiang, L., Averill, C. L., Chowdhury,
G. M. I., Purohit, P., de Graaf, R. A., Esterlis, I., Juchem, C., Pittman, B. P., Krystal,
J. H., Rothman, D. L., Sanacora, G., and Mason, G. F. (2018). The effects of ketamine
on prefrontal glutamate neurotransmission in healthy and depressed subjects.
Neuropsychopharmacology, 43, 2154-2160.
Adams, J. D., Baillie, T. A., Trevor, A. J., and Castagnoli, N. (1981). Studies on the
biotransformation of ketamine 1—Identification of metabolites produced in vitro from
rat liver microsomal preparations. Biological Mass Spectrometry, 8, 527–538.
Aghajanian, G. K., and Marek, G. J. (1999). Serotonin, via 5-HT(2A) receptors, increases
EPSCs in layer V pyramidal cells of prefrontal cortex by an asynchronous mode of
glutamate release. Brain Research, 825, 161–171.
Agid, Y., Buzsaki, G., Diamond, D. M., Frackowiak, R., Giedd, J., Girault, J. A., Grace,
A., Lambert, J. J., Manji, H., Mayberg, H., Popoli, M., Prochiantz, A., Richter-Levin,
G., Somogyi, P., Spedding, M., Svenningsson, P., and Weinberger, D. (2007). How can
drug discovery for psychiatric disorders be improved? Nature Reviews Drug Discovery,
6, 189–201.
Alboni, S., Van DIjk, R. M., Poggini, S., Milior, G., Perrotta, M., Drenth, T., Brunello,
N., Wolfer, D. P., Limatola, C., Amrein, I., Cirulli, F., Maggi, L., and Branchi, I. (2017).
Fluoxetine effects on molecular, cellular and behavioral endophenotypes of depression
are driven by the living environment. Molecular Psychiatry, 22, 552–561.
Alkire, M. T., Hudetz, A. G., and Tononi, G. (2008). Consciousness and anesthesia.
Science, 322, 876–80.
Allen, J., Romay-Tallon, R., Brymer, K. J., Caruncho, H. J., and Kalynchuk, L. E. (2018).
Mitochondria and mood: Mitochondrial dysfunction as a key player in the manifestation
of depression. Frontiers in Neuroscience, 12, 1–13.
Alonso, M., Medina, J. H., and Pozzo-Miller, L. (2004). ERK1/2 Activation Is Necessary
for BDNF to Increase Dendritic Spine Density in Hippocampal CA1 Pyramidal Neurons.
Learning and Memory, 11, 172–178.
Altar, C. A., Whitehead, R. E., Chen, R., Wörtwein, G., and Madsen, T. M. (2003). Effects
of electroconvulsive seizures and antidepressant drugs on brain-derived neurotrophic
factor protein in rat brain. Biological Psychiatry, 54, 703–709.
Amick, H. R., Gartlehner, G., Gaynes, B. N., Forneris, C., Asher, G. N., Morgan, L. C.,
Coker-Schwimmer, E., Boland, E., Lux, L. J., Gaylord, S., Bann, C., Pierl, C. B., and
Lohr, K. N. (2015). Comparative benefits and harms of second generation antidepressants
and cognitive behavioral therapies in initial treatment of major depressive disorder:
Systematic review and meta-analysis. BMJ, 351.
Andrade, C. (2017). Ketamine for depression, 4: In what dose, at what rate, by what route,
for how long, and at what frequency? Journal of Clinical Psychiatry, 78, e852–e857.

86

Andrews, P. W., Bharwani, A., Lee, K. R., Fox, M., and Thomson, J. A. (2015). Is serotonin
an upper or a downer? The evolution of the serotonergic system and its role in depression
and the antidepressant response. Neuroscience and Biobehavioral Reviews, 51, 164–188.
Antila, H., Ryazantseva, M., Popova, D., Sipilä, P., Guirado, R., Kohtala, S., Yalcin,
I., Lindholm, J., Vesa, L., Sato, V., Cordeira, J., Autio, H., Kislin, M., Rios, M., Joca, S.,
Casarotto, P., Khiroug, L., Lauri S., Taira T., Castrén E., and Rantamäki, T. (2017). Isoflurane
produces antidepressant effects and induces TrkB signaling in rodents. Scientific Reports,
7, 7811.
Arabzadeh, S., Hakkikazazi, E., Shahmansouri, N., Tafakhori, A., Ghajar, A., Jafarinia, M.,
and Akhondzadeh, S. (2018). Does oral administration of ketamine accelerate response to
treatment in major depressive disorder? Results of a double-blind controlled trial. Journal of
Affective Disorders, 235, 236–241.
Aruta, A. (2011). Shocking waves at the museum: The Bini-Cerletti electro-shock apparatus.
Medical History, 55, 407–412.
Askitopoulou, H., Ramoutsaki, I. A., and Konsolaki, E. (2002). Archaeological evidence on
the use of opium in the Minoan world. International Congress Series, 1242, 23–29.
Asrar, S., Zhou, Z., Ren, W., and Jia, Z. (2009). Ca2+permeable AMPA receptor induced
long-term potentiation requires PI3/MAP kinases but not Ca/CaMDependent kinase II.
PLoS ONE, 4.
Autio, H., Mätlik, K., Rantamäki, T., Lindemann, L., Hoener, M. C., Chao, M., Arumäe,
U., and Castrén, E. (2011). Acetylcholinesterase inhibitors rapidly activate Trk neurotrophin
receptors in the mouse hippocampus. Neuropharmacology, 61, 1291–1296.
Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P., Kavalali, E. T.,
and Monteggia, L. M. (2011). NMDA receptor blockade at rest triggers rapid behavioural
antidepressant responses. Nature, 475, 91–95.
Ban, T. A. (2001). Pharmacotherapy of mental illness - A historical analysis. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 25, 709–727.
Baraban, J. M., Fiore, R. S., Sanghera, J. S., Paddon, H. B., and Pelech, S. L. (1993).
Identification of p42 Mitogen-Activated Protein Kinase as a Tyrosine Kinase Substrate
Activated by Maximal Electroconvulsive Shock in Hippocampus. Journal of Neurochemistry,
60, 330–336.
Barco, A., Alarcon, J. M., and Kandel, E. R. (2002). Expression of constitutively active
CREB protein facilitates the late phase of long-term potentiation by enhancing synaptic
capture. Cell, 108, 689–703.
Barde, Y. A., Edgar, D., and Thoenen, H. (1982). Purification of a new neurotrophic factor
from mammalian brain. The EMBO Journal, 1, 549–53.
Basar, K., Eren-Kocak, E., Ozdemir, H., and Ertugrul, A. (2013). Effects of acute and chronic
electroconvulsive shocks on glycogen synthase kinase 3β level and phosphorylation in mice.
The Journal of ECT, 29, 265–270.
Baxter, L. R., Schwartz, J. M., Phelps, M. E., Mazziotta, J. C., Guze, B. H., Selin, C.
E., Gerner, R. H., and Sumida, R. M. (1989). Reduction of Prefrontal Cortex GlucoseMetabolism Common to 3 Types of Depression. Archives of General Psychiatry, 46, 243–250.
Bear, M. F. (1997). How do memories leave their mark? Nature, 385, 481–482.
Begliuomini, S., Lenzi, E., Ninni, F., Casarosa, E., Merlini, S., Pluchino, N., Valentino,
V., Luisi, S., Luisi, M., and Genazzani, A. R. (2008). Plasma brain-derived neurotrophic
factor daily variations in men: Correlation with cortisol circadian rhythm. Journal of
Endocrinology, 197, 429–435.

87

Beique, J.-C., Imad, M., Mladenovic, L., Gingrich, J. A., and Andrade, R. (2007).
Mechanism of the 5-hydroxytryptamine 2A receptor-mediated facilitation of synaptic
activity in prefrontal cortex. Proceedings of the National Academy of Sciences, 104,
9870–9875.
Bekinschtein, P., Katche, C., Slipczuk, L. N., Igaz, L. M., Cammarota, M., Izquierdo,
I., and Medina, J. H. (2007). mTOR signaling in the hippocampus is necessary for
memory formation. Neurobiology of Learning and Memory, 87, 303–307.
Bel, N., and Artigas, F. (1992). Fluvoxamine Preferentially Increases Extracellular 5Hydroxytryptamine in the Raphe Nuclei - An Invivo Microdialysis Study. European
Journal of Pharmacology, 229, 101–103.
Bel, N., and Artigas, F. (1993). Chronic treatment with fluvoxamine increases
extracellular serotonin in frontal cortex but not in raphe nuclei. Synapse, 15, 243–245.
Belmaker, R. H., and Agam, G. (2008). Major Depressive Disorder. New England
Journal of Medicine, 358, 55–68.
Bench, C. J., Friston, K. J., Brown, R. G., Frackowiak, R. S., and Dolan, R. J. (1993).
Regional cerebral blood flow in depression measured by positron emission tomography:
The relationship with clinical dimensions. Psychological Medicine, 23, 579–590.
Berger, R. J., and Oswald, I. (1962). Effects of Sleep Deprivation on Behaviour,
Subsequent Sleep, and Dreaming. The British Journal of Psychiatry, 108, 457–465.
Berman, R. M., Cappiello, A., Anand, A., Oren, D. a, Heninger, G. R., Charney, D.
S., and Krystal, J. H. (2000). Antidepressant effects of ketamine in depressed patients.
Biological Psychiatry, 47, 351–354.
Berman, R. M., Sanacora, G., Anand, A., Roach, L. M., Fasula, M. K., Finkelstein,
C. O., Wachen, R. M., Oren, D. A., Heninger, G. R., and Charney, D. S. (2002).
Monoamine depletion in unmedicated depressed subjects. Biological Psychiatry, 51,
469–473.
Beurel, E., Grieco, S. F., Amadei, C., Downey, K., and Jope, R. S. (2016). Ketamineinduced inhibition of glycogen synthase kinase-3 contributes to the augmentation of
α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor signaling.
Bipolar Disorders, 18, 473–480.
Beurel, E., Grieco, S. F., and Jope, R. S. (2015). Glycogen synthase kinase-3 (GSK3):
Regulation, actions, and diseases. Pharmacology & Therapeutics, 148, 114–131.
Beurel, E., Song, L., and Jope, R. (2011). Inhibition of glycogen synthase kinase-3 is
necessary for the rapid antidepressant effect of ketamine in mice. Molecular Psychiatry,
16, 1068–1070.
Bhat, R. V, Engber, T. M., Finn, J. P., Koury, E. J., Contreras, P. C., Miller, M. S.,
Dionne, C. A., and Walton, K. M. (1998). Region-specific targets of p42/p44MAPK
signaling in rat brain. Journal of Neurochemistry, 70, 558–571.
Bianchi, M., and Baulieu, E.-E. (2012). 3 -Methoxy-pregnenolone (MAP4343) as an
innovative therapeutic approach for depressive disorders. Proceedings of the National
Academy of Sciences, 109, 1713–1718.
Biedermann, S., Weber-Fahr, W., Zheng, L., Hoyer, C., Vollmayr, B., Gass, P., Ende, G.,
and Sartorius, A. (2012). Increase of hippocampal glutamate after electroconvulsive
treatment: A quantitative proton MR spectroscopy study at 9.4 T in an animal model
of depression. World Journal of Biological Psychiatry, 13, 447–457.
Bini, L. (1938). Experimental researches on epileptic attacks induced by the electric
current. American Journal of Psychiatry, 94, 172–174.

88

Blanpied, T. a, Boeckman, F. a, Aizenman, E., and Johnson, J. W. (1997). Trapping
channel block of NMDA-activated responses by amantadine and memantine. Journal
of Neurophysiology, 77, 309–323.
Blier, P., and de Montigny, C. (1994). Current advances and trends in the treatment of
depression. Trends in Pharmacological Sciences, 15, 220–226.
Block, R. I., Ghoneim, M. M., Kumar, V., and Pathak, D. (1990). Psychedelic effects of
a subanesthetic concentration of nitrous oxide. Anesthesia Progress, 37, 271–276.
Boero, G., Pisu, M. G., Biggio, F., Muredda, L., Carta, G., Banni, S., Paci, E., Follesa, P.,
Concas, A., Porcu, P., and Serra, M. (2018). Impaired glucocorticoid-mediated HPA axis
negative feedback induced by juvenile social isolation in male rats. Neuropharmacology,
133, 242–253.
Boland, E. M., Rao, H., Dinges, D. F., Smith, R. V, Goel, N., Detre, J. A., Basner,
M., Sheline, Y. I., Thase, M. E., and Gehrman, P. R. (2015). Meta-Analysis of the
Antidepressant Effects of Acute Sleep Deprivation. The Journal of Clinical Psychiatry,
78, e1020–e1034.
Bolshakov, K. V., Gmiro, V. E., Tikhonov, D. B., and Magazanik, L. G. (2003).
Determinants of trapping block of N-methyl-D-aspartate receptor channels. Journal of
Neurochemistry, 87, 56–65.
Borsini, F., and Meli, A. (1988). Is the forced swimming test a suitable model for
revealing antidepressant activity? Psychopharmacology, 94, 147–160.
Bosch, O. G., Quednow, B. B., Seifritz, E., and Wetter, T. C. (2012). Reconsidering
GHB: orphan drug or new model antidepressant? Journal of Psychopharmacology, 26,
618–628.
Bosch, O. G., Rihm, J. S., Scheidegger, M., Landolt, H.-P., Stampfli, P., Brakowski,
J., Esposito, F., Rasch, B., and Seifritz, E. (2013). Sleep deprivation increases dorsal
nexus connectivity to the dorsolateral prefrontal cortex in humans. Proceedings of the
National Academy of Sciences, 110, 19597–19602.
Boyer, P., Skolnick, P., and Fossom, L. H. (1998). Chronic Administration of Imipramine
and Citalopram Alters the Expression of NMDA Receptor Subunit mRNAs in Mouse
Brain. Journal of Molecular Neuroscience, 10, 219–233.
Branchi, I. (2011). The double edged sword of neural plasticity: Increasing serotonin
levels leads to both greater vulnerability to depression and improved capacity to recover.
Psychoneuroendocrinology, 36, 339–351.
Branchi, I., Santarelli, S., Capoccia, S., D’Andrea, I., Cirulli, F., and Alleva, E. (2013).
Antidepressant Treatment Outcome Depends on the Quality of the Living Environment:
A Pre-Clinical Investigation in Mice. PLoS ONE, 8.
Breier, A., Malhotra, A. K., Pinals, D. A., Weisenfeld, N. I., and Pickar, D. (1997).
Association of ketamine-induced psychosis with focal activation of the prefrontal cortex
in healthy volunteers. American Journal of Psychiatry, 154, 805–811.
Breslau, N., Roth, T., Rosenthal, L., and Andreski, P. (1996). Sleep disturbance and
psychiatric disorders: A longitudinal epidemiological study of young adults. Biological
Psychiatry, 39, 411–418.
Brill, N. Q., Crumpton, E., Eiduson, S., Grayson, H. M., Hellman, L. I., and Rirchards,
R. A. (1959). Relative Effectiveness of Various Components of Electroconvulsive
Therapy. A.M.A. Archives of Neurology & Psychiatry, 81, 627.
Brodie, B., Pletscher, A., and Shore, P. (1955). Evidence That Serotonin Has a Role in
Brain Function. Science, 122, 968.

89

Bromet, E., Andrade, L. H., Hwang, I., Sampson, N. A., Alonso, J., de Girolamo, G., de Graaf,
R., Demyttenaere, K., Hu, C., Iwata, N., Karam, A. N., Kaur, J., Kostyuchenko, S., Lépine,
J.-P., Levinson, D., Matschinger, H., Mora, M. E., Browne, M. O., Posada-Villa, J., Viana, M.
C., Williams,. D. R., and Kessler, R. C. (2011). Cross-national epidemiology of DSM-IV major
depressive episode. BMC Medicine, 9, 90.
Brown, P. L., Zanos, P., Wang, L., Elmer, G.I., Gould, T. D., and Shepard, P. D. (2018). Isoflurane
but not halothane prevents and reverses helpless behavior: a role for EEG burst suppression.
International Journal of Neuropsychopharmacology, 21, 777-785.
Brunoni, A. R., Baeken, C., Machado-Vieira, R., Gattaz, W. F., and Vanderhasselt, M. A.
(2014). BDNF blood levels after electroconvulsive therapy in patients with mood disorders: A
systematic review and meta-analysis. World Journal of Biological Psychiatry, 15, 411–418.
Bunney, W. E., and Davis, J. M. (1965). Norepinephrine in Depressive Reactions: A Review.
Archives of General Psychiatry, 13, 483–494.
Buysse, D. J., Frank, E., Lowe, K. K., Cherry, C. R., and Kupfer, D. J. (1997).
Electroencephalographic sleep correlates of episode and vulnerability to recurrence in
depression. Biological Psychiatry, 41, 406–418.
Campbell, I. G., and Feinberg, I. (1996). Noncompetitive NMDA channel blockade during
waking intensely stimulates NREM delta. Journal of Pharmacology and Experimental
Therapeutics, 276, 737–42.
Canuso, C. M., Singh, J. B., Fedgchin, M., Alphs, L., Lane, R., Lim, P., Pinter, C., Hough, D.,
Sanacora, G., Manji, H., and Drevets, W. C. (2018). Efficacy and safety of intranasal esketamine
for the rapid reduction of symptoms of depression and suicidality in patients at imminent risk
for suicide: Results of a double-blind, randomized, placebo-controlled study. American Journal
of Psychiatry, 175, 620–630.
Carhart-Harris, R. L., Bolstridge, M., Rucker, J., Day, C. M. J., Erritzoe, D., Kaelen, M.,
Bloomfield, M., Rickard, J. A., Forbes, B., Feilding, A., Taylor, D., Pilling, S., Curran, V. H., and
Nutt, D. J. (2016). Psilocybin with psychological support for treatment-resistant depression: an
open-label feasibility study. The Lancet Psychiatry, 3, 619–627.
Carhart-Harris, R. L., Roseman, L., Haijen, E., Erritzoe, D., R, R. W., Branchi, I., and Kaelen, M.
(2018). Psychedelics and the essential importance of context. Journal of Psychopharmacology,
32, 725-731.
Carl, C., Engelhardt, W., Teichmann, G., and Fuchs, G. (1988). Open Comparatlve Study wlth
Treatment-Refractory Depressed Patlents: Electroconvulslve Therapy - Anesthetic Therapy wlth
Isoflurane (Preliminary Report). Pharmacopsychiatry, 21, 432–433.
Carlsson, A., Lindqvist, M., and Magnusson, T. (1957). 3,4-Dihydroxyphenylalanine and
5-hydroxytryptophan as reserpine antagonists. Nature, 180, 1200.
Cascella, M., Bimonte, S., and Muzio, M. R. (2018). Towards a better understanding of
anesthesia emergence mechanisms: Research and clinical implications. World Journal of
Methodology, 8, 9–16.
Castrén, E. (2013). Neuronal Network Plasticity and Recovery from depression. JAMA
Psychiatry, 70, 983–988.
Castrén, E., and Hen, R. (2013). Neuronal plasticity and antidepressant actions. Trends in
Neurosciences, 36, 259–267.
Cerletti, U., and Bini, L. (2018). Electroshock. International Review of Psychiatry, 30, 153–154.
Chacón-Fernández, P., Säuberli, K., Colzani, M., Moreau, T., Ghevaert, C., and Barde, Y. A.
(2016). Brain-derived neurotrophic factor in megakaryocytes. Journal of Biological Chemistry,
291, 9872–9881.

