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English Summary

In reaction to stress, activation of the hypothalamic-pituitary-adrenal (HPA) axis leads to
the secretion of the steroid hormone cortisol which binds upon mineralocorticoid (MR)
and glucocorticoid receptors (GR). Patients with major depressive disorder (MDD) suffer
from altered MR and GR functioning and there is evidence that this might contribute to
alterations in steroid hormone systems (cortisol, aldosterone, DHEA-S) and to cognitive
deficits that have been found in MDD. Interestingly, MR stimulation decreases cortisol
secretion and enhances both memory and executive functioning in healthy individuals
and patients with MDD. The current research project examined whether MR stimulation
affects other steroid hormones and whether the beneficial effects of MR stimulation on
cognition are extendable to processes of social cognition in MDD. Furthermore, MR
stimulation leads to N-methyl-D-aspartate receptor (NMDA-R) mediated glutamatergic
signal transmission and NMDA-R stimulation has cognitive-enhancing effects. Therefore,
the current research project examined whether simultaneous NMDA-R stimulation might
enhance the effects of MR stimulation in MDD. The central research question was: What
is the effect of MR and NMDA-R stimulation on steroid hormone secretion and social
cognition in healthy individuals and patients with MDD?

One hundred and sixteen MDD patients and 116 healthy individuals matched in
age, sex, and education years were randomly assigned to one treatment condition: no
stimulation (placebo + placebo), MR stimulation (0.4 mg fludrocortisone + placebo),
NMDA-R stimulation (placebo + 250 mg D-cycloserine, DCS) and MR/NMDA-R
stimulation (both drugs). Salivary steroid hormone concentrations (cortisol, aldosterone,
DHEA-S) were assessed hourly, and participants conducted social cognition tasks to
measure cognitive empathy (ability to understand another person’s emotions), emotional
empathy (ability to empathize with another person’s emotions), recognition of emotional
facial expressions, and selective attention to emotional stimuli.

The main observations are that: (1) separate MR stimulation decreases cortisol
concentrations in healthy individuals and patients with MDD, (2) separate MR stimulation
enhances cognitive empathy in both groups but has no effect on the other examined social
cognitive processes, (3) simultaneous MR and NMDA-R stimulation has no effect on
steroid hormone secretion and social cognition, and (4) separate NMDA-R stimulation
decreases cognitive empathy in MDD patients and increases emotion recognition in both

groups.



In conclusion, the current research project confirms the important role of MR in
the psycho-neuro-endocrinological stress response in healthy individuals and patients
with MDD. The observations emphasize that the beneficial effects of MR stimulation on
cognition might be partially extendable to social cognition in healthy individuals and
patients with MDD. Evidently, these cognitive-enhancing effects are not improvable by
simultaneous NMDA-R stimulation, yet NMDA-R appear to be involved in social cognitive
processes. Thus, the current research project emphasizes an involvement of MR and
NMDA-R in social cognition in healthy individuals and patients with MDD. Future research
should examine whether MR and NMDA-R might serve as potential treatment targets to

improve (social) cognition in MDD.



Deutsche Zusammenfassung (German Summary)

Stress aktiviert die Hypothalamus-Hypophysen-Nebennierenrinden Achse (engl. HPA
axis). Dies flihrt zur Ausschiittung von Cortisol, welches am Mineralocorticoid (MR) und
Glucocorticoid Rezeptor (GR) bindet. Patienten mit einer Majoren Depression (engl.
MDD) zeigen eine verdnderte MR und GR Funktion. Es gibt Hinweise darauf, dass diese
Veranderungen im Zusammenhang mit Verdnderungen im Steroidhormonsystem
(Cortisol, Aldosteron, DHEA-S) und Verdnderungen kognitiver Fahigkeiten stehen,
welche auch bei MDD auftreten. Interessanterweise fiihrt eine MR Stimulation zu einer
verringerten  Cortisolsekretion und  verbesserten  Gedachtnisfunktion und
Exekutivfunktionen bei Gesunden und Patienten mit MDD. Das vorliegende
Dissertationsprojekt untersuchte, inwiefern eine MR Stimulation die Ausschiittung
anderer Steroidhormone beeinflusst und inwiefern die vorteilhaften Effekte einer MR
Stimulation hinsichtlich Kognition auf soziale Kognition iibertragbar sind. Eine
Aktivierung des MR fiihrt zu einer N-Methyl-D-Aspartat Rezeptor (NMDA-R) mediierten
glutamatergen Signaliibertragung und eine Aktivierung des NMDA-R zu einer
Verbesserung kognitiver Fahigkeiten. Daher untersuchte die vorliegen Forschungsarbeit
aufderdem, ob die Effekte einer MR Stimulation durch gleichzeitige NMDA-R Stimulation
verbessert werden konnen. Die zentrale Forschungsfrage lautete: Was ist der Effekt einer
MR und NMDA-R Stimulation auf die Steroidhormonsekretion und soziale Kognition bei
Gesunden und Patienten mit MDD?