90

Chamaa, F., Bahmad, H. F., Makkawi, A.-K., Chalhoub, R. M., Al-Chaer, E. D., Bikhazi,
G. B., Nahas, Z., and Abou-Kheir, W. (2018). Nitrous Oxide Induces Prominent
Cell Proliferation in Adult Rat Hippocampal Dentate Gyrus. Frontiers in Cellular
Neuroscience, 12, 1–8.
Chaput, Y., de Montigny, C., and Blier, P. (1986). Effects of a selective 5-HT reuptake
blocker, citalopram, on the sensitivity of 5-HT autoreceptors: Electrophysiological studies
in the rat brain. Naunyn-Schmiedeberg’s Archives of Pharmacology, 333, 342–348.
Charney, D. S., Menkes, D. B., and Heninger, G. R. (1981). Receptor Sensitivity and
the Mechanism of Action of Antidepressant Treatment Implications for the Etiology.
Archives of General Psychiatry, 38, 1160–1180.
Chatrian, G. E., and Petersen, M. C. (1960). The convulsive patterns provoked by
indoklon, metrazol and electroshock: Some depth electrographic observations in human
patients. Electroencephalography and Clinical Neurophysiology, 12, 715–725.
Chen, B., Dowlatshahi, D., MacQueen, G. M., Wang, J. F., and Young, L. T. (2001).
Increased hippocampal BDNF immunoreactivity in subjects treated with antidepressant
medication. Biological Psychiatry, 50, 260–265.
Chesney, E., Goodwin, G. M., and Fazel, S. (2014). Risks of all-cause and suicide mortality
in mental disorders: A meta-review. World Psychiatry, 13, 153–160.
Chiarotti, F., Viglione, A., Giuliani, A., and Branchi, I. (2017). Citalopram amplifies the
influence of living conditions on mood in depressed patients enrolled in the STAR*D
study. Translational Psychiatry, 7, e1066.
Chowdhury, G. M. I., Zhang, J., Thomas, M., Banasr, M., Ma, X., Pittman, B., Bristow,
L., Schaeffer, E., Duman, R. S., Rothman, D. L., Behar, K. L., and Sanacora, G. (2017).
Transiently increased glutamate cycling in rat PFC is associated with rapid onset of
antidepressant-like effects. Molecular Psychiatry, 22, 120–126.
Chrousos, G. P., and Gold, P. W. (1998). A Healthy Body in a Healthy Mind—and
Vice Versa —The Damaging Power of “Uncontrollable” Stress. The Journal of Clinical
Endocrinology & Metabolism, 83, 1842–1845.
Chusid, J. G., and Pacella, B. L. (1952). The electroencephalogram in the electric shock
therapies. Journal of Nervous and Mental Disease, 116, 92–107.
Cipriani, A., Furukawa, T. A., Salanti, G., Chaimani, A., Atkinson, L. Z., Ogawa, Y.,
Leucht, S., Ruhe, H. G., Turner, E. H., Higgins, J. P. T., Egger, M., Takeshima, N.,
Hayasaka, Y., Imai, H., Shinohara, K., Tajika, A., Ioannidis, J. P. A., and Geddes, J. R.
(2018). Comparative efficacy and acceptability of 21 antidepressant drugs for the acute
treatment of adults with major depressive disorder: a systematic review and network
meta-analysis. The Lancet, 391, 1357-1366.
Cirelli, C., Pompeiano, M., and Tononi, G. (1995). Sleep deprivation and c-fos expression
in the rat brain. Journal of Sleep Research, 4, 92–106.
Cirelli, C., and Tononi, G. (2000). Differential expression of plasticity-related genes
in waking and sleep and their regulation by the noradrenergic system. Journal of
Neuroscience, 20, 9187–94.
Clark, W. (1975). Psychedelic Research: Obstacles and Values. Journal of Humanistic
Psychology, 15, 5–17.
Clark, W. H. (1977). Art and psychotherapy in Mexico. Art Psychotherapy, 4, 41–44.
Clarke, K., Mayo-Wilson, E., Kenny, J., and Pilling, S. (2015). Can non-pharmacological
interventions prevent relapse in adults who have recovered from depression? A systematic
review and meta-analysis of randomised controlled trials. Clinical Psychology Review, 39,
58–70.

91

Clements, J. A., and Nimmo, W. S. (1981). Pharmacocinetics and analgesic effect of
Ketamine in man. British Journal of Anaesthesia, 53, 27–30.
ClinicalTrials.gov. (2018a). NCT01145755. Retrieved September 25, 2018, from https://
www.clinicaltrials.gov/ct2/show/results/NCT01145755
ClinicalTrials.gov. (2018b). NCT01457677. Retrieved September 25, 2018, from https://
clinicaltrials.gov/ct2/show/NCT01457677
Collingridge, G. L., Lee, Y., Bortolotto, Z. A., Kang, H., and Lodge, D. (2017).
Antidepressant Actions of Ketamine Versus Hydroxynorketamine. Biological Psychiatry,
81, e65–e67.
Coppen, A., Shaw, D. M., and Farrell, J. P. (1963). Potentiation of the Antidepressive
Effect of a Monoamineoxidase Inhibitor By Tryptophan. The Lancet, 281, 384–385.
Crammer, J. L. (2000). Insulin coma therapy for schizophrenia. Journal of the Royal
Society of Medicine, 93, 332–333.
Crane, G. E. (1956). The Psychiatric Side Effects of Iproniazid. American Journal of
Psychiatry, 112, 494-501.
Cunningham, M. E., and Greene, L. A. (1998). A function – structure model for NGFactivated TRK. The EMBO Journal, 17, 7282–7293.
Daftary, S., Yon, J. M., Choi, E. K., Kim, Y. B., Bice, C., Kulikova, A., Park, J., and
Sherwood Brown, E. (2017). Microtubule associated protein 2 in bipolar depression:
Impact of pregnenolone. Journal of Affective Disorders, 218, 49–52.
Daly, E. J., Singh, J. B., Fedgchin, M., Cooper, K., Lim, P., Shelton, R. C., Thase, M. E.,
Winokur, A., Van Nueten, L., Manji, H., and Drevets, W. C. (2018). Efficacy and Safety of
Intranasal Esketamine Adjunctive to Oral Antidepressant Therapy in Treatment-Resistant
Depression: A Randomized Clinical Trial. JAMA Psychiatry, 75, 139–148.
Davies, A. M. (1994). The role of neurotrophins in the developing nervous system. Journal
of Neurobiology, 25, 1334–1348.
Davis, C. J., Clinton, J. M., Jewett, K. A., Zielinski, M. R., and Krueger, J. M. (2011). Delta
wave power: An independent sleep phenotype or epiphenomenon? Journal of Clinical
Sleep Medicine, 7, 7–9.
de Vivo, L., Bellesi, M., Marshall, W., Bushong, E. A., Ellisman, M. H., Tononi, G., and
Cirelli, C. (2017). Ultrastructural evidence for synaptic scaling across the wake/sleep cycle.
Science, 355, 507–510.
Denomme, N. (2018). The Domino Effect: Ed Domino’s early studies of Psychoactive
Drugs. Journal of Psychoactive Drugs, 50, 298-305.
Depression. Current Care Guidelines. Working group set up by the Finnish Medical
Society Duodecim and the Finnish Psychiatric Association. (2016). Retrieved November
27, 2018, from www.kaypahoito.fi
Derkach, V. A., Oh, M. C., Guire, E. S., and Soderling, T. R. (2007). Regulatory mechanisms
of AMPA receptors in synaptic plasticity. Nature Reviews Neuroscience, 8, 101–113.
Deutsch, G., and Samra, S. K. (1990). Effects of nitrous oxide on global and regional
cortical blood flow. Stroke, 21, 1293–1298.
Diering, G. H., Nirujogi, R. S., Roth, R. H., Worley, P. F., Pandey, A., and Huganir,
R. L. (2017). Homer1a drives homeostatic scaling-down of excitatory synapses during
sleep. Science, 355, 511–515.
Dillon, P., Copeland, J., and Jansen, K. (2003). Patterns of use and harms associated
with non-medical ketamine use. Drug and Alcohol Dependence, 69, 23–28.

92

Domany, Y., Bleich-Cohen, M., Tarrasch, R., Meidan, R., Litvak-Lazar, O., Stoppleman,
N., Schreiber, S., Bloch, M., Hendler, T., and Sharon, H. (2018). Repeated oral ketamine
for out-patient treatment of resistant depression: randomised, double-blind, placebocontrolled, proof-of-concept study. The British Journal of Psychiatry, 214: 20-26.
Domino, E. F., Chodoff, P., and Corssen, G. (1965). Pharmacologic effects of CI-581, a
new dissociative anesthetic, in man. Clinical Pharmacology and Therapeutics, 6, 279–
291.
Dos Santos, R. G., Osório, F. L., Crippa, J. A. S., Riba, J., Zuardi, A. W., and Hallak, J. E.
C. (2016). Antidepressive, anxiolytic, and antiaddictive effects of ayahuasca, psilocybin
and lysergic acid diethylamide (LSD): a systematic review of clinical trials published in
the last 25 years. Therapeutic Advances in Psychopharmacology, 6, 193–213.
Drevets, W. C. (2000). Functional anatomical abnormalities in limbic and prefrontal
cortical structures in major depression. Progress in Brain Research, 126, 413–431.
Drevets, W. C., and Furey, M. L. (2010). Replication of scopolamine’s antidepressant
efficacy in major depressive disorder: a randomized, placebo-controlled clinical trial.
Biological Psychiatry, 67, 432–438.
Ducottet, C., Griebel, G., and Belzung, C. (2003). Effects of the selective nonpeptide
corticotropin-releasing factor receptor 1 antagonist antalarmin in the chronic mild stress
model of depression in mice. Progress in Neuro-Psychopharmacology & Biological
Psychiatry, 27, 625–31.
Dukart, J., Regen, F., Kherif, F., Colla, M., Bajbouj, M., Heuser, I., Frackowiak, R. S.,
and Draganski, B. (2014). Electroconvulsive therapy-induced brain plasticity determines
therapeutic outcome in mood disorders. Proceedings of the National Academy of
Sciences, 111, 1156–61.
Duman, C. H., Schlesinger, L., Kodama, M., Russell, D. S., and Duman, R. S. (2007).
A role for MAP kinase signaling in behavioral models of depression and antidepressant
treatment. Biological Psychiatry, 61, 661–670.
Duman, R. S., and Aghajanian, G. K. (2012). Synaptic Dysfunction in Depression:
Potential Therapeutic Targets. Science, 338, 68–72.
Duman, R. S., Heninger, G. R., and Nestler, E. J. (1997). A Molecular and Cellular
Theory of Depression. Archives of General Psychiatry, 54, 597–606.
Duncan, W. C., Sarasso, S., Ferrarelli, F., Selter, J., Riedner, B. A., Hejazi, N. S., Yuan, P.,
Brutsche, N., Manji, H. K., Tononi, G., and Zarate, C. A. (2013). Concomitant BDNF
and sleep slow wave changes indicate ketamine-induced plasticity in major depressive
disorder. The International Journal of Neuropsychopharmacology, 16, 301–311.
Duncan, W. C., Selter, J., Brutsche, N., Sarasso, S., and Zarate, C. A. (2013). Baseline
delta sleep ratio predicts acute ketamine mood response in major depressive disorder.
Journal of Affective Disorders, 145, 115–119.
Dunn, a J., and Berridge, C. W. (1990). Physiological and behavioral-responses to
corticotropin- releasing factor administration - Is CRF a mediator of anxiety or stress
responses. Brain Research Reviews, 15, 71–100.
Dunn, E. C., Brown, R. C., Dai, Y., Rosand, J., Nugent, N. R., Amstadter, A. B., and
Smoller, J. W. (2015). Genetic determinants of depression: Recent findings and future
directions. Harvard Review of Psychiatry, 23, 1–18.
Dwivedi, Y., Rizavi, H. S., Conley, R. R., Roberts, R. C., Tamminga, C. A., and
Pandey, G. N. (2003). Altered Gene Expression of Brain-Derived Neurotrophic Factor
and Receptor Tyrosine Kinase B in Postmortem Brain of Suicide Subjects. Archives of
General Psychiatry, 60, 804–815.

93

Dwivedi, Y., Rizavi, H. S., and Pandey, G. N. (2006). Antidepressants reverse
corticosterone-mediated decrease in brain-derived neurotrophic factor expression:
Differential regulation of specific exons by antidepressants and corticosterone.
Neuroscience, 139, 1017–1029.
Dwork, A. J., Arango, V., Underwood, M., Ilievski, B., Rosoklija, G., Sackeim, H. A.,
and Lisanby, S. H. (2004). Absence of Histological Lesions in Primate Models of ECT
and Magnetic Seizure Therapy. American Journal of Psychiatry, 161, 576–578.
Dyrvig, M., Christiansen, S. H., Woldbye, D. P. D., and Lichota, J. (2014). Temporal
gene expression profile after acute electroconvulsive stimulation in the rat. Gene, 539,
8–14.
Egeland, M., Zunszain, P. A., and Pariante, C. M. (2015). Molecular mechanisms in
the regulation of adult neurogenesis during stress. Nature Reviews Neuroscience, 16,
189–200.
Egger, H. L., and Angold, A. (2006). Common emotional and behavioral disorders
in preschool children: Presentation, nosology, and epidemiology. Journal of Child
Psychology and Psychiatry and Allied Disciplines, 47, 313–337.
Ehlert, U., Gaab, J., and Heinrichs, M. (2001). Psychoneuroendocrinological
contributions to the etiology of depression, posttraumatic stress disorder, and stressrelated bodily disorders: The role of the hypothalamus-pituitary-adrenal axis. Biological
Psychology, 57, 141–152.
El-Islam, M., Ahmed, S., and Erfan, M. (1970). The Effect of Unilateral E.C.T. on
Schizophrenic and Hallucinations. Psychiatry: Interpersonal and Biological Processes,
447–448.
Enev, M., McNally, K. A., Varghese, G., Zubal, I. G., Ostroff, R. B., and Blumenfeld, H.
(2007). Imaging onset and propagation of ECT-induced seizures. Epilepsia, 48, 238–244.
Engelhardt, W., Carl, G., and Hartung, E. (1993). Intra-individual open comparison
of burst-suppression-isoflurane-anaesthesia versus electroconvulsive therapy in the
treatment of severe depression. European Journal of Anaesthesiology, 10, 113–118.
Enomoto, S., Shimizu, K., Nibuya, M., Suzuki, E., Nagata, K., and Kondo, T. (2017).
Activated brain-derived neurotrophic factor/TrkB signaling in rat dorsal and ventral
hippocampi following 10-day electroconvulsive seizure treatment. Neuroscience Letters,
660, 45–50.
Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H., and Lindvall, O. (1991). Increased
levels of messenger RNAs for neurotrophic factors in the brain during kindling
epileptogenesis. Neuron, 7, 165–176.
Erowid. (2018). Memantine - Erowid.org Experience Vault. Retrieved August 31, 2018,
from https://erowid.org/experiences/subs/exp_Pharms_Memantine.shtml
Erspamer, V., and Asero, B. (1952). Identification of enteramine, the specific hormone of
the enterochromaffin cell system, as 5-hydroxytryptamine. Nature, 169, 800–801.
Ersparmer, V., and Viallu, M. (1937). Ricerche sul secreto delle cellule enterocromaffini.
Zeitschrift Für Zellforschung Und Mikroskopische Anatomie, 27, 81–99.
Esquibel, A., Krantz, J. C., Truitt, E. B., and Kurland, A. A. (1957). The use of
hexafluorodiethyl ether (indoklon) as an inhalant convulsant. The American Journal of
Psychiatry, 114, 461.
Evans, J. W., Szczepanik, J., Brutsché, N., Park, L. T., Nugent, A. C., and Zarate, C. A.
(2018). Default Mode Connectivity in Major Depressive Disorder Measured Up to 10
Days After Ketamine Administration. Biological Psychiatry, 84, 582-590.