Insgesamt wurden 116 MDD Patienten und 116 Gesunde, vergleichbar hinsichtlich
Alter, Geschlecht und Bildungsjahre, randomisiert einer Behandlungsbedingung
zugewiesen: keine Stimulation (Placebo + Placebo), MR Stimulation (0.4 mg
fludrocortisone + Placebo), NMDA-R Stimulation (Placebo + 250 mg D-cycloserine, DCS)
und MR/NMDA-R Stimulation (beide Praparate). Steroidhormonkonzentrationen
(Cortisol, Aldosteron, DHEA-S) wurden stiindlich im Speichel gemessen und Teilnehmer
fiihrten sozial kognitive Aufgaben durch, um kognitive Empathie (Fahigkeit die
Emotionen einer anderen Person zu verstehen), emotionale Empathie (Fahigkeit mit
einer anderen Person mitzufiihlen), Emotionserkennung emotionaler Gesichter und
selektive Aufmerksamkeit hinsichtlich emotionaler Stimuli zu messen.

Die zentralen Beobachtungen waren, dass (1) eine einfache MR Stimulation die
Cortisolkonzentrationen bei Gesunden und Patienten mit MDD verringerte, dass (2) eine
einfache MR Stimulation die kognitive Empathie bei beiden Gruppen erhéhte, jedoch

keinen Einfluss auf die anderen untersuchten sozial kognitiven Prozesse hatte, dass (3)
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gleichzeitige MR und NMDA-R Stimulation keinen Effekt auf die Steroidhormonsekretion
und soziale Kognition hatte und dass (4) eine einfache NMDA-R Stimulation die kognitive
Empathie bei MDD Patienten verringerte und zu einer verbesserten Emotionserkennung
bei beiden Gruppen fiihrte.

Zusammengefasst bestdtigt die vorliegende Forschungsarbeit, dass MR eine
bedeutende Rolle in der psycho-neuro-endokrinen Stressreaktion bei Gesunden und
Patienten mit MDD spielen. Die Beobachtungen machen deutlich, dass die vorteilhaften
Effekte einer MR Stimulation hinsichtlich Kognition auf soziale Kognition bei Gesunden
und Patienten mit MDD partiell iibertragbar sind. Anscheinend koénnen diese
vorteilhaften Effekte nicht durch gleichzeitige NMDA-R Stimulation verbessert werden.
Dennoch scheint der NMDA-R in sozial kognitiven Prozessen involviert zu sein. Die
Beobachtungen betonen eine Beteiligung von MR und NMDA-R in sozialer Kognition bei
Gesunden und Patienten mit MDD und zukiinftige Forschung sollte das Potential der
Modulation beider Rezeptoren hinsichtlich der Verbessrung (sozial) kognitiver Prozesse

in MDD weiter untersucht.



1 Theoretical and Empirical Rationale

"Psychological stress is a particular relationship between the person and the environment
that is appraised by the person as taxing or exceeding his or her resources and
endangering his or her well-being"

(Lazarus & Folkman, 1984, p. 19)

In psychological stress research, the work of Lazarus and Folkman (1984) represents a
pioneering attempt to conceive the complex nature of stress. According to this theory,
stress is the product of a transaction between an individual and their environment. Once
the environmental demands are appraised as challenging, threatening, or harming by the
individual, a stress reaction is initiated. Coping mechanisms help the individual to deal
with the stressor and, in the long-term, to restore the equilibrium of the individual-
environment transaction (Lazarus, 1990; Lazarus & Folkman, 1984). Interestingly,
Lazarus (1974) emphasized very early that understanding the complex transaction
between the individual and their environment is crucial to understanding “diseases that
have psychological determinants” (Lazarus, 1974). In line with this idea, the current
research project aims to gain further insight into the important role of stress in health and
disease.

Central to the human stress response is the hypothalamic-pituitary-adrenal (HPA)
axis. In reaction to stress, the HPA axis gets activated, which regulates the secretion of the
steroid hormone cortisol. Cortisol acts via mineralocorticoid receptors (MR) and
glucocorticoid receptors (GR) in the human body (de Kloet et al., 2019; McEwen et al,,
2015). Furthermore, patients with major depressive disorder (MDD) show dysregulations
in HPA axis activity, which contribute to altered steroid hormone concentrations (Otte et
al,, 2016). Studies revealed that MDD patients show higher cortisol concentrations than
healthy individuals (Stetler & Miller, 2011), suffer from impairments in several cognitive
domains (Rock et al,, 2014), and show an association between altered cortisol secretion
and cognitive impairments (Hinkelmann et al., 2009). Interestingly, research emphasizes
that MR stimulation decreases cortisol secretion, improving both verbal memory and
executive functioning in healthy individuals and patients with MDD (Otte et al., 2015a).
Considered together, the observations suggest that MR are involved cortisol secretion and
that MR stimulation has cognitive-enhancing effects in MDD. Whether MR stimulation

affects other steroid hormones and whether the beneficial effects of MR stimulation are
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extendable to social cognition in MDD remains largely unknown. Therefore, the first aim
of the current research project was to explore the effect of MR stimulation on steroid
hormone secretion and social cognition in MDD.