94

Faraguna, U., Vyazovskiy, V. V., Nelson, A. B., Tononi, G., and Cirelli, C. (2008). A Causal
Role for Brain-Derived Neurotrophic Factor in the Homeostatic Regulation of Sleep. Journal
of Neuroscience, 28, 4088–4095.
Farzan, F., Boutros, N. N., Blumberger, D. M., and Daskalakis, Z. J. (2014). What Does the
Electroencephalogram Tell Us About the Mechanisms of Action of ECT in Major Depressive
Disorders? The Journal of ECT, 30, 98–106.
Fava, M. (2003). Diagnosis and definition of treatment-resistant depression. Biological
Psychiatry, 53, 649–659.
Fava, M., Freeman, M. P., Flynn, M., Judge, H., Hoeppner, B. B., Cusin, C., Ionescu, D. F.,
Mathew, S. J., Chang, L. C., Iosifescu, D. V., Murrough, J., Debattista, C., Schatzberg, A.
F., Trivedi, M. H., Jha, M. K., Sanacora, G., Wilkinson, S. T., and Papakostas, G. I. (2018).
Double-blind, placebo-controlled, dose-ranging trial of intravenous ketamine as adjunctive
therapy in treatment-resistant depression (TRD). Molecular Psychiatry.
Feinberg, I., and Campbell, I. G. (1995). Stimulation of NREM delta EEG by
ketamine administration during waking: Demonstration of dose dependence.
Neuropsychopharmacology, 12, 89–90.
Ferguson, J. M., and Shingleton, R. N. (2007). An open-label, flexible-dose study of
memantine in major depressive disorder. Clinical Neuropharmacology, 30, 136–144.
Ferrer-Allado, T., Brechner, V., Dymon, A., Cozen, H., and Crandall, P. (1973). Ketamineinduced electroconvulsive phenomena in the human limbic and thalamic regions.
Anesthesiology, 38, 333–344.
Field, L. M., Dorrance, D. E., Krzeminska, E. K., and Barsoum, L. Z. (1993). Effect of nitrous
oxide on cerebral blood flow in normal humans. British Journal of Anaesthesia, 70, 154–159.
Fink, M. (2001). Convulsive therapy: A review of the first 55 years. Journal of Affective
Disorders, 63, 1–15.
Fink, M. (2014). The seizure, not electricity, is essential in convulsive therapy: The flurothyl
experience. Journal of ECT, 30, 91–93.
Fink, M., and Kahn, R. L. (1957). Relation of Electroencephalographic Delta Activity to
Behavioral Response in Electroshock: Quantitative Serial Studies. Archives of Neurology
And Psychiatry, 78, 516–525.
Folkerts, H. (1996). The ictal electroencephalogram as a marker for the efficacy of
electroconvulsive therapy. European Archives of Psychiatry and Clinical Neuroscience, 246,
155–164.
Fosse, R., and Read, J. (2013). Electroconvulsive treatment: Hypotheses about mechanisms
of action. Frontiers in Psychiatry, 4, 1–10.
Foster, B. L., and Liley, D. T. J. (2011). Nitrous Oxide Paradoxically Modulates Slow
Electroencephalogram Oscillations. Anesthesia & Analgesia, 113, 758–765.
Foster, B. L., and Liley, D. T. J. (2013). Effects of nitrous oxide sedation on resting
electroencephalogram topography. Clinical Neurophysiology, 124, 417–423.
Fournier, J. C., DeRubeis, R. J., Hollon, S. D., Dimidjian, S., Amsterdam, J. D., Shelton, R.
C., and Fawcett, J. (2010). Antidepressant Drug Effects and Depression Severity. JAMA, 303,
47.
Frame, S., Cohen, P., and Biondi, R. M. (2001). A Common Phosphate Binding Site
Explains the Unique Substrate Specificity of GSK3 and Its Inactivation by Phosphorylation.
Molecular Cell, 7, 1321–1327.
Frey, U., and Morris, R. G. (1997). Synaptic tagging and long-term potentiation. Nature,
385, 533-536.

95

Fuchikami, M., Thomas, A., Liu, R., Wohleb, E. S., Land, B. B., DiLeone, R. J.,
Aghajanian, G. K., and Duman, R. S. (2015). Optogenetic stimulation of infralimbic PFC
reproduces ketamine’s rapid and sustained antidepressant actions. Proceedings of the
National Academy of Sciences, 112, 8106–8111.
Fujimura, H., Altar, C. A., Chen, R., Nakamura, T., Nakahashi, T., Kambayashi, J., Sun,
B., and Tandon, N. N. (2002). Brain derived neurotrophic factor is stored in human
platelets and release by agonist stimulation. Thrombosis and Haemostasis, 87, 728–734.
Fujita, A., Nakaaki, S., Segawa, K., Azuma, H., Sato, K., Arahata, K., Otsuki, K., Hori,
M., Mochida, Y., Uchida, M., Yamada, T., Nakamura, C., Akechi, T., and Furukawa T. A.
(2006). Memory, attention, and executive functions before and after sine and pulse wave
electroconvulsive therapies for treatment-resistant major depression. Journal of ECT, 22,
107-112.
Fukumoto, K., Fogaça, M. V., Liu, R.-J., Duman, C., Kato, T., Li, X.-Y., and Duman, R. S.
(2018). Activity-dependent brain-derived neurotrophic factor signaling is required for the
antidepressant actions of (2 R ,6 R )-hydroxynorketamine. Proceedings of the National
Academy of Sciences, 116, 297-302.
Furey, M. L., and Drevets, W. C. (2006). Antidepressant efficacy of the antimuscarinic
drug scopolamine: a randomized, placebo-controlled clinical trial. Archives of General
Psychiatry, 63, 1121–1129.
Gaddum, J.H. (1963). Chemical transmission in the central nervous system. Nature, 159,
836-839.
Gangadhar, B. N., Subbakrishna, D. K., Janakiramaiah, N., Motreja, S., Narayana Dutt,
D., and Paramehwara, G. (1999). Post-seizure EEG fractal dimension of first ECT predicts
antidepressant response at two weeks. Journal of Affective Disorders, 52, 235–238.
García-Toro, M., Segura, C., González, A., Perelló, J., Valdivia, J., Salazar, R., Tarancón,
G., Campoamor, F., Salva, J., De La Fuente, L., and Romera, M. (2001). Inefficacy of
burst-suppression anesthesia in medication-resistant major depression: A controlled trial.
Journal of ECT, 17, 284–288.
Garfield, J. M., Garfield, F. B., Stone, J. G., Hopkins, D., and Johns, L. A. (1972). A
Comparison of Psychologic Responses to Ketamine and Thiopental–Nitrous Oxide–
Halothane Anesthesia. Anesthesiology, 36, 329–338.
Garner, J. M., Chambers, J., Barnes, A. K., and Datta, S. (2018). Changes in brain-derived
neurotrophic factor expression influence sleep-wake activity and homeostatic regulation
of rapid eye movement sleep. Sleep, 41, 1–14.
Gassaway, M. M., Rives, M. L., Kruegel, A. C., Javitch, J. A., and Sames, D. (2014).
The atypical antidepressant and neurorestorative agent tianeptine is a μ-opioid receptor
agonist. Translational Psychiatry, 4, e411-5.
Gasser, P., Kirchner, K., and Passie, T. (2015). LSD-assisted psychotherapy for anxiety
associated with a life-threatening disease: A qualitative study of acute and sustained
subjective effects. Journal of Psychopharmacology, 29, 57–68.
Germain, A., Nofzinger, E. A., Kupfer, D. J., and Buysse, D. J. (2004). Neurobiology
of non-REM sleep in depression: Further evidence for hypofrontality and thalamic
dysregulation. American Journal of Psychiatry, 161, 1856–1863.
Ghoneim, M. M. (2001). Nitrous oxide effects on EEG and awareness. Best Practice and
Research: Clinical Anaesthesiology, 15, 397–407.
Giacobbe, P., Rakita, U., Penner-Goeke, K., Feffer, K., Flint, A. J., Kennedy, S. H., and
Downar, J. (2018). Improvements in Health-Related Quality of Life With Electroconvulsive
Therapy: A Meta-analysis. The Journal of ECT, 34, 87–94.

96

Gillman, P. K. (2007). Tricyclic antidepressant pharmacology and therapeutic drug
interactions updated. British Journal of Pharmacology, 151, 737–748.
Girgenti, M. J., Ghosal, S., LoPresto, D., Taylor, J. R., and Duman, R. S. (2017). Ketamine
accelerates fear extinction via mTORC1 signaling. Neurobiology of Disease, 100, 1–8.
Glasgow, N. G., Povysheva, N. V., Azofeifa, A. M., and Johnson, J. W. (2017). Memantine
and ketamine differentially alter NMDA receptor desensitization. The Journal of
Neuroscience, 37, 1173–17.
Glassman, A. H., and Platman, S. R. (1969). Potentiation of monoamine oxidase
inhibitors by tryptophan. Journal of Psychiatric Research, 7, 83-88.
Goelet, P., Castellucci, V. F., Schacher, S., and Kandel, E. R. (1986). The long and the
short of long–term memory—a molecular framework. Nature, 322, 419–422.
Gold, P. W., and Chrousos, G. P. (2002). Organization of the stress system and its
dysregulation in melancholic and atypical depression: High vs low CRH/NE states.
Molecular Psychiatry, 7, 254–275.
Gold, P. W., Goodwin, F. K., and Chrousos, G. P. (1988). Clinical and Biochemical
Manifestations of Depression. New England Journal of Medicine, 319, 348–353.
Gonsowski, C. T., and Eger 2nd, E. I. (1994). Nitrous oxide minimum alveolar anesthetic
concentration in rats is greater than previously reported. Anesthesia & Analgesia, 79, 710–
712.
González-Rueda, A., Pedrosa, V., Feord, R. C., Clopath, C., and Paulsen, O. (2018).
Activity-Dependent Downscaling of Subthreshold Synaptic Inputs during Slow-WaveSleep-like Activity In Vivo. Neuron, 1244–1252.
Gonzalez, A., Moya-Alvarado, G., Gonzalez-Billaut, C., and Bronfman, F. C. (2016).
Cellular and molecular mechanisms regulating neuronal growth by brain-derived
neurotrophic factor. Cytoskeleton, 73, 612–628.
Greenberg, L., Gage, J., Vitkun, S., and Fink, M. (1987). Isoflurane Anesthesia Therapy:
A Replacement for ECT in Depressive Disorders? Convulsive Therapy, 3, 269-277.
Griffiths, R. R., Johnson, M. W., Carducci, M. A., Umbricht, A., Richards, W. A., Richards,
B. D., Cosimano, M. P., and Klinedinst, M. A. (2016). Psilocybin produces substantial
and sustained decreases in depression and anxiety in patients with life-threatening cancer:
A randomized double-blind trial. Journal of Psychopharmacology, 30, 1181–1197.
Grippo, A. J., Beltz, T. G., and Johnson, A. K. (2003). Behavioral and cardiovascular
changes in the chronic mild stress model of depression. Physiology and Behavior, 78,
703–710.
Grob, C. S., Danforth, A. L., Chopra, G. S., Hagerty, M., McKay, C. R., Halberstad, A.
L., and Greer, G. R. (2011). Pilot study of psilocybin treatment for anxiety in patients
with advanced-stage cancer. Archives of General Psychiatry, 68, 71–78.
Guo, W., Ji, Y., Wang, S., Sun, Y., and Lu, B. (2014). Neuronal activity alters BDNF–TrkB
signaling kinetics and downstream functions. Journal of Cell Science, 127, 2249–2260.
Guttmann, E., and Sargant, W. (1937). Observations on Benzedrine. The British Medical
Journal, 1, 1013–1015.
Habib, K. E., Weld, K. P., Rice, K. C., Pushkas, J., Champoux, M., Listwak, S., Webster, E.
L., Atkinson, A. J., Schulkin, J., Contoreggi, C., Chrousos, G. P., McCann, S. M., Suomi,
S. J., Higley, J. D., and Gold, P. W. (2000). Oral administration of a corticotropin-releasing
hormone receptor antagonist significantly attenuates behavioral, neuroendocrine, and
autonomic responses to stress in primates. Proceedings of the National Academy of
Sciences, 97, 6079–6084.

97

Haenisch, B., Bilkei-Gorzo, A., Caron, M. G., and Bönisch, H. (2009). Knockout
of the norepinephrine transporter and pharmacologically diverse antidepressants
prevent behavioral and brain neurotrophin alterations in two chronic stress models of
depression. Journal of Neurochemistry, 111, 403–416.
Haeseler, G., Tetzlaff, D., Bufler, J., Dengler, R., Münte, S., Hecker, H., and Leuwer, M.
(2003). Blockade of voltage-operated neuronal and skeletal muscle sodium channels by
S(+)- and R(-)-ketamine. Anesthesia and Analgesia, 96, 1019–1026.
Hall, J., Thomas, K. L., and Everitt, B. J. (2000). Rapid and selective induction of BDNF
expression in the hippocampus during contextual learning. Nature Neuroscience, 3,
533–535.
Hamilton, J. P., Farmer, M., Fogelman, P., and Gotlib, I. H. (2015). Depressive
Rumination, the Default-Mode Network, and the Dark Matter of Clinical Neuroscience.
Biological Psychiatry, 78, 224–230.
Hammen, C. (2005). Stress and Depression. Annual Review of Clinical Psychology, 1,
293–319.
Hannon, J., and Hoyer, D. (2008). Molecular biology of 5-HT receptors. Behavioural
Brain Research, 195, 198–213.
Hansen, H. H., Rantamäki, T. P. J., Larsen, M. H., Woldbye, D. P. D., Mikkelsen, J. D.,
and Castrén, E. H. (2007). Rapid activation of the extracellular signal-regulated kinase
1/2 (ERK1/2) signaling pathway by electroconvulsive shock in the rat prefrontal cortex
is not associated with TrkB neurotrophin receptor activation. Cellular and Molecular
Neurobiology, 27, 585–594.
Hara, K., and Harris, R. A. (2002). The anesthetic mechanism of urethane: the effects
on neurotransmitter-gated ion channels. Anesthesia & Analgesia, 94, 313–318.
Hare, B. D., Shinohara, R., Liu, R. J., Pothula, S., DiLeone, R. J., and Duman, R. S.
(2019). Optogenetic stimulation of medial prefrontal cortex Drd1 neurons produces
rapid and long-lasting antidepressant effects. Nature Communications, 10, 223.
Hashmi, A., Nere, A., and Tononi, G. (2013). Sleep-dependent synaptic down-selection
(II): Single-neuron level benefits for matching, selectivity, and specificity. Frontiers in
Neurology, 4, 148.
Hay, N., and Sonenberg, N. (2004). Upstream and downstream of mTOR. Genes and
Development, 18, 1926–1945.
Heim, C., Newport, D. J., Mletzko, T., Miller, A. H., and Nemeroff, C. B. (2008). The
link between childhood trauma and depression: Insights from HPA axis studies in
humans. Psychoneuroendocrinology, 33, 693–710.
Heinrichs, S. C., Menzaghi, F., Merlo Pich, E., Britton, K. T., and Koob, G. F. (1995).
The role of CRF in behavioral aspects of stress. Annals of the New York Academy of
Sciences, 771, 92–104.
Hellsten, J., Wennström, M., Mohapel, P., Ekdahl, C. T., Bengzon, J., and Tingström,
A. (2002). Electroconvulsive seizures increase hippocampal neurogenesis after chronic
corticosterone treatment. European Journal of Neuroscience, 16, 283–290.
Heninger, G. R., Delgado, P. L., and Charney, D. S. (1996). The revised monoamine
theory of depression: A modulatory role for monoamines, based on new findings from
monoamine depletion experiments in humans. Pharmacopsychiatry, 29, 2–11.
Henrie, J. R., Parkhouse, J., and Bickford, R. G. (1961). Alteration of human
consciousness by nitrous oxide as assessed electro-encephalography and psychological
tests. Anesthesiology, 22, 247–259.

98

Hensch, T. K. (2005). Critical period plasticity in local cortical circuits. Nature Reviews
Neuroscience, 6, 877–888.
Henter, I. D., de Sousa, R. T., and Zarate, C. A. (2018). Glutamatergic Modulators in
Depression. Harvard Review of Psychiatry, 26, 307-319.
Hillhouse, T. M., and Porter, J. H. (2015). A brief history of the development of antidepressant
drugs: From monoamines to glutamate. Experimental and Clinical Psychopharmacology,
23, 1–21.
Hirschfeld, R. M. A. (2000). History and evolution of the monoamine hypothesis of
depression. Journal of Clinical Psychiatry, 61, 4–6.
Hjorth, S., and Auerbach, S. B. (1994). Lack of 5-HT1A Autoreceptor Desensitization
Following Chronic Citalopram Treatment , as Determined by In Vivo Microdialysis.
Neuropharmacology, 33, 331–334.
Holsboer, F. (2000). The corticosteroid
Neuropsychopharmacology, 23, 477–501.

receptor

hypothesis

of

depression.