Mineralocorticoid receptors are closely related to the glutamate system and N-
methyl-D-aspartate receptors (NMDA-R). Studies show that stimulation of MR induces the
release of glutamate, which binds upon NMDA-R in the brain (Joéls et al., 2018; Mikasova
et al, 2017; Popoli et al,, 2012). Furthermore, research emphasizes that NMDA-R are
involved in the pathophysiology of MDD (Murrough et al, 2017) and that NMDA-R
stimulation has cognitive-enhancing effects, by improving learning, memory, and decision
making in healthy individuals for example (Feld et al., 2013; Onur et al,, 2010; Scholl et al,,
2014). Considered together, the observations suggest that MR and NMDA-R are closely
related and that NMDA-R stimulation has cognitive-enhancing effects. Whether the
beneficial effects of MR stimulation are improvable by simultaneous NMDA-R stimulation
is far from certain. Therefore, the second aim of the current research project was to
explore the effect of simultaneous MR and NMDA-R stimulation on steroid hormone

secretion and social cognition in MDD. The central research question was:

What is the effect of MR and NMDA-R stimulation on steroid hormone secretion and social

cognition in healthy individuals and patients with MDD?

The introduction of the current research project provides information on the
psycho-neuro-endocrinological stress response. The introduction starts with a short
description of the neuroendocrine stress response (section 1.1) and the steroid hormones
central to this research project (section 1.2). Subsequently, information on MR and GR
will be provided (section 1.3 & section 1.4), before explaining the relationship of both
receptors to the glutamate system and NMDA-R (section 1.5). Afterwards, the role of MR
and NMDA-R in (social) cognition (section 1.6) will be addressed, before an outline of the
clinical picture, the pathophysiology of MDD, as well as the role of MR and NMDA-R in
(social) cognition in MDD (section 1.7) will be provided. The introduction ends with a

summary of the theoretical and empirical rationale of this research project (section 1.8).

1.1 The neuroendocrine stress response
Individuals who are confronted with a stressor experience stress. This experience can be

divided into three phases: the perception and appraisal of the stressor, the processing of
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the stressful information, and the stress response (de Kloet et al., 2019; Levine, 2005).
After the stressor is perceived by the individual and the information is processed by the
hypothalamus, one important brain region among others, several neuronal circuits are
activated which prepare the individual to react. One of these neuronal circuits is the
sympathetic nervous system; its activation leads to the expression of noradrenaline from
widespread synapses and adrenaline from the adrenal medulla (de Kloet et al., 2005; Joéls
etal, 2018).

After a short delay, the HPA axis is activated. The hypothalamus initiates
corticotropin-releasing hormone (CRH) and vasopressin secretion in the paraventricular
nucleus (PVN). The neuropeptides, in turn, contribute to the secretion of the
adrenocorticotrophic hormone (ACTH) in the anterior pituitary (AP). Subsequently,
stimulation of the adrenal cortex (AC) by ACTH initiates glucocorticoid secretion (de Kloet
et al., 2005; Joéls & Baram, 2009; Pariante & Lightman, 2008). Glucocorticoids take
several actions in the human organism, by binding upon MR and GR in the brain and in
peripheral body parts (section 1.2 & section 1.3). One important function of MR and GR in
the human stress response is the regulation of the HPA axis activity. In reaction to stress,
increasing levels of corticosteroids lead to increased occupation of MR and GR, which
induce inhibitory feedback loops. For instance, by binding upon GR in the PVN and AP,
corticosteroids control the synthesis and secretion of CRH and ACTH respectively (de
Kloet & Joéls, 2020; de Kloet et al.,, 2005; Pariante & Lightman, 2008). Furthermore, there
is evidence that MR and GR in other areas of the brain contribute to HPA axis regulation.
For instance, MR and GR in the hippocampus are involved in controlling the activity of the
PVN (de Kloet & Joéls, 2020; Oitzl et al., 1997) and there is evidence that GR knockout in
the prefrontal cortex of rats disturbs HPA axis functioning (de Kloet & Joéls, 2020;
McKlveen et al, 2013). The interplay between MR and GR is important for a well-
functioning HPA axis and a balanced neuroendocrine reaction to stress. While MR mainly
regulate the onset and basal control of the HPA axis, GR are primarily involved in the
termination of the neuroendocrine response to stress (de Kloet et al, 2018). In the
following, information on HPA axis activity regulation via MR and GR and on brain areas

involved in the stress response is summarized (Figure 1).
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Figure 1. Schematic illustration of selected stress response processes.

Note: The hypothalamic-pituitary-adrenal (HPA) axis is illustrated in orange. Upon stress exposure, the
paraventricular nucleus (PVN) of the hypothalamus (HT) initiates corticotropin-releasing hormone (CRH)
secretion which activates the anterior pituitary (AP) to secrete the adrenocorticotrophic hormone (ACTH).
The adrenocorticotrophic hormone, in turn, stimulates the adrenal cortex (AC) to secrete glucocorticoids
which regulate via mineralocorticoid receptors (MR) and glucocorticoid receptors (GR) the activity of the
HPA axis. Illustration based on existing models (de Kloet & Joéls, 2020; de Kloet et al., 2005; Pariante &
Lightman, 2008). The hippocampus (HC), prefrontal cortex (PFC), amygdala (AM), and striatum (ST) are
illustrated in blue. The brain areas are involved in the stress response by regulating HPA axis activity (HC
and PFC) and cognitive processes that take place in reaction to acute stress (HC, PFC, AM, and ST) as will be
outlined later (section 1.6). [llustration based on existing models (de Kloet & Joéls, 2020; Vogel et al., 2016).
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The regulating effects of glucocorticoids on HPA axis activity can be mimicked by
pharmacological MR and GR modulation. Mineralocorticoid receptor blockade by the
antagonist spironolactone, for instance, leads to increased concentrations of the
glucocorticoid cortisol (Otte et al.,, 2007). Mineralocorticoid receptor stimulation caused
by the agonist fludrocortisone, in contrast, has been shown to decrease cortisol
concentrations in healthy individuals and patients with MDD (Otte et al., 2003; Otte et al,,
2015a). Thus, while MR antagonists inhibit HPA axis negative feedback control, leading to
increased cortisol concentrations, MR agonists induce HPA axis negative feedback
control, leading to decreased cortisol concentrations. The current research project used
the latter processes, examining the effect of MR stimulation by the agonist fludrocortisone
on steroid hormone concentrations and social cognitive processes in healthy individuals
and patients with MDD (section 2.2.3).

To summarize this section, stress activates the HPA axis which leads to the
secretion of the glucocorticoid cortisol. Glucocorticoids bind upon MR and GR, which leads
to HPA axis inhibition and decreased steroid hormone concentrations. This effect can be
mimicked by administration of the MR agonist fludrocortisone. The current research
project made use of this mechanism to examine the effect of MR stimulation by
fludrocortisone on steroid hormone secretion and social cognition in healthy individuals
and patients with MDD. Aside from the glucocorticoid cortisol, the neuroendocrine stress
response involves several other steroid hormones including aldosterone and sulfated
dehydroepiandrosterone (DHEA-S). Therefore, their role within the human organism will

be described in the following.

1.2 The steroid hormones cortisol, aldosterone, and sulfated
dehydroepiandrosterone (DHEA-S)

In humans, the adrenal cortex produces several steroid hormones, of which cortisol,
aldosterone, and DHEA-S are central to this research project. Within the adrenal cortex,
cortisol is produced in the zona fasciculata, aldosterone in the zona glomerulosa and the
zona reticularis produces dehydroepiandrosterone (DHEA) and its sulfated form DHEA-S
(Rainey et al., 2002). One class of steroid hormones referred to as corticosteroids can be
further divided into glucocorticoids and mineralocorticoids. The names derive from their
main functions within the human organism: glucocorticoids contribute to
gluconeogenesis in the liver and mineralocorticoids act within the kidney to contribute to

mineral balance (Joéls et al, 2012). The main corticosteroids are cortisol and
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corticosterone, and the main mineralocorticoid is aldosterone. While MR bind cortisol as
well as aldosterone with a high affinity, GR appear to bind selectively cortisol (Kubzansky
& Adler, 2010). The steroid hormones DHEA and DHEA-S are important precursors for
the sex hormones estrogen and testosterone (Sahu et al., 2020) and, in contrast to cortisol
and aldosterone, no specific receptor has been identified for DHEA and DHEA-S yet
(Kamin & Kertes, 2017). The steroid hormones serve diverse functions within the human
body and brain and also play an important role in the neuroendocrine response to stress
(Kubzansky & Adler, 2010; Sahu et al., 2020). An overview of the steroid hormones
examined in the current research project is presented in Figure 2 and their main functions

will be outlined in the following.

Steroid hormones

‘ Corticosteroids ‘

Glucocorticoids Mineralocorticoids

Cortisol Aldosterone
Corticosterone

no specific receptor

| Stress response regulation

Figure 2. Schematic overview of selected steroid hormones.

Note: Selected steroid hormones involved in the regulation of the stress response. The figure includes the
glucocorticoids cortisol and corticosterone and their corresponding mineralocorticoid receptors (MR), as
well as glucocorticoid receptors (GR) and the mineralocorticoid aldosterone and its corresponding MR. No
specific receptor has been identified for dehydroepiandosterone (DHEA) and dehydroepiandosterone
sulphate (DHEA-S) yet. lllustration based on several reviews (Kamin & Kertes, 2017; Kubzansky & Adler,
2010).