Homayoun, H., and Moghaddam, B. (2007). NMDA receptor hypofunction produces
opposite effects on prefrontal cortex interneurons and pyramidal neurons. Journal of
Neuroscience, 27, 11496–11500.
Hornbein, T. F., Eger, E. I. d, Winter, P. M., Smith, G., Wetstone, D., and Smith, K.
H. (1982). The minimum alveolar concentration of nitrous oxide in man. Anesthesia &
Analgesia, 61, 553–556.
Hoshaw, B. A., Malberg, J. E., and Lucki, I. (2005). Central administration of IGF-I and
BDNF leads to long-lasting antidepressant-like effects. Brain Research, 1037, 204–208.
Hoyer, D., and Middlemiss, D. N. (1989). Species differences in the pharmacology of
terminal 5-HT autoreceptors in mammalian brain. Trends in Pharmacological Sciences,
10, 130–132.
Huang, E. J., and Reichardt, L. F. (2001). Neurotrophins: Roles in Neuronal Development
and Function. Annual Review of Neuroscience, 24, 677–736.
Huang, E. J., and Reichardt, L. F. (2003). Trk Receptors: Roles in Neuronal Signal
Transduction. Annual Review of Biochemistry, 72, 609–642.
Huber, R., Deboer, T., and Tobler, I. (2000). Topography of EEG dynamics after sleep
deprivation in mice. Journal of Neurophysiology, 84, 1888–1893.
Huber, R., Esser, S. K., Ferrarelli, F., Massimini, M., Peterson, M. J., and Tononi, G. (2007).
TMS-induced cortical potentiation during wakefulness locally increases slow wave activity
during sleep. PLoS ONE, 2, e276.
Husain, M. M., Rush, A. J., Fink, M., Knapp, R., Petrides, G., Rummans, T., Biggs, M. M.,
O’Connor, K., Rasmussen, K., Litle, M., Zhao, W., Bernstein, H. J., Smith, G., Mueller,
M., McClintock, S. M., Bailine, S. H., and Kellner, C. H. (2004). Speed of response and
remission in major depressive disorder with acute electroconvulsive therapy (ECT): A
consortium for research in ECT (CORE) report. Journal of Clinical Psychiatry, 65, 485–491.
Ibrahim, L., Diazgranados, N., Jolkovsky, L., Brutsche, N., Luckenbaugh, D. A., Joseph
Herring, W., Potter, W. Z., and Zarate, C. A. (2012). A randomized, placebo-controlled,
crossover pilot trial of the oral selective NR2B antagonist MK-0657 in patients with treatmentresistant major depressive disorder. Journal of Clinical Psychopharmacology, 32, 551–557.
Iglewicz, A., Morrison, K., Nelesen, R. A., Zhan, T., Iglewicz, B., Fairman, N., Hirst, J. M.,
and Irwin, S. A. (2015). Ketamine for the Treatment of Depression in Patients Receiving
Hospice Care: A Retrospective Medical Record Review of Thirty-One Cases. Psychosomatics,
56, 329–337.

99

Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., Yang, Q., Bennett, C.,
Harada, Y., Stankunas, K., Wang, C. yu, He, X., MacDougald, O. A., You, M., Williams,
B. O., and Guan, K. L. (2006). TSC2 Integrates Wnt and Energy Signals via a Coordinated
Phosphorylation by AMPK and GSK3 to Regulate Cell Growth. Cell, 126, 955–968.
Invernizzi, R., Belli, S., and Samanin, R. (1992). Citalopram’s ability to increase the
extracellular concentrations of serotonin in the dorsal raphe prevents the drug’s effect in
the frontal cortex. Brain Research, 584, 322–324.
Invernizzi, R., Bramante, M., and Samanin, R. (1996). Role of 5-HT1A receptors in the
effects of acute and chronic fluoxetine on extracellular serotonin in the frontal cortex.
Pharmacology Biochemistry and Behavior, 54, 143–147.
Istikoglou, C. I., Mavreas, V., and Geroulanos, G. (2010). History and therapeutic
properties of Hypericum Perforatum from antiquity until today. Psychiatriki, 21, 332–338.
Jalil, S. J., Sacktor, T. C., and Shouval, H. Z. (2015). Atypical PKCs in memory
maintenance: The roles of feedback and redundancy. Learning and Memory, 22, 344–353.
Jentsch, M. C., Van Buel, E. M., Bosker, F. J., Gladkevich, A. V, Klein, H. C., Oude
Voshaar, R. C., Ruhé, H. G., Eisel, U. L., and Schoevers, R. A. (2015). Biomarker
approaches in major depressive disorder evaluated in the context of current hypotheses.
Biomarkers in Medicine, 9, 277–297.
Jeon, S. H., Yoo, B. H., Kang, U. K., Ahn, Y. M., Bae, C. D., Park, J. B., and Kim,
Y. S. (1998). MKP-1 induced in rat brain after electroconvulsive shock is independent
of regulation of 42- and 44-kDa MARK activity. Biochemical and Biophysical Research
Communications, 249, 692–696.
Johnson, M., Richards, W., and Griffiths, R. (2008). Human hallucinogen research:
guidelines for safety. Journal of Psychopharmacology, 22, 603–620.
Jones, K. (2000). Insulin coma therapy in schizophrenia. Journal of the Royal Society of
Medicine, 93, 147–149.
Jones, M. V, Brooks, P. A., and Harrison, N. L. (1992). Enhancement of gammaaminobutyric acid-activated Cl- currents in cultured rat hippocampal neurones by three
volatile anaesthetics. The Journal of Physiology, 449, 279–93.
Joormann, J., and Siemer, M. (2011). Affective processing and emotion regulation in
dysphoria: Cognitive biases and deficits in cognitive control. Social and Personality
Psychology Compass, 5, 13–28.
Juruena, M. F., Bocharova, M., Agustini, B., and Young, A. H. (2018). Atypical depression
and non-atypical depression: Is HPA axis function a biomarker? A systematic review.
Journal of Affective Disorders, 233, 45–67.
Jutkiewicz, E. M., Wood, S. K., Houshyar, H., Hsin, L. W., Rice, K. C., and Woods, J. H.
(2005). The effects of CRF antagonists, antalarmin, CP154,526, LWH234, and R121919,
in the forced swim test and on swim-induced increases in adrenocorticotropin in rats.
Psychopharmacology, 180, 215–223.
Kaiser, R. H., Andrews-Hanna, J. R., Wager, T. D., and Pizzagalli, D. A. (2015). Largescale network dysfunction in major depressive disorder: A meta-analysis of resting-state
functional connectivity. JAMA Psychiatry, 72, 603–611.
Kalinowsky, L. B. (1986). History of Convulsive Therapy. Annals of the New York
Academy of Sciences, 462, 1–4.
Kang, U. G., Hong, K. S., Jung, H. Y., Kim, Y. S., Seong, Y.-S., Yang, Y. C., and Park, J.B. (2002). Activation and Tyrosine Phosphorylation of 44-kDa Mitogen-Activated Protein
Kinase (MAPK) Induced by Electroconvulsive Shock in Rat Hippocampus. Journal of
Neurochemistry, 63, 1979–1982.

100

Kang, U. G., Koo, Y. J., Jeon, W. J., Park, D. B., Juhnn, Y. S., Park, J. B., and Kim,
Y. S. (2006). Activation of extracellular signal-regulated kinase signaling by chronic
electroconvulsive shock in the rat frontal cortex. Psychiatry Research, 145, 75–78.
Kaplan, D. R., and Miller, F. D. (2000). Neurotrophin signal transduction in the nervous
system. Current Opinion in Neurobiology, 10, 381–391.
Karege, F., Schwald, M., and Cisse, M. (2002). Postnatal developmental profile of brainderived neurotrophic factor in rat brain and platelets. Neuroscience Letters, 328, 261–264.
Karpova, N. N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N.,
Agustsdottir, A., Antila, H., Popova, D., Akamine, Y., Sullivan, R., Hen, R., Drew, L. J.,
and Castren, E. (2011). Fear Erasure in Mice Requires Synergy Between Antidepressant
Drugs and Extinction Training. Science, 334, 1731–1734.
Kasper, S., and McEwen, B. S. (2008). Neurobiological and clinical effects of the
antidepressant tianeptine. CNS Drugs, 22, 15–26.
Kattler, H., Dijk, D. ‐J, and Borbely, A. A. (1994). Effect of unilateral somatosensory
stimulation prior to sleep on the sleep EEG in humans. Journal of Sleep Research, 3,
159-164.
Keller, M. B., Gelenberg, A. J., Hirschfeld, R. M., Rush, A. J., Thase, M. E., Kocsis,
J. H., Markowitz, J. C., Fawcett, J. A., Koran, L. M., Klein, D. N., Russell, J. M.,
Kornstein, S. G., McCullough, J. P., Davis, S. M., and Harrison, W. M. (1998). The
treatment of chronic depression, part 2: a double-blind, randomized trial of sertraline
and imipramine. The Journal of Clinical Psychiatry, 59, 598–607.
Kellner, C. H., Fink, M., Knapp, R., Petrides, G., Husain, M., Rummans, T., Mueller,
M., Bernstein, H., Rasmussen, K., O’Connor, K., Smith, G., Rush, A. J., Biggs, M.,
McClintock, S., Bailine, S., and Malur, C. (2005). Relief of expressed suicidal intent
by ECT: A consortium for research in ECT study. American Journal of Psychiatry, 162,
977–982.
Kempton, M. J. (2011). Structural Neuroimaging Studies in Major Depressive Disorder.
Archives of General Psychiatry, 68, 675.
Kendler, K. S., Karkowski, L. M., and Prescott, C. A. (1999). Causal Relationship
Between Stressful Life Events and the Onset of Major Depression. American Journal of
Psychiatry, 156, 837–841.
Kessler, R. C., Berglund, P., Demler, O., Jin, R., Koretz, D., Merikangas, K. R., Rush,
A. J., Walters, E. E., and Wang, P. S. (2003). The Epidemiology of Major Depressive
Disorder Results From the National Comorbidity Survey Replication (NCS-R). JAMA:
The Journal of the American Medical Association, 289, 3095–3105.
Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M., and Wittchen, H.-U.
(2012). Twelve-month and lifetime prevalence and lifetime morbid risk of anxiety and
mood disorders in the United States. International Journal of Methods in Psychiatric
Research, 21, 169–84.
Khorramzadeh, E., and Lotfy, A. O. (1973). The Use of Ketamine in Psychiatry.
Psychosomatics, 14, 344–346.
Knapp, R. J., Goldenberg, R., Shuck, C., Cecil, A., Watkins, J., Miller, C., Crites, G.,
and Malatynska, E. (2002). Antidepressant activity of memory-enhancing drugs in the
reduction of submissive behavior model. European Journal of Pharmacology, 440, 27–
35.
Knott, G. W., Quairiaux, C., Genoud, C., and Welker, E. (2002). Formation of Dendritic
Spines with GABAergic Synapses Induced by Whisker Stimulation in Adult Mice.
Neuron, 34, 265–273.

101

Koike, H., and Chaki, S. (2014). Requirement of AMPA receptor stimulation for the
sustained antidepressant activity of ketamine and LY341495 during the forced swim test in
rats. Behavioural Brain Research, 271, 111–5.
Koike, H., Iijima, M., and Chaki, S. (2011). Involvement of AMPA receptor in both the
rapid and sustained antidepressant-like effects of ketamine in animal models of depression.
Behavioural Brain Research, 224, 107–11.
Kolb, B., Forgie, M., Gibb, R., Gorny, G., and Rowntree, S. (1998). Age, experience and the
changing brain. Neuroscience and Biobehavioral Reviews, 22, 143–159.
Kometer, M., Schmidt, A., Jancke, L., and Vollenweider, F. X. (2013). Activation of Serotonin
2A Receptors Underlies the Psilocybin-Induced Effects on Oscillations, N170 VisualEvoked Potentials, and Visual Hallucinations. Journal of Neuroscience, 33, 10544–10551.
Koponen, E., Rantamäki, T., Voikar, V., Saarelainen, T., MacDonald, E., and Castrén, E.
(2005). Enhanced BDNF signaling is associated with an antidepressant-like behavioral
response and changes in brain monoamines. Cellular and Molecular Neurobiology, 25,
973–980.
Kral, V. A., and Laponte, J. L. (1956). Severe status epilepticus during prolonged insulin
coma. Canadian Medical Association Journal, 75, 926–9.
Krasowski, M. D., and Harrison, N. L. (1999). General anaesthetic actions on ligandgated ion channels. Cellular and Molecular Life Sciences, 55, 1278–1303.
Krasowski, M. D., and Harrison, N. L. (2000). The actions of ether, alcohol and alkane
general anaesthetics on GABA(A) and glycine receptors and the effects of TM2 and TM3
mutations. British Journal of Pharmacology, 129, 731–743.
Kriss, A., Halliday, A. M., Halliday, E., and Pratt, R. T. C. (1978). EEG immediately after
unilateral ECT. Acta Psychiatrica Scandinavica, 58, 231–244.
Krystal, A. D., and Weiner, R. D. (1999). EEG Correlates of the Response to ECT. The
Journal of ECT, 15, 27–38.
Krystal, A. D., Weiner, R. D., McCall, W. V., Shelp, F. E., Arias, R., and Smith, P. (1993). The
effects of ECT stimulus dose and electrode placement on the Ictal electroencephalogram:
An intraindividual crossover study. Biological Psychiatry, 34, 759–767.
Krystal, J., Karper, L., Seibyl, J., Freeman, G., Delaney, R., Bremner, J., Heninger, G.,
Bowers Jr, M., and Charney, D. (1994). Subanaesthetic effects of the noncompetitive
NMDA antagonist, ketamine, in humans. Psychomimetic, perceptual, cognitive, and
neuroendocrine responses. Archives of General Psychiatry, 51, 199–214.
Kuhn, R. (1958). The treatment of depressive states with G22355 (imipramine
hydrochloride). American Journal of Psychiatry, 115, 459–464.
Kuizenga, K., Kalkman, C. J., and Hennis, P. J. (1998). Quantitative electroencephalographic
analysis of the biphasic concentration-effect relationship of propofol in surgical patients
during extradural analgesia. British Journal of Anaesthesia, 80, 725–732.
Kuizenga, K., Wierda, J. M., and Kalkman, C. J. (2001). Biphasic EEG changes in
relation to loss of consciousness during induction with thiopental, propofol, etomidate,
midazolam or sevoflurane. British Journal of Anaesthesia, 86, 354–60.
Kumar, V., Zhang, M.-X., Swank, M., Kunz, J., and Wu, G.-Y. (2005). Regulation of
Dendritic Morphogenesis by Ras-PI3K-Akt-mTOR and Ras-MAPK Signaling Pathways.
Journal of Neuroscience, 25, 11288–11299.
Kushikata, T., Fang, J., and Krueger, J. M. (1999). Brain-derived neurotrophic factor
enhances spontaneous sleep in rats and rabbits. American Journal of Physiology, 276,
R1334–R1338.

102

Laaksonen, L., Kallioinen, M., Långsjö, J., Laitio, T., Scheinin, A., Scheinin, J., Kaisti,
K., Maksimow, A., Kallionpää, R. E., Rajala, V., Johansson, J., Kantonen, O., Nyman,
M., Sirén, S., Valli, K., Revonsuo, A., Solin, O., Vahlberg, T., Alkire, M., and Scheinin,
H. (2018). Comparative effects of dexmedetomidine, propofol, sevoflurane, and
S-ketamine on regional cerebral glucose metabolism in humans: a positron emission
tomography study. British Journal of Anaesthesia, 121, 281–290.
Lai, R., Katalinic, N., Glue, P., Somogyi, A. A., Mitchell, P. B., Leyden, J., Harper, S.,
and Loo, C. K. (2014). Pilot dose–response trial of i.v. ketamine in treatment-resistant
depression. The World Journal of Biological Psychiatry, 15, 579–584.
Lamperti, M. (2015). Adult procedural sedation: An update. Current Opinion in
Anaesthesiology, 28, 662–667.
Langer, G., Karazman, R., Neumark, J., Saletu, B., Schönbeck, G., Grünberger, J.,
Dittrich, R., Petricek, W., Hoffmann, P., Linzmayer, L., Anderer, P., and Steinberger,
K. (1995). Isoflurane narcotherapy in depressive patients refractory to conventional
antidepressant drug treatment. Neuropsychobiology, 31, 182–194.
Langer, G., Neumark, J., Koinig, G., Graf, M., and Schönbeck, G. (1985). Rapid
psychotherapeutic effects of anesthesia with isoflurane (ES narcotherapy) in treatmentrefractory depressed patients. Neuropsychobiology, 118–120.
Lapidus, K. A. B., Levitch, C. F., Perez, A. M., Brallier, J. W., Parides, M. K., Soleimani,
L., Feder, A., Iosifescu, D. V., Charney, D. S., and Murrough, J. W. (2014). A randomized
controlled trial of intranasal ketamine in major depressive disorder. Biological
Psychiatry, 76, 970–976.
Lara, D., and Souza, D. (2001). Should we keep calling antidepressants antidepressants?
Journal of Clinical Psychiatry, 62, 827–831.
Lauterborn, J. C., Lynch, G., Vanderklish, P., Arai, A., and Gall, C. M. (2000). Positive
modulation of AMPA receptors increases neurotrophin expression by hippocampal and
cortical neurons. Journal of Neuroscience, 20, 8–21.
Leaver, A. M., Wade, B., Vasavada, M., Hellemann, G., Joshi, S. H., Espinoza, R.,
and Narr, K. L. (2018). Fronto-temporal connectivity predicts ECT outcome in major
depression. Frontiers in Psychiatry, 9, 1–11.
Lenze, E. J., Skidmore, E. R., Begley, A. E., Newcomer, J. W., Butters, M. A., and
Whyte, E. M. (2012). Memantine for late-life depression and apathy after a disabling
medical event: a 12-week, double-blind placebo-controlled pilot study. International
Journal of Geriatric Psychiatry, 27, 974–980.
Lepack, A. E., Bang, E., Lee, B., Dwyer, J. M., and Duman, R. S. (2016). Fast-acting
antidepressants rapidly stimulate ERK signaling and BDNF release in primary neuronal
cultures. Neuropharmacology, 111, 242–252.
Levi-Montalcini, R., and Hamburger, V. (1951). Selective growth stimulating effects of
mouse sarcoma on the sensory and sympathetic nervous system of the chick embryo.
Journal of Experimental Zoology, 116, 321–361.
Li, B., Suemaru, K., Cui, R., and Araki, H. (2007). Repeated electroconvulsive stimuli
have long-lasting effects on hippocampal BDNF and decrease immobility time in the rat
forced swim test. Life Sciences, 80, 1539–1543.
Li, C. T., Chen, M.-H., Lin, W.-C., Hong, C.-J., Yang, B.-H., Liu, R.-S., Tu, P.-C.,
and Su, T.-P. (2016). The effects of low-dose ketamine on the prefrontal cortex and
amygdala in treatment-resistant depression: A randomized controlled study. Human
Brain Mapping, 37, 1080–1090.
Li, C. T., Su, T. P., Wang, S. J., Tu, P. C., and Hsieh, J. C. (2015). Prefrontal glucose metabolism
in medication-resistant major depression. British Journal of Psychiatry, 206, 316–323.