15



Cortisol and corticosterone are glucocorticoids. In rodents, the main
glucocorticoid is corticosterone, whereas in humans, cortisol circulates in much higher
concentrations (ratio 20:1) compared to corticosterone (de Kloet & Joéls, 2020).
Glucocorticoids play an important role for the individual to cope with current stress, to
recover from past stress, and to adapt to ongoing/future stress. Through circulation,
glucocorticoids are present in every organ and therefore they take diverse actions within
the brain as well as peripheral body parts. Glucocorticoids bind upon the MR and GR and
their function is determined depending on the tissue where the receptors are expressed
in the human body (de Kloet et al, 2019; de Kloet et al, 2005). Consequently,
glucocorticoids contribute to the regulation of the stress response in various ways. For
instance, as part of the metabolism, glucocorticoids help to provide energy for the
individual to cope with stress. Studies show, for instance, that GR in peripheral adipocytes
regulate the supply of energy in concert with the brain (de Kloet et al.,, 2015) and that MR
play an important role in adipogenesis (Caprio et al.,, 2007). Other relevant functions are,
among others: immune regulation (Cain & Cidlowski, 2017) and neurogenesis
(Fitzsimons et al, 2016). The glucocorticoid cortisol is also involved in the
pathophysiology of MDD. For instance, MDD patients show a HPA axis hyperactivity as
indicated by increased cortisol concentrations compared with healthy individuals (Stetler
& Miller, 2011).

Aldosterone is a mineralocorticoid that binds upon MR and circulating
concentrations are between 10-100-times lower than for cortisol and corticosterone (de
Kloet et al., 2018; Yongue & Roy, 1987). The corticosteroid increases after HPA axis
activation in response to stress, like cortisol, and after activation of the rennin-
angiotensin-aldosterone system. Within the rennin-angiotensin-aldosterone system, it
regulates water-salt-homeostasis in the human body. Accordingly, aldosterone plays an
important role in the regulation of blood pressure and electrolytes and is closely related
to cardiovascular health (Kubzansky & Adler, 2010). Not surprisingly, alterations of
aldosterone concentrations are associated with cardiovascular diseases (Funder &
Reincke, 2010). Furthermore, there is increasing evidence for an involvement of
aldosterone in MDD (Murck et al., 2019). For instance, there is evidence for increased
aldosterone concentrations in patients with MDD compared to healthy individuals
(Emanuele et al.,, 2005).

DHEA is a steroid hormone that is mainly produced by the adrenal cortex, in the

zona reticularis, and serves as a prohormone for the female and male sex hormones
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estrogen and testosterone. Concentrations of DHEA in humans are age-dependent, with
peak levels around 25-30 years of age and continuous decline in the years thereafter. In
the human body, DHEA serves as an energy supplier for several body functions and
contributes to the metabolism of fat and minerals, as well as the neuroendocrine response
to stress (Peixoto et al., 2020; Sahu et al.,, 2020; Starka et al., 2015). DHEA is converted
into DHEA-S and both hormones show similar physiological actions in the body and brain.
Like cortisol and aldosterone, DHEA-S is secreted by the adrenal cortex after activation of
the HPA axis (Kamin & Kertes, 2017). Interestingly, there is evidence for opposing actions
of cortisol and DHEA-S in stress response regulation. For example, chronic cortisol
exposure appears to have neurotoxic effects in the rat hippocampus accompanied with
memory deficits (Sebastian et al.,, 2013), whereas administration of DHEA has been shown
to reverse these effects in the hippocampus (Kimonides et al., 1999). Furthermore, DHEA
and DHEA-S are closely related to the pathophysiology of MDD. For instance, patients with
MDD show decreased concentrations of DHEA-S in comparison to healthy individuals
(Kamin & Kertes, 2017).

To summarize this section, cortisol, aldosterone, and DHEA-S play an important
role in the human neuroendocrine response to stress and the steroid hormones appear to
be involved in the pathophysiology of MDD. While there is evidence that MR stimulation
decreases cortisol secretion in healthy individuals and patients with MDD (Otte et al,,
2015a), the effects of MR stimulation on aldosterone and DHEA-S remain largely
unknown. Therefore, this research project examined the effect of MR stimulation on
steroid hormone secretion in MDD. Cortisol and aldosterone bind upon MR, but no
specific receptor has been identified for the steroid hormone DHEA-S yet. The actions of
the steroid hormones in the human body and brain are largely determined by the
receptors they bind upon. Therefore, the following section will provide a detailed

description of MR and GR and their role within the human response to stress.

1.3 The glucocorticoid receptors (GR) and mineralocorticoid receptors (MR)

Corticosteroid hormones bind upon GR and MR in the brain and peripheral tissue (de
Kloet & Joéls, 2020). Both MR and GR exert rapid non-genomic and slow genomic actions
(de Kloet et al., 2018; de Kloet & Joéls, 2020) and exist in membrane-bound or nuclear-
bound forms (Gray et al., 2017; Popoli et al.,, 2012). Nuclear GR and MR are encoded from
the genes NR3C1 and NR3C2 respectively and can serve as transcription factors that

regulate gene transcription (de Kloet & Joéls, 2020).
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Glucocorticoid receptors and MR are distributed differently in the brain.
Mineralocorticoid receptors are particularly expressed in neurons in limbic brain areas
(e.g., hippocampus, lateral septum, and amygdala) and to a lower extent within other
parts of the cortex (Ahima et al., 1991; Arriza et al,, 1988; de Kloet et al,, 2018; de Kloet et
al, 2019; de Kloet et al,, 2005; Joéls et al,, 2018; McEwen et al., 1968; Reul & Kloet, 1985).
Glucocorticoid receptors are more widely expressed within the brain, in neurons and glia
cells alike, and show especially high expressions in the hypothalamic PVN and in
hippocampal regions (de Kloet et al., 2018; Joéls et al., 2018; Reul & Kloet, 1985).

Glucocorticoid receptors and MR have different binding affinities for
glucocorticoids. The glucocorticoid cortisol, the main ligand in humans, has a binding
affinity that is about ten times lower for GR than MR. Hence, when the individual is at rest
and cortisol concentrations are low, MR are predominately occupied. With increasing
glucocorticoid concentrations, for example, in reaction to acute stress or during the
circadian peak, GR become increasingly occupied (de Kloet et al., 2018; de Kloet et al,,
2019; de Kloet et al., 2005; Joéls et al., 2012; Reul & Kloet, 1985). The binding affinity of
MR for glucocorticoids differ, in addition, between membrane MR and nuclear MR.
Membrane MR bind with a lower affinity for glucocorticoids than nuclear MR. Therefore,
nuclear MR are already occupied under rest, whereas membrane MR are less occupied
and can respond rapidly to changes in glucocorticoid concentrations (de Kloet & Joéls,
2020; Joéls & de Kloet, 2017). Given the different binding affinities of MR and GR for
glucocorticoids and given the constant change in glucocorticoid concentrations, both
receptors play different roles in the human stress response. Mineralocorticoid receptors
are mainly involved in the basal control of HPA axis activity, for example, circadian and
ultradian rhythmicity and the onset of the stress response. Glucocorticoid receptors
become occupied with increasing glucocorticoid concentrations and are mainly involved
in the termination of the stress response (de Kloet et al.,, 2018; Herman et al., 2016).

In short, corticosteroids bind upon MR and GR within the human brain and
peripheral body parts. Since the binding affinity of corticosteroids is much higher for MR
than GR, this has implications for the role of both receptors in the neuroendocrine
response to stress. While MR react to rapid changes of corticosteroid concentrations early
after stress, GR become increasingly occupied when cortisol concentrations are rising at
a later time after stress induction. Thus, the effects of MR and GR mediated actions in the

neuroendocrine response to stress appear to be time-dependent. In the following, the role

18



of both receptors in the psycho-neuro-endocrine stress response will be described,

structured chronologically from when the individual was confronted with a stressor.

1.4 Time-dependent MR and GR mediated actions

Depending on the point in time after stress exposure, different behavioral, brain network,
neuroendocrine, and cellular processes take place that, together, shape the stress reaction
of the individual. In the following, the psycho-neuro-endocrinological stress reaction will
be described structured by the time (early and late phase of the stress response) and the
process level (behavioral, brain network, neuroendocrine, and cellular level). The early
phase of the stress response refers to the timeframe of approximately 0 - 30 minutes and
the late phase to the timeframe of approximately 30 minutes to hours post stress
exposure. It is important to mention that the transition between the phases is fluent, and
that the time designations are approximates, based on recent reviews (de Kloet et al,,

2019; de Kloet & Joéls, 2020; Hermans et al., 2014; Joéls et al., 2018; Joéls et al., 2012).

1.4.1 The early phase of the stress response

On the behavioral level, the early phase of the stress response is characterized by
attention to and appraisal of the stressor, the initiation of the behavioral response, and
the selection of the coping style that is adequate to deal with the stressor. At this stage,
the individual is required to take action quickly and these behavioral responses are
strongly associated with emotional processes (de Kloet et al., 2019; Joéls et al., 2018).

On the brain network level, the stressor immediately activates the salience
network which contributes to the direction of attention to potential threats in the
environment, to the provision of energy to initiate a behavioral response, and to increased
vigilance in order to monitor the situation. Brain areas that are involved in these
processes are the amygdala, thalamus, and hypothalamus, among others (Hermans et al.,
2014).

On the neuroendocrine level, the early phase of the stress response is
characterized by an immediate increase of catecholamines (e.g, dopamine and
norepinephrine). After a short delay, HPA axis activation leads to the secretion of cortisol
and concentrations peak between 15-30 minutes after stress induction. Then, increasing

cortisol starts to bind upon MR and GR receptors to initiate negative feedback control of
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the HPA axis, leading to a slow decrease in cortisol concentrations (de Kloet et al., 2019;
Hermans et al,, 2014).

On the cellular level, the early phase of the stress response is mainly
characterized by nongenomic actions starting approximately within seconds to minutes
after stress exposure. Glucocorticoids start to increase in this timeframe and, because of
higher binding affinities for MR than GR, these rapid nongenomic actions are primarily
mediated via MR (de Kloet et al.,, 2019; de Kloet & Joéls, 2020; Hermans et al., 2014; Joéls
et al., 2018). Insight into the cellular actions in response to stress comes from animal
studies and will be further outlined at a later time (section 1.5). For instance, in neurons
of the hippocampus glucocorticoids bind upon membrane MR, leading to rapid
nongenomic glutamatergic signal transmission, as measured by excitatory postsynaptic
potentials (Karst et al., 2005). Interestingly, in the basolateral amygdala, these rapid
nongenomic actions required about ten times higher doses of corticosteroids than
genomic actions (Karst et al., 2010). The observation led to the assumption that
membrane MR are “corticosensors” which rapidly react when corticosteroids increase in
response to acute stress, but are less involved when corticosteroid concentrations are

low, when the individual is at rest, for example (de Kloet & Joéls, 2020).