103

Li, M., D’Arcy, C., and Meng, X. (2016). Maltreatment in childhood substantially
increases the risk of adult depression and anxiety in prospective cohort studies:
Systematic review, meta-analysis, and proportional attributable fractions. Psychological
Medicine, 46, 717–730.
Li, N., Lee, B., Liu, R.-J., Banasr, M., Dwyer, J. M., Iwata, M., Li, X.-Y., Aghajanian,
G., and Duman, R. S. (2010). mTOR-dependent synapse formation underlies the rapid
antidepressant effects of NMDA antagonists. Science, 329, 959–964.
Li, N., Liu, R. J., Dwyer, J. M., Banasr, M., Lee, B., Son, H., Li, X. Y., Aghajanian, G.,
and Duman, R. S. (2011). Glutamate N-methyl-D-aspartate receptor antagonists rapidly
reverse behavioral and synaptic deficits caused by chronic stress exposure. Biological
Psychiatry, 69, 754–761.
Li, X., and Jope, R. S. (2010). Is glycogen synthase kinase-3 a central modulator in mood
regulation. Neuropsychopharmacology, 35, 2143–2154.
Li, X., Tizzano, J. P., Griffey, K., Clay, M., Lindstrom, T., and Skolnick, P.
(2001). Antidepressant-like actions of an AMPA receptor potentiator (LY392098).
Neuropharmacology, 40, 1028–1033.
Liao, Y., Tang, J., Corlett, P. R., Wang, X., Yang, M., Chen, H., Liu, T., Chen, X., Hao, W.,
and Fletcher, P. C. (2011). Reduced dorsal prefrontal gray matter after chronic ketamine
use. Biological Psychiatry, 69, 42–48.
Linde, K., Berner, M., Egger, M., and Mulrow, C. (2005). St John ’ s wort for depression:
Meta-analysis of randomised controlled trials. British Journal of Psychiatry, 186, 99–107.
Linding, R., Jensen, L. J., Ostheimer, G. J., van Vugt, M. A. T. M., Jørgensen, C., Miron,
I. M., Diella, F., Colwill, K., Taylor, L., Elder, K., Metalnikov, P., Nguyen, V., Pasculescu,
A., Jin, J., Park, J. G., Samson, L. D., Woodgett, J. R., Russell R.B., Bork, P., Yaffe, M.B.,
Pawson, T. (2007). Systematic Discovery of In Vivo Phosphorylation Networks. Cell, 129,
1415–1426.
Lisanby, S. H. (2007). Electroconvulsive Therapy for Depression. New England Journal
of Medicine, 357, 1939–45.
Liu, R. J., Fuchikami, M., Dwyer, J. M., Lepack, A. E., Duman, R. S., and Aghajanian, G.
K. (2013). GSK-3 inhibition potentiates the synaptogenic and antidepressant-like effects
of subthreshold doses of ketamine. Neuropsychopharmacology, 38, 2268–2277.
Liu, X., Lauer, K. K., Ward, B. D., Li, S.-J., and Hudetz, A. G. (2013). Differential
Effects of Deep Sedation with Propofol on the Specific and Nonspecific Thalamocortical
Systems. Anesthesiology, 118, 59–69.
Liu, Y., Du, L., Li, Y., Liu, H., Zhao, W., Liu, D., Zeng, J., Li, X., Fu, Y., Qiu, H., Li, X., Qiu,
T., Hu, H., Meng, H., and Luo, Q. (2015). Antidepressant Effects of Electroconvulsive
Therapy Correlate with Subgenual Anterior Cingulate Activity and Connectivity in
Depression. Medicine, 94, e2033.
Lommatzsch, M., Zingler, D., Schuhbaeck, K., Schloetcke, K., Zingler, C., Schuff-Werner,
P., and Virchow, J. C. (2005). The impact of age, weight and gender on BDNF levels in
human platelets and plasma. Neurobiology of Aging, 26, 115–123.
Loo, C. K., Gálvez, V., O’Keefe, E., Mitchell, P. B., Hadzi-Pavlovic, D., Leyden, J., Harper,
S., Somogyi, A. A., Lai, R., Weickert, C. S., and Glue, P. (2016). Placebo-controlled pilot
trial testing dose titration and intravenous, intramuscular and subcutaneous routes for
ketamine in depression. Acta Psychiatrica Scandinavica, 134, 48–56.
Loo, C. K., Katalinic, N., Smith, D. J., Ingram, A., Dowling, N., Martin, D., Addison, K.,
Hadzi-Pavlovic, D., Simpson, B., and Schweitzer, I. (2015). A Randomized Controlled
Trial of Brief and Ultrabrief Pulse Right Unilateral Electroconvulsive Therapy.
International Journal of Neuropsychopharmacology, 18, pyu045.

104

Lu, J., Nelson, L. E., Franks, N., Maze, M., Chamberlin, N. L., and Saper, C. B.
(2008). Role of endogenous sleep-wake and analgesic systems in anesthesia. Journal of
Comparative Neurology, 508, 648–662.
Luckenbaugh, D. A., Niciu, M. J., Ionescu, D. F., Nolan, N. M., Richards, E. M.,
Brutsche, N. E., Guevara, S., and Zarate, C. A. (2014). Do the dissociative side effects of
ketamine mediate its antidepressant effects? Journal of Affective Disorders, 159, 56–61.
Ly, J. Q. M., Gaggioni, G., Chellappa, S. L., Papachilleos, S., Brzozowski, A., Borsu,
C., Rosanova, M., Sarasso, S., Middleton, B., Luxen, A., Archer, S. N., Phillips, C.,
Dijk, D. J., Maquet, P., Massimini, M., and Vandewalle, G. (2016). Circadian regulation
of human cortical excitability. Nature Communications, 7, 11828.
Ma, H., Li, B., and Tsien, R. W. (2014). Distinct roles of multiple isoforms of
CaMKII in signaling to the nucleus. Biochimica et Biophysica Acta, 1853, 1953–
1957.
Ma, X. C., Dang, Y. H., Jia, M., Ma, R., Wang, F., Wu, J., Gao, C. G., and
Hashimoto, K. (2013). Long-Lasting Antidepressant Action of Ketamine, but Not
Glycogen Synthase Kinase-3 Inhibitor SB216763, in the Chronic Mild Stress Model
of Mice. PLoS ONE, 8, e56053.
Ma, Z., Zang, T., Birnbaum, S. G., Wang, Z., Johnson, J. E., Zhang, C.-L., and
Parada, L. F. (2017). TrkB dependent adult hippocampal progenitor differentiation
mediates sustained ketamine antidepressant response. Nature Communications, 8,
1668.
MacDonald, J. F., Bartlett, M. C., Mody, I., Pahapill, P., Reynolds, J. N., Salter,
M. W., Schneiderman, J. H., and Pennefather, P. S. (1991). Actions of ketamine,
phencyclidine and MK-801 on NMDA receptor currents in cultured mouse
hippocampal neurones. The Journal of Physiology, 432, 483–508.
Mackowiak, M., O’Neill, M. J., Hicks, C. A., Bleakman, D., and Skolnick, P. (2002).
An AMPA receptor potentiator modulates hippocampal expression of BDNF: An in
vivo study. Neuropharmacology, 43, 1–10.
MacMaster, F. P., Russell, A., Mirza, Y., Keshavan, M. S., Taormina, S. P., Bhandari,
R., Boyd, C., Lynch, M., Rose, M., Ivey, J., Moore, G. J., and Rosenberg, D. R.
(2006). Pituitary Volume in Treatment-Naïve Pediatric Major Depressive Disorder.
Biological Psychiatry, 60, 862–866.
Madsen, T. M., Treschow, A., Bengzon, J., Bolwig, T. G., Lindvall, O., and
Tingström, A. (2000). Increased neurogenesis in a model of electroconvulsive
therapy. Biological Psychiatry, 47, 1043–1049.
Maeng, S., Zarate, C. A., Du, J., Schloesser, R. J., McCammon, J., Chen, G., and
Manji, H. K. (2008). Cellular mechanisms underlying the antidepressant effects
of ketamine: role of alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
receptors. Biological Psychiatry, 63, 349–352.
Magnuson, B., Ekim, B., and Fingar, D. C. (2012). Regulation and function of
ribosomal protein S6 kinase (S6K) within mTOR signalling networks. Biochemical
Journal, 441, 1–21.
Maletzky, B. M. (1978). Seizure duration and clinical effect in electroconvulsive
therapy. Comprehensive Psychiatry, 19, 541–550.
Marchisella, F., Coffey, E. T., and Hollos, P. (2016). Microtubule and microtubule
associated protein anomalies in psychiatric disease. Cytoskeleton, 73, 596–611.
Marland, S., Ellerton, J., Andolfatto, G., Strapazzon, G., Thomassen, O.,
Brandner, B., Weatherall, A., and Paal, P. (2013). Ketamine: Use in Anesthesia.
CNS Neuroscience and Therapeutics, 19, 381–389.

105

Martins, C. M. S., Tofoli, S. M. de C., Baes, C. von W., and Juruena, M. (2011).
Analysis of the occurrence of early life stress in adult psychiatric patients: A
systematic review. Psychology and Neuroscience, 4, 219–227.
Mashour, G. A., and Alkire, M. T. (2013). Consciousness, Anesthesia, and the
thalamocortical system. Anesthesiology, 118, 13–15.
Mathew, S. J., and Zarate, C. A. (2016). Ketamine for Treatment-Resistant Depression.
(S. J. Mathew & C. A. Zarate, Eds.). Cham: Springer International Publishing.
Matsunaga, S., Kishi, T., Nomura, I., Sakuma, K., Okuya, M., Ikuta, T., and Iwata,
N. (2018). The efficacy and safety of memantine for the treatment of Alzheimer’s
disease. Expert Opinion on Drug Safety, 17, 1053–1061.
Maxwell, D., and Palmer, H. (1961). Demonstration of anti-depressant or stimulant
properties of imipramine in experimental animals. Nature, 190, 442–443.
May-Britt, M., Mari, T., Thore, E., and Per, A. (1998). Spatial training in a complex
environment and isolation alter the spine distribution differently in rat CA1
pyramidal cells. Journal of Comparative Neurology, 380, 373–381.
Maynard, K. R., Hobbs, J. W., Rajpurohit, S. K., and Martinowich, K. (2018).
Electroconvulsive seizures influence dendritic spine morphology and BDNF
expression in a neuroendocrine model of depression. Brain Stimulation, 11, 856–
859.
Mayur, P. (2006). Ictal electroencephalographic characteristics during
electroconvulsive therapy: A review of determination and clinical relevance. Journal
of ECT, 22, 213–217.
McGirr, A., Ledue, J., Chan, A. W., Xie, Y., and Murphy, T. H. (2017). Cortical
functional hyperconnectivity in a mouse model of depression and selective network
effects of ketamine. Brain, 140, 2210–2225.
Mennerick, S., Jevtovic-Todorovic, V., Todorovic, S. M., Shen, W., Olney, J. W., and
Zorumski, C. F. (1998). Effect of nitrous oxide on excitatory and inhibitory synaptic
transmission in hippocampal cultures. The Journal of Neuroscience, 18, 9716–26.
Mennini, T., Mocaer, E., and Garattini, S. (1987). Tianeptine, a selective enhancer of
serotonin uptake in rat brain. Naunyn-Schmiedeberg’s Archives of Pharmacology,
336, 478–482.
Menon, V. (2011). Large-scale brain networks and psychopathology: A unifying
triple network model. Trends in Cognitive Sciences, 15, 483–506.
Merali, Z. (2004). Dysregulation in the Suicide Brain: mRNA Expression of
Corticotropin-Releasing Hormone Receptors and GABAA Receptor Subunits in
Frontal Cortical Brain Region. Journal of Neuroscience, 24, 1478–1485.
Mickey, B. J., White, A. T., Arp, A. M., Leonardi, K., Torres, M. M., Larson, A. L.,
Odell, D. H., Whittingham, S. A., Beck, M. M., Jessop, J. E., Sakata, D. J., Bushnell,
L. A., Pierson, M. D., Solzbacher, D., Kendrick, E. J., Weeks, H. R., Light, A. R.,
Light, K.C., Tadler, S. C. (2018). Propofol for treatment-resistant depression: a pilot
study. International Journal of Neuropsychopharmacology, 21, 1079-1089.
Middlemas, D. S., Meisenhelder, J., and Hunter, T. (1994). Identification of TrkB
autophosphorylation sites and evidence that phospholipase C-gamma 1 is a substrate
of the TrkB receptor. Journal of Biological Chemistry, 269, 5458–5466.
Miller, O. H., Moran, J. T., and Hall, B. J. (2016). Two cellular hypotheses explaining
the initiation of ketamine’s antidepressant actions: Direct inhibition and disinhibition.
Neuropharmacology, 100, 17–26.

106

Miller, O. H., Yang, L., Wang, C. C., Hargroder, E. A., Zhang, Y., Delpire, E., and Hall,
B. J. (2014). GluN2B-containing NMDA receptors regulate depression-like behavior
and are critical for the rapid antidepressant actions of ketamine. eLife, 2014, 1–22.
Ming, Z., Knapp, D. J., Mueller, R. A., Breese, G. R., and Criswell, H. E. (2001).
Differential modulation of GABA- and NMDA-gated currents by ethanol and isoflurane
in cultured rat cerebral cortical neurons. Brain Research, 920, 117–124.
Minichiello, L. (2009). TrkB signalling pathways in LTP and learning. Nature Reviews
Neuroscience, 10, 850–860.
Minichiello, L., Calella, A. M., Medina, D. L., Bonhoeffer, T., Klein, R., and Korte, M.
(2002). Mechanism of TrkB-mediated hippocampal long-term potentiation. Neuron,
36, 121–137.
Moghaddam, B., Adams, B., Verma, A., and Daly, D. (1997). Activation of glutamatergic
neurotransmission by ketamine: a novel step in the pathway from NMDA receptor
blockade to dopaminergic and cognitive disruptions associated with the prefrontal
cortex. Journal of Neuroscience, 17, 2921–2927.
Molendijk, M. L., Spinhoven, P., Polak, M., Bus, B. A. A., Penninx, B. W. J. H., and
Elzinga, B. M. (2014). Serum BDNF concentrations as peripheral manifestations of
depression: Evidence from a systematic review and meta-analyses on 179 associations
(N=9484). Molecular Psychiatry, 19, 791–800.
Moncrieff, J. (2008). The creation of the concept of an antidepressant: An historical
analysis. Social Science and Medicine, 66, 2346–2355.
Morgan, C. J. A., and Curran, H. V. (2006). Acute and chronic effects of ketamine upon
human memory: A review. Psychopharmacology, 188, 408–424.
Morgan, C. J. A., Muetzelfeldt, L., and Curran, H. V. (2010). Consequences of
chronic ketamine self-administration upon neurocognitive function and psychological
wellbeing: A 1-year longitudinal study. Addiction, 105, 121–133.
Moussavi, S., Chatterji, S., Verdes, E., Tandon, A., Patel, V., and Ustun, B. (2007).
Depression, chronic diseases, and decrements in health: results from the World Health
Surveys. Lancet, 370, 851–858.
Muller, J.C., Pryor, W. W., Gibbons, J.E., Orgain, E.S. (1955). Depression and anxiety
occurring during rauwolfia therapy. Journal of American Medical Association, 159, 836839.
Murrough, J. W., and Charney, D. S. (2012). Is there anything really novel on the
antidepressant horizon? Current Psychiatry Reports, 14, 643–649.
Murrough, J. W., Iosifescu, D. V., Chang, L. C., Al Jurdi, R. K., Green, C. E., Perez,
A. M., Iqbal, S., Pillemer, S., Foulkes, A., Shah, A., Charney, D. S., and Mathew, S. J.
(2013). Antidepressant efficacy of ketamine in treatment-resistant major depression: A
two-site randomized controlled trial. American Journal of Psychiatry, 170, 1134–1142.
Muschamp, J. W., Regina, M. J., Hull, E. M., Winter, J. C., and Rabin, R. A. (2004).
Lysergic acid diethylamide and [-]-2,5-dimethoxy-4-methylamphetamine increase
extracellular glutamate in rat prefrontal cortex. Brain Research, 1023, 134–140.
Muthukumaraswamy, S. D., Shaw, A. D., Jackson, L. E., Hall, J., Moran, R., and Saxena,
N. (2015). Evidence that Subanesthetic Doses of Ketamine Cause Sustained Disruptions
of NMDA and AMPA-Mediated Frontoparietal Connectivity in Humans. Journal of
Neuroscience, 35, 11694–11706.
Naegelin, Y., Dingsdale, H., Säuberli, K., Schädelin, S., Kappos, L., and Barde, Y.-A.
(2018). Measuring and Validating the Levels of Brain-Derived Neurotrophic Factor in
Human Serum. eNeuro, 5, ENEURO.0419-17.2018.