1.4.2 The late phase of the stress response

On the behavioral level, the late phase of the stress response is characterized by
recovery from the stressor, rationalizing and contextualizing the information involved in
the stressful situation, and saving information about the stressful situation in memory to
prepare for future stressful events. The individual processes the stressful situation and,
therefore, this phase is associated with higher-order cognitive processes (de Kloet et al,,
2019; de Kloet & Joéls, 2020; Joéls et al., 2018).

On the brain network level, the stressor activates the executive control network
with a delay of about one hour which regulates higher-order cognitive processes such as
executive functioning, working memory, and decision-making. This activation is
accompanied with a shift of neuronal resources from the salient network described
earlier to the executive control network. With this shift, neuronal processes rely
increasingly on brain areas such as dorsolateral prefrontal cortex, dorsomedial prefrontal
cortex, and dorsal posterior parietal cortex, among others (Hermans et al., 2014).

On the neuroendocrine level, the rise in glucocorticoids leads to increased

occupation of GR in addition to MR. Due to HPA axis negative feedback control,
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glucocorticoid concentrations decrease over time before they reach basal levels as under
non-stressful conditions, from approximately 90 minutes post stress exposure (Edo R de
Kloet et al,, 2019; Hermans et al., 2014).

On the cellular level, nongenomic actions proceed into the late phase of the stress
response, but delayed genomic actions become increasingly important starting
approximately one hour after stress exposure (de Kloet etal., 2019; Hermans et al., 2014;
Joéls et al,, 2018). The genomic actions encompass several complex stages that will be
summarized since a detailed description is beyond the scope of this research project. In
brief: delayed genomic actions are mediated via nuclear MR and GR and, indirectly, via
membrane MR and GR which initiate second messenger processes. Free circulating
glucocorticoids in the blood can cross the blood-brain barrier after leaving corticosteroid
binding globulin. Glucocorticoids that enter the cell and bind upon MR and GR can initiate
genomic actions by releasing heat shock proteins. Mineralocorticoid receptors and GR
then bind upon glucocorticoid response elements in the deoxyribonucleic acid (DNA),
thereby initiating transcription of target genes (de Kloet & Joéls, 2020; Joéls et al., 2012;
Popoli et al,, 2012).

To summarize this section, the psycho-neuro-endocrinological stress reaction is
characterized by an early and late phase which encompass several behavioral, brain
network, neuroendocrine, and cellular processes. These processes interact with each
other to enable the individual to cope with the stressor. The early phase is characterized
by immediate attention to, and appraisal of the stressful information, primarily associated
with the salience network, emotional processes, and non-genomic MR and GR actions. The
late phase of the stress response is characterized by processing the stressful information
in the long-term, primarily associated with the executive control network, higher-order
cognitive processes, and genomic MR and GR actions. Important information for this
research project is the observation that the glucocorticoid and glutamate system are
closely related, and that MR play a crucial role in this context. This research project
examined the interplay between both systems within the psycho-neuro-endocrinological
stress response, by observing the effects of MR and NMDA-R stimulation on steroid
hormone secretion and social cognitive processes. Therefore, the following section
provides information about the interplay between the glucocorticoid system and

glutamate system.
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1.5 Glucocorticoids and the glutamate system

Glutamate is the primary excitatory neurotransmitter in the central nervous system. The
neurotransmitter binds upon several receptors including metabotropic (i.e. mGluR) and
ionotropic (i.e. NMDA-R, AMPA) glutamate receptors (Murrough et al., 2017). This
research project will focus on the ionotropic NMDA-R and will touch upon the interplay
of the glucocorticoid and glutamate system. For detailed information, there are several
reviews on the role of the glutamate system in the stress system (Gray et al., 2017; Popoli
etal,, 2012) and in MDD (Murrough et al., 2017).

Glutamate is released from synapses and when the neurotransmitter, together
with glycine, binds upon already depolarized ionotropic glutamate receptors, the NMDA-
R becomes activated. The activation of NMDA-R initiates an influx of cations (Na* and Ca?*,
among others) which lead to depolarization of the post-synaptic membrane. This way, the
release of glutamate from synapses contributes to synaptic signal transmission in the
short-term, by inducing postsynaptic excitability through activation of NMDA-R. In the
long-term, depending on the magnitude and time of glutamate receptor activation,
glutamatergic signal transmission can modulate neuronal plasticity and, in case of
excessive activation, to excitotoxicity (Murrough etal., 2017).

Converging lines of evidence indicate that stress or glucocorticoid exposure can
affect glutamate transmission rapidly via membrane MR and GR and can have delayed
effects mediated via nuclear GR. There are various effects of glucocorticoids on the
glutamate system, including increased glutamate release and accompanying NMDA-R
activation as well as long-lasting effects such as changes in neuronal plasticity (Gray etal,,
2017; Popoli et al,, 2012). In the following, selected exemplary studies are presented to
provide information relevant for this research project. Studies are structured by rapid and

delayed MR and GR mediated effects of glucocorticoids on glutamate transmission.