107

Nagele, P., Duma, A., Kopec, M., Gebara, M. A., Parsoei, A., Walker, M., Janski, A.,
Panagopoulos, V. N., Cristancho, P., Miller, J. P., Zorumski, C. F., and Conway, C. R.
(2015). Nitrous Oxide for Treatment-Resistant Major Depression: A Proof-of-Concept
Trial. Biological Psychiatry, 78, 10–18.
Nakazawa, Y., Kotorii, M., Ohshima, M., Kotorii, T., and Hasuzawa, H. (1978). Changes
in Sleep Pattern After Sleep Deprivation. Psychiatry and Clinical Neurosciences, 32, 85–93.
Nere, A., Hashmi, A., Cirelli, C., and Tononi, G. (2013). Sleep-dependent synaptic downselection (I): Modeling the benefits of sleep on memory consolidation and integration.
Frontiers in Neurology, 4, 143.
Nestler, E. J., Gould, E., and Manji, H. (2002). Preclinical models: Status of basic research
in depression. Biological Psychiatry, 52, 503–528.
Nibuya, M., Morinobu, S., and Duman, R. S. (1995). Regulation of BDNF and trkB mRNA
in rat brain by chronic electroconvulsive seizure and antidepressant drug treatments. Journal
of Neuroscience, 15, 7539–7547.
Niciu, M. J., Shovestul, B. J., Jaso, B. A., Farmer, C., Luckenbaugh, D. A., Brutsche, N. E.,
Park, L. T., Ballard, E. D., and Zarate, C. A. (2018). Features of dissociation differentially
predict antidepressant response to ketamine in treatment-resistant depression. Journal of
Affective Disorders, 232, 310–315.
Nicoll, R. A. (2017). A Brief History of Long-Term Potentiation. Neuron, 93, 281–290.
Nobler, M. S., Sackeim, H. A., Prohovnik, I., Moeller, J. R., Mukherjee, S., Schnur, D. B.,
Prudic, J., and Devanand, D. P. (1994). Regional cerebral blood flow in mood disorders, III.
Treatment and clinical response. Archives of General Psychiatry, 51, 884–97.
Nobler, M. S., Sackeim, H. A., Solomou, M., Luber, B., Devanand, D. P., and Prudic, J.
(1993). EEG manifestations during ECT: effects of electrode placement and stimulus
intensity. Biological Psychiatry, 34, 321–330.
Nordanskog, P., Dahlstrand, U., Larsson, M. R., Larsson, E.-M., Knutsson, L., and
Johanson, A. (2010). Increase in Hippocampal Volume After Electroconvulsive Therapy in
Patients With Depression. The Journal of ECT, 26, 62–67.
Norimoto, H., Makino, K., Gao, M., Shikano, Y., Okamoto, K., Ishikawa, T., Sasaki,
T., Hioki, H., Fujisawa, S., and Ikegaya, Y. (2018). Hippocampal ripples down-regulate
synapses. Science, 359, 1524-1527.
Nosyreva, E., Szabla, K., Autry, A. E., Ryazanov, A. G., Monteggia, L. M., and Kavalali,
E. T. (2013). Acute Suppression of Spontaneous Neurotransmission Drives Synaptic
Potentiation. Journal of Neuroscience, 33, 6990–7002.
Nugent, A., Ballard, E., Gould, T., LT, P., R, M., Brutsche, N., Jr. Zarate, C., Park, L.,
Moaddel, R., Brutsche, N., and Zarate, C. (2017). Ketamine has distinct electrophysiological
and behavioural effects in depressed and healthy subjects. Molecular Psychiatry, 10.1038/
s41380-018-0028-2.
Nuninga, J. O., Claessens, T. F. I., Somers, M., Mandl, R., Nieuwdorp, W., Boks, M. P.,
Bakker, S., Begemann, M. J. H., Heringa, S., and Sommer, I. E. C. (2018). Immediate and
long-term effects of bilateral electroconvulsive therapy on cognitive functioning in patients
with a depressive disorder. Journal of Affective Disorders, 238, 659–665.
Nusslock, R., and Miller, G. E. (2016). Early-life adversity and physical and emotional health
across the lifespan: A neuroimmune network hypothesis. Biological Psychiatry, 80, 23–32.
O’Donovan, S., Dalton, V., Harkin, A., and McLoughlin, D. M. (2014). Effects of brief pulse
and ultrabrief pulse electroconvulsive stimulation on rodent brain and behaviour in the
corticosterone model of depression. International Journal of Neuropsychopharmacology,
17, 1477–1486.

108

O’Donovan, S., Kennedy, M., Guinan, B., O’Mara, S., and McLoughlin, D. M. (2012).
A comparison of brief pulse and ultrabrief pulse electroconvulsive stimulation on
rodent brain and behaviour. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 37, 147–152.
Obbels, J., Verwijk, E., Vansteelandt, K., Dols, A., Bouckaert, F., Schouws, S.,
Vandenbulcke, M., Emsell, L., Stek, M., Sienaert, P., Obbels, J., and Leuven, K. (2018).
Long-term neurocognitive functioning after electroconvulsive therapy in patients with
late-life depression. Acta Psychiatrica Scandinavica, 2018, 1–9.
Okada-Tsuchioka, M., Segawa, M., Kajitani, N., Hisaoka-Nakashima, K.,
Shibasaki, C., Morinobu, S., and Takebayashi, M. (2014). Electroconvulsive seizure
induces thrombospondin-1 in the adult rat hippocampus. Progress in NeuroPsychopharmacology and Biological Psychiatry, 48, 236–244.
Okuno, H., Akashi, K., Ishii, Y., Yagishita-kyo, N., Suzuki, K., Nonaka, M., Kawashima,
T., Fujii, H., Takemoto-kimura, S., Abe, M., Natsume, R., Chowdhury, S., Sakimura,
K., Worley, P. F., and Bito, H. (2012). Inverse Synaptic Tagging of Inactive Synapses via
Dynamic Interaction of Arc / Arg3.1 with CaMKII b. Cell, 149, 886–898.
Olesen, J., Gustavsson, A., Svensson, M., Wittchen, H. U., and Jönsson, B. (2012).
The economic cost of brain disorders in Europe. European Journal of Neurology, 19,
155–162.
Olesen, M. V., Wörtwein, G., Folke, J., and Pakkenberg, B. (2017). Electroconvulsive
stimulation results in long-term survival of newly generated hippocampal neurons in
rats. Hippocampus, 27, 52–60.
Olney, J. W., Labruyere, J., and Price, M. T. (1989). Pathological changes induced in
cerebrocortical neurons by phencyclidine and related drugs. Science, 244, 1360–2.
Oltedal, L., Kessler, U., Ersland, L., Grüner, R., Andreassen, O. A., Haavik, J., Hoff, P.
I., Hammar, Å., Dale, A. M., Hugdahl, K., and Oedegaard, K. J. (2015). Effects of ECT
in treatment of depression: Study protocol for a prospective neuroradiological study
of acute and longitudinal effects on brain structure and function. BMC Psychiatry, 15.
Oltedal, L., Narr, K. L., Abbott, C., Anand, A., Argyelan, M., Bartsch, H., Dannlowski,
U., Dols, A., van Eijndhoven, P., Emsell, L., Erchinger, V. J., Espinoza, R., Hahn, T.,
Hanson, L. G., Hellemann, G., Jorgensen, M. B., Kessler, U., … Dale, A. M. (2018).
Volume of the Human Hippocampus and Clinical Response Following Electroconvulsive
Therapy. Biological Psychiatry, 84, 574-581.
Ostroff, L. E., Fiala, J. C., Allwardt, B., and Harris, K. M. (2002). Polyribosomes
redistribute from dendritic shafts into spines with enlarged synapses during LTP in
developing rat hippocampal slices. Neuron, 35, 535–545.
Otte, C., Gold, S. M., Penninx, B. W., Pariante, C. M., Etkin, A., Fava, M., Mohr, D.
C., and Schatzberg, A. F. (2016). Major depressive disorder. Nature Reviews Disease
Primers, 2, 16065.
Owens, M. J., Morgan, W. N., Plott, S. J., and Nemeroff, C. B. (1997). Neurotransmitter
receptor and transporter binding profile of antidepressants and their metabolites. The
Journal of Pharmacology and Experimental Therapeutics, 283, 1305–1322.
Park, L., Furey, M., Nugent, A. C., Farmer, C., Ellis, J., Szczepanik, J., Lener, M. S.,
and Zarate, C. A. (2018). Neurophysiological Changes Associated with Antidepressant
Response to Ketamine Not Observed in a Negative Trial of Scopolamine in Major
Depressive Disorder. International Journal of Neuropsychopharmacology, 22, 10-18.
Parsons, C. G., Danysz, W., and Quack, G. (1999). Memantine is a clinically well
tolerated N-methyl-D-aspartate (NMDA) receptor antagonist - A review of preclinical
data. Neuropharmacology, 38, 735–767.

109

Parsons, C. G., Quack, G., Bresink, I., Baran, L., Przegalinski, E., Kostowski, W.,
Krzascik, P., Hartmann, S., and Danysz, W. (1995). Comparison of the potency, kinetics
and voltage-dependency of a series of uncompetitive NMDA receptor antagonists in
vitro with anticonvulsive and motor impairment activity in vivo. Neuropharmacology,
34, 1239–1258.
Patterson, S. L., Pittenger, C., Morozov, A., Martin, K. C., Scanlin, H., Drake, C., and
Kandel, E. R. (2001). Some forms of cAMP-mediated long-lasting potentiation are
associated with release of BDNF and nuclear translocation of phospho-MAP kinase.
Neuron, 32, 123–140.
Pelligrino, D. A., Miletich, D. J., Hoffman, W. E., and Albrecht, R. F. (1984). Nitrous
oxide markedly increases cerebral cortical metabolic rate and blood flow in the goat.
Anesthesiology, 60, 405–412.
Pen, Y., Borovok, N., Reichenstein, M., Sheinin, A., and Michaelevski, I. (2016).
Membrane-tethered AKT kinase regulates basal synaptic transmission and early phase
LTP expression by modulation of post-synaptic AMPA receptor level. Hippocampus, 26,
1149–1167.
Perera, T. D., Coplan, J. D., Lisanby, S. H., Lipira, C. M., Arif, M., Carpio, C., Spitzer,
G., Santarelli, L., Scharf, B., Hen, R., Rosoklija, G., Sackeim, H. A., and Dwork, A. J.
(2007). Antidepressant-Induced Neurogenesis in the Hippocampus of Adult Nonhuman
Primates. Journal of Neuroscience, 27, 4894–4901.
Perera, T. D., Luber, B., Nobler, M. S., Prudic, J., Anderson, C., and Sackeim, H. A.
(2004). Seizure expression during electroconvulsive therapy: Relationships with clinical
outcome and cognitive side effects. Neuropsychopharmacology, 29, 813–825.
Perez-Caballero, L., Torres-Sanchez, S., Bravo, L., Mico, J. A., and Berrocoso, E. (2014).
Fluoxetine: a case history of its discovery and preclinical development. Expert Opinion
on Drug Discovery, 9, 567–578.
Perrin, J. S., Merz, S., Bennett, D. M., Currie, J., Steele, D. J., Reid, I. C., and Schwarzbauer,
C. (2012). Electroconvulsive therapy reduces frontal cortical connectivity in severe
depressive disorder. Proceedings of the National Academy of Sciences, 109, 5464–5468.
Pilge, S., Jordan, D., Kreuzer, M., Kochs, E. F., and Schneider, G. (2014). Burst suppressionMAC and burst suppression-CP50 as measures of cerebral effects of anaesthetics. British
Journal of Anaesthesia, 112, 1067–1074.
Pittenger, C., and Kandel, E. (1998). A genetic switch for long-term memory. Comptes
Rendus de l’Academie Des Sciences - Serie III, 321, 91–96.
Pletscher, A. (1991). The discovery of antidepressants: A winding path. Experientia, 47,
4–8.
Pochwat, B., Rafało-Ulińska, A., Domin, H., Misztak, P., Nowak, G., and Szewczyk, B.
(2017). Involvement of extracellular signal-regulated kinase (ERK) in the short and longlasting antidepressant-like activity of NMDA receptor antagonists (zinc and Ro 25-6981)
in the forced swim test in rats. Neuropharmacology, 125, 333–342.
Pollin, W., Cardon, P. V, and Kety, S. S. (1961). Effects of amino acid feedings in
schizophrenic patients treated with iproniazid. Science, 133, 104–5.
Polyakova, M., Stuke, K., Schuemberg, K., Mueller, K., Schoenknecht, P., and Schroeter,
M. L. (2015). BDNF as a biomarker for successful treatment of mood disorders: A
systematic & quantitative meta-analysis. Journal of Affective Disorders, 174, 432–440.

110

Poo, M. M. (2001). Neurotrophins as synaptic modulators. Nature Reviews.
Neuroscience, 2, 24–32.
Porter, R. H. P., and Greenamyre, J. T. (1995). Regional variations in the pharmacology
of NMDA receptor channel blockers: Implications for therapeutic potential. Journal of
Neurochemistry, 64, 614–623.
Portmann, S., Kwan, H. Y., Theurillat, R., Schmitz, A., Mevissen, M., and Thormann, W.
(2010). Enantioselective capillary electrophoresis for identification and characterization of
human cytochrome P450 enzymes which metabolize ketamine and norketamine in vitro.
Journal of Chromatography A, 1217, 7942–7948.
Prudic, J. (2008). Strategies to Minimize Cognitive Side Effects With ECT. The Journal of
ECT, 24, 46–51.
Puig, M. V. (2003). In Vivo Modulation of the Activity of Pyramidal Neurons in the Rat
Medial Prefrontal Cortex by 5-HT2A Receptors: Relationship to Thalamocortical Afferents.
Cerebral Cortex, 13, 870–882.
Quiroz, J. A., Tamburri, P., Deptula, D., Banken, L., Beyer, U., Rabbia, M., Parkar, N.,
Fontoura, P., and Santarelli, L. (2016). Efficacy and safety of basimglurant as adjunctive
therapy for major depression: A randomized clinical trial. JAMA Psychiatry, 73, 675–684.
Rampil, I. J., Kim, J. S., Lenhardt, R., Negishi, C., and Sessler, D. I. (1998). Bispectral EEG
index during nitrous oxide administration. Anesthesiology, 89, 671-677.
Rantamäki, T., Vesa, L., Antila, H., Lieto, A., Tammela, P., Schmitt, A., Lesch, K. P., Rios,
M., and Castrén, E. (2011). Antidepressant drugs transactivate trkb neurotrophin receptors
in the adult rodent brain independently of bdnf and monoamine transporter blockade.
PLoS ONE, 6, 2–9.
Rapport, M. M. (1949). Serum vasoconstrictor (serotonin) the presence of creatinine in the
complex; a proposed structure of the vasoconstrictor principle. The Journal of Biological
Chemistry, 180, 961–969.
Rapport, M. M., Green, A. A., and Page, I. H. (1948). Crystalline serotonin. Science, 108,
329–330.
Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philosophical
Transactions of the Royal Society B: Biological Sciences, 361, 1545–1564.
Reinstrup, P., Ryding, E., Algotsson, L., Berntman, L., and Uski, T. (1994). Effects of nitrous
oxide on human regional cerebral blood flow and isolated pial arteries. Anesthesiology, 81,
396–402.
Reinstrup, P., Ryding, E., Ohlsson, T., Sandell, A., Erlandsson, K., Ljunggren, K., Salford,
L. G., Strand, S., and Uski, T. (2008). Regional cerebral metabolic rate (positron emission
tomography) during inhalation of nitrous oxide 50% in humans. British Journal of
Anaesthesia, 100, 66–71.
Réus, G. Z., Vieira, F. G., Abelaira, H. M., Michels, M., Tomaz, D. B., dos Santos, M. A.
B., Carlessi, A. S., Neotti, M. V., Matias, B. I., Luz, J. R., Dal-Pizzol, F., and Quevedo, J.
(2014). MAPK signaling correlates with the antidepressant effects of ketamine. Journal of
Psychiatric Research, 55, 15–21.
Riemann, D., Berger, M., and Voderholzer, U. (2001). Sleep and depression - Results from
psychobiological studies: An overview. Biological Psychology, 57, 67–103.
Rocha, R. B., Dondossola, E. R., Grande, A. J., Colonetti, T., Ceretta, L. B., Passos, I. C.,
Quevedo, J., and da Rosa, M. I. (2016). Increased BDNF levels after electroconvulsive
therapy in patients with major depressive disorder: A meta-analysis study. Journal of
Psychiatric Research, 83, 47–53.

111

Rodriguez, A. V., Funk, C. M., Vyazovskiy, V. V., Nir, Y., Tononi, G., and Cirelli, C. (2016).
Why Does Sleep Slow-Wave Activity Increase After Extended Wake? Assessing the Effects
of Increased Cortical Firing During Wake and Sleep. The Journal of Neuroscience, 36,
12436–12447.
Roh, M.-S., Kang, U. G., Shin, S. Y., Lee, Y. H., Jung, H. Y., Juhnn, Y.-S., and Kim, Y. S.
(2003). Biphasic changes in the Ser-9 phosphorylation of glycogen synthase kinase-3beta
after electroconvulsive shock in the rat brain. Progress in Neuro-Psychopharmacology &
Biological Psychiatry, 27, 1–5.
Rosenfeld, R. D., Zeni, L., Haniu, M., Talvenheimo, J., Radka, S. F., Bennett, L., Miller, J.
a, and Welcher, a a. (1995). Purification and identification of brain-derived neurotrophic
factor from human serum. Protein Expression and Purification, 6, 465-471.
Ross, S., Bossis, A., Guss, J., Agin-Liebes, G., Malone, T., Cohen, B., Mennenga, S. E.,
Belser, A., Kalliontzi, K., Babb, J., Su, Z., Corby, P., and Schmidt, B. L. (2016). Rapid
and sustained symptom reduction following psilocybin treatment for anxiety and
depression in patients with life-threatening cancer: A randomized controlled trial. Journal
of Psychopharmacology, 30, 1165–1180.
Ruhé, H. G., Mason, N. S., and Schene, A. H. (2007). Mood is indirectly related to
serotonin, norepinephrine and dopamine levels in humans: A meta-analysis of monoamine
depletion studies. Molecular Psychiatry, 12, 331–359.
Russo-Neustadt, A., Beard, R. C., and Cotman, C. W. (1999). Exercise, antidepressant
medications, and enhanced brain derived neurotrophic factor expression.
Neuropsychopharmacology, 21, 679–682.
Rutter, J. J., Gundlah, C., and Auerbach, S. B. (1994). Increase in extracellular serotonin
produced by uptake inhibitors is enhanced after chronic treatment with fluoxetine.
Neuroscience Letters, 171, 183–186.
Rutter, J. J., Gundlah, C., and Auerbach, S. B. (1995). Systemic uptake inhibition decreases
serotonin release via somatodendritic autoreceptor activation. Synapse, 20, 225–233.
Ryan, K. M., Dunne, R., and McLoughlin, D. M. (2018). BDNF plasma levels and
genotype in depression and the response to electroconvulsive therapy. Brain Stimulation,
11, 1123-1131.
Ryan, K. M., O’Donovan, S. M., and McLoughlin, D. M. (2013). Electroconvulsive
stimulation alters levels of BDNF-associated microRNAs. Neuroscience Letters, 549,
125–129.
Saarelainen, T., Hendolin, P., Lucas, G., Koponen, E., Sairanen, M., MacDonald, E.,
Agerman, K., Haapasalo, A., Nawa, H., Aloyz, R., Ernfors, P., and Castrén, E. (2003).
Activation of the TrkB neurotrophin receptor is induced by antidepressant drugs and
is required for antidepressant-induced behavioral effects. Journal of Neuroscience, 23,
349–357.
Sackeim, H. A., Decina, P., Kanzler, M., Kerr, B., and Malitz, S. (1987). Effects of electrode
placement on the efficacy of titrated, low-dose ECT. American Journal of Psychiatry, 144,
1449–1455.
Sackeim, H. A., Luber, B., Katzman, G. P., Moeller, J. R., Prudic, J., Devanand, D.,
and Nobler, M. S. (1996). The effects of electroconvulsive therapy on quantitative
electroencephalograms. Relationship to clinical outcome. Archives of General Psychiatry,
53, 814–824.
Sackeim, H. A., Prudic, J., Devanand, D. P., Nobler, M. S., H, S., Peyser, S., Fitzsimons,
L., Moody, B. J., and Clark, J. (2000). A Prospective, Randomized, Double-blind
Comparison of Bilateral and Right Unilateral Electroconvulsive Therapy at Different
Stimulus Intensities. Archives of General Psychiatry, 57, 425–434.

112

Salomon, R. M., Miller, H. L., Krystal, J. H., Heninger, G. R., and Charney, D. S.
(1997). Lack of behavorial effects of monoamine depletion in healthy subjects.
Biological Psychiatry, 41, 58–64.
Samuels, B. A., Nautiyal, K. M., Kruegel, A. C., Levinstein, M. R., Magalong, V. M.,
Gassaway, M. M., Grinnell, S. G., Han, J., Ansonoff, M. A., Pintar, J. E., Javitch, J. A.,
Sames, D., and Hen, R. (2017). The Behavioral Effects of the Antidepressant Tianeptine
Require the Mu-Opioid Receptor. Neuropsychopharmacology, 42, 2052-2063.
Sanacora, G., Johnson, M. R., Khan, A., Atkinson, S. D., Riesenberg, R. R.,
Schronen, J. P., Burke, M. A., Zajecka, J. M., Barra, L., Su, H. L., Posener, J. A., Bui,
K. H., Quirk, M. C., Piser, T. M., Mathew, S. J., and Pathak, S. (2017). Adjunctive
Lanicemine (AZD6765) in Patients with Major Depressive Disorder and History of
Inadequate Response to Antidepressants: A Randomized, Placebo-Controlled Study.
Neuropsychopharmacology, 42, 844–853.
Sánchez, C., Díaz-Nido, J., and Avila, J. (2000). Phosphorylation of microtubuleassociated protein 2 (MAP2) and its relevance for the regulation of the neuronal
cytoskeleton function. Progress in Neurobiology, 61, 133–168.
Sánchez, C., Pérez, M., and Avila, J. (2000). GSK3β-mediated phosphorylation of the
microtubule-associated protein 2C (MAP2C) prevents microtubule bundling. European
Journal of Cell Biology, 79, 252–260.
Sartorius, A., Vollmayr, B., Neumann-Haefelin, C., Ende, G., Hoehn, M., and Henn,
F. A. (2003). Specific creatine rise in learned helplessness induced by electroconvulsive
shock treatment. Neuroreport, 14, 2199–2201.
Schatzberg, A. F. (2000). New indications for antidepressants. Journal of Clinical
Psychiatry, 61, 9–17.
Schildkraut, J. J. (1965). The Catecholamine Hypothesis of Affective Disorders: A
Review of Supporting Evidence. American Journal of Psychiatry, 122, 509–522.
Schilgen, B., and Tölle, R. (1980). Partial Sleep Deprivation as Therapy for Depression.
Archives of General Psychiatry, 37, 267–271.
Schlegel, S., Aldenhoff, J. B., Eissner, D., Lindner, P., and Nickel, O. (1989). Regional
cerebral blood flow in depression: associations with psychopathology. Journal of
Affective Disorders, 17, 211–218.
Schloesser, R. J., Orvoen, S., Jimenez, D. V., Hardy, N. F., Maynard, K. R., Sukumar,
M., Manji, H. K., Gardier, A. M., David, D. J., and Martinowich, K. (2015).
Antidepressant-like Effects of Electroconvulsive Seizures Require Adult Neurogenesis
in a Neuroendocrine Model of Depression. Brain Stimulation, 8, 862–867.
Schmitt, J. M., Wayman, G. A., Nozaki, N., and Soderling, T. R. (2004). Calcium
activation of ERK mediated by calmodulin kinase I. Journal of Biological Chemistry,
279, 24064–24072.
Scruggs, J. L., Schmidt, D., and Deutch, A. Y. (2003). The hallucinogen 1-[2,5-dimethoxy4-iodophenyl]-2-aminopropane (DOI) increases cortical extracellular glutamate levels
in rats. Neuroscience Letters, 346, 137–140.
Segal, R. A., Bhattacharyya, A., Rua, L. A., Alberta, J. A., Stephens, R. M., Kaplan, D.
R., and Stiles, C. D. (1996). Differential Utilization of Trk Autophosphorylation Sites.
Journal of Biological Chemistry, 271, 20175–20181.
Sexton, J., Atayee, R. S., and Bruner, H. C. (2018). Case Report: Ketamine for Pain and
Depression in Advanced Cancer. Journal of Palliative Medicine, 21, 1670–1673.
Shaw, D. M., Camps, F. E., and Eccleston, E. G. (1968). 5-hydroxytryptamine in the
hindbrain of depressive suicides. The British Journal of Psychiatry, 114, 782–783.

113

Sheline, Y. I., Price, J. L., Yan, Z., and Mintun, M. A. (2010). Resting-state functional
MRI in depression unmasks increased connectivity between networks via the dorsal
nexus. Proceedings of the National Academy of Sciences, 107, 11020–11025.
Sheline, Y. I., Sanghavi, M., Mintun, M. A., and Gado, M. H. (1999). Depression
duration but not age predicts hippocampal volume loss in medically healthy women
with recurrent major depression. Journal of Neuroscience, 19, 5034–43.
Sheryl, A., Wilkinson, W. E., Coffey, C. E., Weiner, R. D., William, T., Soady, R.,
Patterson, L. J., Holt, P. D., and Charles, E. (2015). Brain Anatomic Effects of
Electroconvulsive Therapy. Archives of General Psychiatry, 48, 1013-1021.
Shirayama, Y., Chen, A. C.-H., Nakagawa, S., Russell, D. S., and Duman, R. S. (2002).
Brain-derived neurotrophic factor produces antidepressant effects in behavioral models
of depression. Journal of Neuroscience, 22, 3251–61.
Shore, P. A., Silver, S. L., and Brodie, B. B. (1955). Interaction of serotonin and lysergic acid
diethylamide (LSD) in the central nervous system. Experientia, 11, 272–273.
Shorter, E. (2009). Sakel Versus Meduna. The Journal of ECT, 25, 12–14.
Sienaert, P. (2016). Based on a True Story? The Portrayal of ECT in International Movies
and Television Programs. Brain Stimulation, 9, 882–891.
Silfverskiold, P., Rosen, I., Risberg, J., and Gustafson, L. (1987). Changes in psychiatric
symptoms related to EEG and cerebral blood flow following electroconvulsive therapy in
depression. European Archives of Psychiatry and Clinical Neurosciences, 236, 195–201.
Sinclair, M. D. (2003). A review of the physiological effects of alpha2-agonists related to
the clinical use of medetomidine in small animal practice. Canadian Veterinary Journal, 44,
885–97.
Singh, A., and Kar, S. K. (2017). How electroconvulsive therapy works?: Understanding the
neurobiological mechanisms. Clinical Psychopharmacology and Neuroscience, 15, 210–221.
Singh, J. B., Fedgchin, M., Daly, E., Xi, L., Melman, C., De Bruecker, G., Tadic, A., Sienaert,
P., Wiegand, F., Manji, H., Drevets, W. C., and Van Nueten, L. (2016). Intravenous Esketamine
in Adult Treatment-Resistant Depression: A Double-Blind, Double-Randomization,
Placebo-Controlled Study. Biological Psychiatry, 80, 424–431.
Sinner, B., and Graf, B. M. (2011). Ketamine. In Modern Anesthetics (pp. 313–333). Berlin,
Heidelberg: Springer Berlin Heidelberg.
Siuciak, J. A., Lewis, D. R., Wiegand, S. J., and Lindsay, R. M. (1997). Antidepressant-Like
Effect of Brain-derived Neurotrophic Factor (BDNF). Pharmacology Biochemistry and
Behavior, 56, 131–137.
Skolnick, P., Layer, R. T., Popik, P., Nowak, G., Paul, I. A., and Trullas, R. (1996).
Adaptation of N-methyl-D-aspartate (NMDA) receptors following antidepressant treatment:
Implications for the pharmacotherapy of depression. Pharmacopsychiatry, 29, 23–26.
Sleigh, J. W., Vacas, S., Flexman, A. M., and Talke, P. O. (2018). Electroencephalographic
Arousal Patterns Under Dexmedetomidine Sedation. Anesthesia & Analgesia, 127, 951-959.
Small, J. G., Small, I. F., Milstein, V., Kellams, J. J., and Klapper, M. H. (1985). Manic
symptoms: An indication for bilateral ECT. Biological Psychiatry, 20, 125–134.
Smith, K. (2014). Mental health: A world of depression. Nature, 515, 180–181.
Smith, M. A., Makino, S., Kvetnansky, R., and Post, R. M. (1995). Stress and
glucocorticoids affect the expression of brain-derived neurotrophic factor and
neurotrophin-3 mRNAs in the hippocampus. The Journal of Neuroscience, 15, 1768–
1777.

114

Smitha, J. S. M., Roopa, R., Khaleel, N., Kutty, B. M., and Andrade, C. (2014). Images
in electroconvulsive therapy: Electroconvulsive shocks dose-dependently increase
dendritic arborization in the CA1 region of the rat hippocampus. Journal of ECT, 30,
191–192.
So, N. K., and Blume, W. T. (2010). The postictal EEG. Epilepsy and Behavior, 19,
121–126.
Sos, P., Klirova, M., Novak, T., Kohutova, B., Horacek, J., and Palenice, T. (2013).
Relationship of ketamine’s antidepressant and psychotomimetic effects in unipolar
depression. Activitas Nervosa Superior Rediviva, 55, 57–63.
Spaans, H. P., Sienaert, P., Bouckaert, F., Van Den Berg, J. F., Verwijk, E., Kho, K. H.,
Stek, M. L., and Kok, R. M. (2015). Speed of remission in elderly patients with depression:
Electroconvulsive therapy V. medication. British Journal of Psychiatry, 206, 67–71.
Sprouse, J. S., and Aghajanian, G. K. (1987). Electrophysiological responses of
serotoninergic dorsal raphe neurons to 5HT1A and 5HT1B agonists. Synapse, 1, 3–9.
Stahl, S. M. (1998). Mechanism of action of serotonin selective reuptake inhibitors.
Journal of Affective Disorders, 51, 215–235.
Starkman, M. N., Gebarski, S. S., Berent, S., and Schteingart, D. E. (1992). Hippocampal
formation volume, memory dysfunction, and cortisol levels in patients with Cushing’s
syndrome. Biological Psychiatry, 32, 756–765.
Starkman, M. N., and Schteingart, D. E. (1981). Neuropsychiatric manifestations of
patients with Cushing’s syndrome: relationship to cortical and adrenocorticotropic
hormone levels. Archives of Internal Medicine, 141, 215–219.
Steele, J. D., Currie, J., Lawrie, S. M., and Reid, I. (2007). Prefrontal cortical functional
abnormality in major depressive disorder: A stereotactic meta-analysis. Journal of
Affective Disorders, 101, 1–11.
Stefanczyk-Sapieha, L., Oneschuk, D., and Demas, M. (2008). Intravenous Ketamine
“Burst” for Refractory Depression in a Patient with Advanced Cancer. Journal of Palliative
Medicine, 11, 1268–1271.
Steinberg, H., and Hegerl, U. (2014). Johann Christian August Heinroth on sleep
deprivation as a therapeutic option for depressive disorders. Sleep Medicine, 15, 1159–
1164.
Stephens, R. M., Loeb, D. M., Copeland, T. D., Pawson, T., Greene, L. A., and Kaplan,
D. R. (1994). Trk receptors use redundant signal transduction pathways involving SHC
and PLC-γ1 to mediate NGF responses. Neuron, 12, 691–705.
Stetler, C., and Miller, G. E. (2011). Depression and hypothalamic-pituitary-adrenal
activation: A quantitative summary of four decades of research. Psychosomatic Medicine,
73, 114–126.
Sun, H.-L., Zhou, Z.-Q., Zhang, G.-F., Yang, C., Wang, X.-M., Shen, J.-C., Hashimoto,
K., and Yang, J.-J. (2016). Role of hippocampal p11 in the sustained antidepressant effect
of ketamine in the chronic unpredictable mild stress model. Translational Psychiatry, 6,
e741.
Suppes, T., Webb, A., Carmody, T., Gordon, E., Gutierrez-Esteinou, R., Hudson,
J. I., and Pope, H. G. (1996). Is postictal electrical silence a predictor of response to
electroconvulsive therapy? Journal of Affective Disorders, 41, 55–58.
Sutton, M. A., Taylor, A. M., Ito, H. T., Pham, A., and Schuman, E. M. (2007). Postsynaptic
Decoding of Neural Activity: eEF2 as a Biochemical Sensor Coupling Miniature Synaptic
Transmission to Local Protein Synthesis. Neuron, 55, 648–661.

115

Suzuki, K., Nosyreva, E., Hunt, K. W., Kavalali, E. T., and Monteggia, L. M. (2017).
Effects of a ketamine metabolite on synaptic NMDAR function. Nature, 546, E1–E3.
Swartz, C. M. (2014). A mechanism of seizure induction by electricity and its clinical
implications. Journal of ECT, 30, 94–97.
Taiminen, T. (2017). Ketamine as treatment for depression. Duodecim, 133, 52–60.
Takamiya, A., Chung, J. K., Liang, K. C., Graff-Guerrero, A., Mimura, M., and Kishimoto,
T. (2018). Effect of electroconvulsive therapy on hippocampal and amygdala volumes:
Systematic review and meta-analysis. British Journal of Psychiatry, 212, 19–26.
Takano, H., Motohashi, N., Uema, T., Ogawa, K., Ohnishi, T., Nishikawa, M., Kashima,
H., and Matsuda, H. (2007). Changes in regional cerebral blood flow during acute
electroconvulsive therapy in patients with depression: Positron emission tomographic
study. British Journal of Psychiatry, 190, 63–68.
Takei, N., Inamura, N., Kawamura, M., Namba, H., Hara, K., Yonezawa, K., and Nawa,
H. (2004). Brain-Derived Neurotrophic Factor Induces Mammalian Target of RapamycinDependent Local Activation of Translation Machinery and Protein Synthesis in Neuronal
Dendrites. Journal of Neuroscience, 24, 9760–9769.
Tang, S. J., Reis, G., Kang, H., Gingras, A.-C., Sonenberg, N., and Schuman, E. M. (2002).
A rapamycin-sensitive signaling pathway contributes to long-term synaptic plasticity in
the hippocampus. Proceedings of the National Academy of Sciences, 99, 467–472.
Tendolkar, I., van Beek, M., van Oostrom, I., Mulder, M., Janzing, J., Voshaar, R. O.,
and van Eijndhoven, P. (2013). Electroconvulsive therapy increases hippocampal and
amygdala volume in therapy refractory depression: A longitudinal pilot study. Psychiatry
Research, 214, 197–203.
The Role of Serotonin in the Central Nervous System. (1956). Canadian Medical
Association Journal, 75, 765–766.
Thoenen, H. (1995). Neurotrophins and neuronal plasticity. Science, 270, 593–598.
Thomas, G. M., and Huganir, R. L. (2004). MAPK cascade signalling and synaptic
plasticity. Nature Reviews Neuroscience, 5, 173–183.
Tononi, G., and Cirelli, C. (2003). Sleep and synaptic homeostasis: A hypothesis. Brain
Research Bulletin, 62, 143–150.
Tononi, G., and Cirelli, C. (2014). Sleep and the Price of Plasticity: From Synaptic and
Cellular Homeostasis to Memory Consolidation and Integration. Neuron, 81, 12–34.
Tononi, G., and Cirelli, C. (2019). Sleep and synaptic down-selection. European Journal
of Neuroscience, 579, 99–106.
Trivedi, M. H., Hollander, E., Nutt, D., and Blier, P. (2008). Clinical evidence and
potential neurobiological underpinnings of unresolved symptoms of depression. Journal
of Clinical Psychiatry, 69, 246–258.
Trivedi, M. H., Rush, A. J., Wisniewski, S. R., Nierenberg, A. A., Warden, D., Ritz, L.,
Norquist, G., Howland, R. H., Lebowitz, B., McGrath, P. J., Shores-Wilson, K., Biggs, M.
M., Balasubramani, G. K., and Fava, M. (2006). Evaluation of outcomes with citalopram
for depression using measurement-based care in STAR*D: Implications for clinical
practice. American Journal of Psychiatry, 163, 28–40.
Trullas, R., and Skolnick, P. (1990). Functional antagonists at the NMDA receptor
complex exhibit antidepressant actions. European Journal of Pharmacology, 185, 1–10.
UK ECT Review Group. (2003). Efficacy and safety of electroconvulsive therapy in
depressive disorders: a systematic review and meta-analysis. Lancet, 361, 799–808.

116

Undurraga, J., and Baldessarini, R. J. (2017). Should we keep calling antidepressants
antidepressants? Journal of Psychopharmacology, 31, 1624–1625.
van Loo, H. M., de Jonge, P., Romeijn, J.-W., Kessler, R. C., and Schoevers, R. A. (2012).
Data-driven subtypes of major depressive disorder: a systematic review. BMC Medicine, 10,
156.
van Zoonen, K., Buntrock, C., Ebert, D. D., Smit, F., Reynolds, C. F., Beekman, A. T. F.,
and Cuijpers, P. (2014). Preventing the onset of major depressive disorder: A meta-analytic
review of psychological interventions. International Journal of Epidemiology, 43, 318–329.
Vanhoutte, P., Barnier, J.-V., Guibert, B., Pagès, C., Besson, M.-J., Hipskind, R. A., and
Caboche, J. (1999). Glutamate Induces Phosphorylation of Elk-1 and CREB, Along with c
-fos Activation, via an Extracellular Signal-Regulated Kinase-Dependent Pathway in Brain
Slices. Molecular and Cellular Biology, 19, 136–146.
Veselis, R. A., Reinsel, R. A., Beattie, B. J., Mawlawi, O. R., Feshchenko, V. A., DiResta, G.
R., Larson, S. M., and Blasberg, R. G. (1997). Midazolam changes cerebral blood flow in
discrete brain regions: An H2(15)O positron emission tomography study. Anesthesiology,
87, 1106–1117.
Vetencourt, J. F. M., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R., F. O’Leary, O.,
Castren, E., and Maffei, L. (2008). The Antidepressant Fluoxetine Restores Plasticity in the
Adult Visual Cortex. Science, 320, 385–388.
Vidal, S., Gex-Fabry, M., Bancila, V., Michalopoulos, G., Warrot, D., Jermann, F., Dayer,
A., Sterpenich, V., Schwartz, S., Vutskits, L., Khan, N., Aubry, J.-M., and Kosel, M. (2018).
Efficacy and Safety of a Rapid Intravenous Injection of Ketamine 0.5 mg/kg in TreatmentResistant Major Depression: An Open 4-Week Longitudinal Study. Journal of Clinical
Psychopharmacology, 38, 590–597.
Viglione, A., Chiarotti, F., Poggini, S., Giuliani, A., and Branchi, I. (2019). Predicting
antidepressant treatment outcome based on socioeconomic status and citalopram dose.
Pharmacogenomics Journal, 10.1038/s41397-019-0080-6.
Vogelzangs, N., Duivis, H. E., Beekman, A. T. F., Kluft, C., Neuteboom, J., Hoogendijk,
W., Smit, J. H., de Jonge, P., and Penninx, B. W. J. H. (2012). Association of depressive
disorders, depression characteristics and antidepressant medication with inflammation.
Translational Psychiatry, 2, e79.
Voleti, B., Navarria, A., Liu, R.-J., Banasr, M., Li, N., Terwilliger, R., Sanacora, G., Eid, T.,
Aghajanian, G., and Duman, R. S. (2013). Scopolamine rapidly increases mammalian target
of rapamycin complex 1 signaling, synaptogenesis, and antidepressant behavioral responses.
Biological Psychiatry, 74, 742–9.
Vollenweider, F. X., and Kometer, M. (2010). The neurobiology of psychedelic drugs:
implications for the treatment of mood disorders. Nature Reviews Neuroscience, 11, 642–
651.
Vollenweider, F. X., Leenders, K. L., Scharfetter, C., Antonini, A., Maguire, P., Missimer, J.,
and Angst, J. (1997). Metabolic hyperfrontality and psychopathology in the ketamine model
of psychosis using positron emission tomography (PET) and [18F]fluorodeoxyglucose
(FDG). European Neuropsychopharmacology, 7, 9–24.
Vollenweider, F. X., Leenders, K. L., Scharfetter, C., Maguire, P., Stadelmann, O., and
Angst, J. (1997). Positron emission tomography and fluorodeoxyglucose studies of
metabolic hyperfrontality and psychopathology in the psilocybin model of psychosis.
Neuropsychopharmacology, 16: 357-372.
Vyazovskiy, V. V., Cirelli, C., Pfister-Genskow, M., Faraguna, U., and Tononi, G.
(2008). Molecular and electrophysiological evidence for net synaptic potentiation in
wake and depression in sleep. Nature Neuroscience, 11, 200–208.

117

Waeber, C., Schoeffter, P., Hoyer, D., and Palacios, J. M. (1990). The serotonin 5-HT1D
receptor: A progress review. Neurochemical Research, 15, 567–582.
Walter, M., Li, S., and Demenescu, L. R. (2014). Multistage drug effects of ketamine
in the treatment of major depression. European Archives of Psychiatry and Clinical
Neuroscience, 264, 55–65.
Wang, C., Zheng, D., Xu, J., Lam, W., and Yew, D. T. (2013). Brain damages in ketamine
addicts as revealed by magnetic resonance imaging. Frontiers in Neuroanatomy, 7, 1–8.
Wang, J., Wei, Q., Wang, L., Zhang, H., Bai, T., Cheng, L., Tian, Y., and Wang, K. (2018).
Functional reorganization of intra- and internetwork connectivity in major depressive
disorder after electroconvulsive therapy. Human Brain Mapping, 39, 1403–1411.
Wang, L., Hermens, D. F., Hickie, I. B., and Lagopoulos, J. (2012). A systematic
review of resting-state functional-MRI studies in major depression. Journal of Affective
Disorders, 142, 6–12.
Weber, M. M., and Emrich, H. M. (1988). Current and historical concepts of opiate
treatment in psychiatric disorders. International Journal of Clinical Psychopharmacology,
3, 255–266.
Weeks, H. R., Tadler, S. C., Smith, K. W., Iacob, E., Saccoman, M., White, A. T.,
Landvatter, J. D., Chelune, G. J., Suchy, Y., Clark, E., Cahalan, M. K., Bushnell, L.,
Sakata, D., Light, A. R., and Light, K. C. (2013). Antidepressant and Neurocognitive
Effects of Isoflurane Anesthesia versus Electroconvulsive Therapy in Refractory
Depression. PLoS ONE, 8, e69809.
Weiner, R. D., Rogers, H. J., Davidson, J. R., and Squire, L. R. (1986). Effects of
stimulus parameters on cognitive side effects. Annals of the New York Academy of
Sciences, 462, 315–325.
Weissmann-Nanopoulos, D., Mach, E., Magre, J., Demassey, Y., and Pujol, J. F. (1985).
Evidence for the localization of 5HT1A binding sites on serotonin containing neurons
in the raphe dorsalis and raphe centralis nuclei of the rat brain. Neurochemistry
International, 7, 1061–1072.
Whiteford, H. A., Degenhardt, L., Rehm, J., Baxter, A. J., Ferrari, A. J., Erskine, H. E.,
Charlson, F. J., Norman, R. E., Flaxman, A. D., Johns, N., Burstein, R., Murray, C. J.
L., and Vos, T. (2013). Global burden of disease attributable to mental and substance
use disorders: Findings from the Global Burden of Disease Study 2010. Lancet, 382,
1575–1586.
Whittle, S., Lichter, R., Dennison, M., Vijayakumar, N., Schwartz, O., Byrne, M. L.,
Simmons, J. G., Yucel, M., Pantelis, C., McGorry, P., and Alle, N. B. (2014). Structural
brain development and depression onset during adolescence: A prospective longitudinal
study. American Journal of Psychiatry, 171, 564–571.
Williams, D. J. M., Morgan, R. J. M., Sebel, P. S., and Maynard, D. E. (1984). The effect
of nitrous oxide on cerebral electrical activity. Anaesthesia, 39, 422–425.
Williams, N. R., Heifets, B. D., Blasey, C., Sudheimer, K., Pannu, J., Pankow, H.,
Hawkins, J., Birnbaum, J., Lyons, D. M., Rodriguez, C. I., and Schatzberg, A. F. (2018).
Attenuation of Antidepressant Effects of Ketamine by Opioid Receptor Antagonism.
American Journal of Psychiatry, 175, 1205-1215.
Winau, F., Westphal, O., and Winau, R. (2004). Paul Ehrlich - In search of the magic
bullet. Microbes and Infection, 6, 786–789.
Wolfson, P. E., and Wolfson, P. E. (2014). Psychedelic Experiential Pharmacology:
Pioneering Clinical Explorations with Salvador Roquet (How I Came to All of This:
Ketamine, Admixtures and Adjuvants, Don Juan and Carlos Castaneda Too): An
Interview with Richard Yensen. Psychedelic Experientia, 33, 160–174.

118

Woolf, T. F., and Adams, J. D. (1987). Biotransformation of ketamine, (Z)-6hydroxyketamine, and (E)-6-hydroxyketamine by rat, rabbit, and human liver
microsomal preparations. Xenobiotica, 17, 839–847.
Woolley, D. W., and Shaw, E. (1954). A Biochemical and Pharmacological
Suggestion About Certain Mental Disorders. Proceedings of the National Academy
of Sciences of the United States of America, 40, 228–231.
Wu, J., Buchsbaum, M. S., Gillin, J. C., Tang, C., Cadwell, S., Wiegand, M., Najafi,
A., Klein, E., Hazen, K., and Bunney, W. E. (1999). Prediction of antidepressant
effects of sleep deprivation by metabolic rates in the ventral anterior cingulate and
medial prefrontal cortex. American Journal of Psychiatry, 156, 1149–1158.
Wu, J. C., and Bunney, W. E. (1990). The Biological Basis of an Antidepressant
Response to Sleep-Deprivation and Relapse - Review and Hypothesis. American
Journal of Psychiatry, 147, 14–21.
Wu, J. C., Gillin, J. C., Buchsbaum, M. S., Schachat, C., Darnall, L. A., Keator, D.
B., Fallon, J. H., and Bunney, W. E. (2008). Sleep deprivation PET correlations of
Hamilton symptom improvement ratings with changes in relative glucose metabolism
in patients with depression. Journal of Affective Disorders, 107, 181–186.
Xi, C., Sun, S., Pan, C., Ji, F., Cui, X., and Li, T. (2018). Different effects of propofol
and dexmedetomidine sedation on electroencephalogram patterns: Wakefulness,
moderate sedation, deep sedation and recovery. PLoS ONE, 13, e0199120.
Xu, Y., Hackett, M., Carter, G., Loo, C., Gálvez, V., Glozier, N., Glue, P., Lapidus, K.,
McGirr, A., Somogyi, A. A., Mitchell, P. B., and Rodgers, A. (2016). Effects of Low-Dose
and Very Low-Dose Ketamine among Patients with Major Depression: A Systematic
Review and Meta-Analysis. International Journal of Neuropsychopharmacology, 19,
1–15.
Yamagata, Y., Jovanovic, J. N., Czernik, A. J., Greengard, P., and Obata, K. (2002).
Bidirectional changes in synapsin I phosphorylation at MAP kinase-dependent sites
by acute neuronal excitation in vivo. Journal of Neurochemistry, 80, 835–842.
Yamakura, T., and Harris, R. A. (2000). Effects of gaseous anesthetics nitrous oxide
and xenon on ligand-gated ion channels. Comparison with isoflurane and ethanol.
Anesthesiology, 93, 1095–1101.
Yang, C., Shirayama, Y., Zhang, J., Ren, Q., Yao, W., Ma, M., Dong, C., and
Hashimoto, K. (2015). R-ketamine: a rapid-onset and sustained antidepressant
without psychotomimetic side effects. Translational Psychiatry, 5, e632.
Yang, Y., Cui, Y., Sang, K., Dong, Y., Ni, Z., Ma, S., and Hu, H. (2018). Ketamine
blocks bursting in the lateral habenula to rapidly relieve depression. Nature, 554,
317–322.
Ying, S. W., Futter, M., Rosenblum, K., Webber, M. J., Hunt, S. P., Bliss, T. V. P.,
and Bramham, C. R. (2002). Brain-Derived Neurotrophic Factor Induces LongTerm Potentiation in Intact Adult Hippocampus : Requirement for ERK Activation
Coupled to CREB and Upregulation of Arc Synthesis. The Journal of Neuroscience,
22, 1532–1540.
Yoshida, H., Kushikata, T., Tose, R., Kudo, M., Kudo, T., and Hirota, K. (2010).
Nitrous oxide and xenon increase noradrenaline release in the cerebral cortex in
vivo and in vitro. Neuroscience Letters, 469, 199–203.

119

Zahavi, E. E., Steinberg, N., Altman, T., Chein, M., Joshi, Y., Gradus-Pery, T., and
Perlson, E. (2018). The receptor tyrosine kinase TrkB signals without dimerization
at the plasma membrane. Science Signaling, 10.1126/scisignal.aao4006.
Zanicotti, C. G., Perez, D., and Glue, P. (2013). Case Report: Long-Term Mood
Response To Repeat Dose Intramuscular Ketamine in a Depressed Patient with
Advanced Cancer. Journal of Palliative Medicine, 16, 719–720.
Zanos, P., Moaddel, R., Morris, P. J., Georgiou, P., Fischell, J., Elmer, G. I.,
Alkondon, M., Yuan, P., Pribut, H. J., Singh, N. S., Dossou, K. S. S., Fang, Y.,
Huang, X.-P., Mayo, C. L., Wainer, I. W., Albuquerque, E. X., Thompson, S.
M., Thomas, C.J., Zarate, C.A. Jr., Gould, T. D. (2016). NMDAR inhibitionindependent antidepressant actions of ketamine metabolites. Nature, 533, 481–486.
Zanos, P., Moaddel, R., Morris, P. J., Riggs, L. M., Highland, J. N., Georgiou, P.,
Pereira, E. F. R., Albuquerque, E. X., Thomas, C. J., Zarate, C. A., and Gould,
T. D. (2018). Ketamine and Ketamine Metabolite Pharmacology: Insights into
Therapeutic Mechanisms. Pharmacological Reviews, 70, 621–660.
Zarate, C. A., Brutsche, N., Laje, G., Luckenbaugh, D. A., Venkata, S. L. V.,
Ramamoorthy, A., Moaddel, R., and Wainer, I. W. (2012). Relationship of
ketamine’s plasma metabolites with response, diagnosis, and side effects in major
depression. Biological Psychiatry, 72, 331–338.
Zarate, C. A., Singh, J. B., Carlson, P. J., Brutsche, N. E., Ameli, R., Luckenbaugh,
D. A., Charney, D. S., and Manji, H. K. (2006). A Randomized Trial of an N-methylD-aspartate Antagonist in Treatment-Resistant Major Depression. Archives of
General Psychiatry, 63, 856.
Zarate, C. A., Singh, J. B., Quiroz, J. A., De Jesus, G., Denicoff, K. K., Luckenbaugh,
D. A., Manji, H. K., and Charney, D. S. (2006). A double-blind, placebo-controlled
study of memantine in the treatment of major depression. The American Journal of
Psychiatry, 163, 153–155.
Zemlan, F. P., and Garver, D. L. (1990). Depression and antidepressant therapy:
Receptor dynamics. Progress in Neuropsychopharmacology and Biological
Psychiatry, 14, 503–523.
Zhao, X., Venkata, S. L. V., Moaddel, R., Luckenbaugh, D. A., Brutsche, N. E.,
Ibrahim, L., Zarate, C. A., Mager, D. E., and Wainer, I. W. (2012). Simultaneous
population pharmacokinetic modelling of ketamine and three major metabolites
in patients with treatment-resistant bipolar depression. British Journal of Clinical
Pharmacology, 74, 304–314.
Zhou, C., Douglas, J. E., Kumar, N. N., Shu, S., Bayliss, D. A., and Chen, X.
(2013). Forebrain HCN1 channels contribute to hypnotic actions of ketamine.
Anesthesiology, 118, 785–795.
Zhou, W., Dong, L., Wang, N., Shi, J. Y., Yang, J. J., Zuo, Z. Y., and Zhou, Z. Q. (2014).
Akt mediates GSK-3β phosphorylation in the rat prefrontal cortex during the process
of ketamine exerting rapid antidepressant actions. NeuroImmunoModulation, 21,
183–188.
Zhu, J. J., Qin, Y., Zhao, M., Van Aelst, L., and Malinow, R. (2002). Ras and Rap
control AMPA receptor trafficking during synaptic plasticity. Cell, 110, 443–455.

120