1.5.1 Rapid and delayed effects of glucocorticoids on glutamate transmission

Research indicates that MR and GR mediated nongenomic actions are involved in rapid
glutamatergic transmission. There is evidence from animal research that corticosterone
rapidly increases glutamate transmission in the hippocampus of mice via nongenomic MR
(Karst et al., 2005) and GR mediated actions (Wang & Wang, 2009). Similar effects have
been observed in the prefrontal cortex and frontal cortex of mice, where corticosterone
increased the releasable pool of glutamate vesicles via MR and GR mediated nongenomic

actions (Treccani et al,, 2014).
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Rapid effects of glucocorticoids mediated via membrane MR and delayed effects
mediated via nuclear GR shape glutamate transmission. In an important animal
experiment, Karst et al. (2010) demonstrated that corticosterone rapidly activates
glutamate transmission via MR in the amygdala of mice, similar to what was previously
observed in the hippocampus (Karst et al,, 2005). The rapid MR mediated effects on
glutamate transmission started within approximately ten minutes. In the amygdala,
however, the effects lasted for several hours and the authors concluded that genomic GR
mediated actions are important for maintaining the long-lasting effects of glucocorticoids
on glutamate transmission (Karst et al., 2010).

N-methyl-D-aspartate receptors play an important role in the delayed long-lasting
effects of glucocorticoids on glutamate transmission. Yuen et al. (2011) showed that
behavioral stress and corticosterone exposure increased glutamate transmission for
several hours via intracellular GR in the prefrontal cortex. Importantly, these long-term
changes were accompanied by an increased number and increased activity of NMDA-R at
the synaptic membrane (Yuen et al, 2011). Thus, stress or corticosterone exposure
appears to induce rapid effects on glutamate transmission within several minutes via
membrane MR and GR. Delayed and long-lasting changes in glutamate transmission that
last for several hours seem to be mediated via intracellular GR and accompanied by
changes in NMDA-R activity.

One important aspect for the delayed long-lasting effects of glucocorticoids on
glutamate transmission is the magnitude of (stress) corticosterone exposure. In line with
earlier studies (e.g. Karst et al.,, 2010), Karst and Joéls (2016) showed that corticosterone
exposure modified glutamatergic transmission in neurons of the basolateral amygdala for
several hours. The long-term effects, however, varied depending on the magnitude of
corticosterone exposure: low corticosterone doses (moderate stress) initially enhanced
and later diminished glutamatergic transmission, whereas high corticosterone doses
(severe stress) had reverse effects. The authors speculate that this mechanism might
underlie the frequent observation of enhanced encoding of emotional information in
individuals who were exposed to severe stress after traumatic experiences (Karst & Joéls,
2016) for example.

Chronic stress or corticosteroid exposure affects NMDA-R mediated glutamate
transmission contributing to long-term changes in neuronal plasticity in several brain
areas. Animal research has shown, for instance, that chronic stress or corticosteroid

exposure has adverse effects on neuronal plasticity and that blocking the NMDA-R

23



reverses these adverse effects in the prefrontal cortex (Martin & Wellman, 2011) and
hippocampus (Christian et al., 2011). Just recently, similar effects have been observed in
humans. Blockade of the NMDA-R by memantine reversed the adverse effects of chronic

corticosteroids exposure on neuronal plasticity in the hippocampus of humans (Brown et

al, 2019).

To summarize this section (see Figure 3), glucocorticoids have rapid effects on
glutamate transmission that appear to be mediated via membrane MR and GR and that
contribute to increased glutamate release and glutamatergic NMDA-R activation among
others. Glucocorticoids can also have delayed effects on NMDA-R mediated glutamate
transmission, that can last for several hours and that appear to be mediated via
intracellular GR. Chronic stress or glucocorticoid exposure, in addition, can have long-
lasting effects on NMDA-R mediated glutamate transmission, contributing to changes in
neuronal plasticity. It becomes apparent that the interplay between MR and GR is
important for the neuroendocrine stress response and related glutamatergic signaling.
Thus far, the role of MR and NMDA-R in the psycho-neuro-endocrinological stress
response has been outlined. To this point, the focus has mainly been on to the neuro-
endocrinological part of the stress response, while less attention has been given to the
psychological aspects. Therefore, the following section will focus on the role of MR and

NMDA-R in (social) cognitive processes.
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Figure 3. Schematic illustration of glucocorticoid effects on glutamate transmission.

Note: Glucocorticoids exert (A) rapid non-genomic effects by binding upon membrane mineralocorticoid
receptors (MR) and glucocorticoid receptors (GR) that lead to (B) increased release of glutamate which (C)
binds upon N-methyl-D-aspartate receptors (NMDA-R). Glucocorticoids also exert (D) delayed genomic
effects by binding upon (E) membrane MR and GR, which initiate second messenger processes and by
binding upon (F) nuclear MR and GR. The genomic effects contribute to (G) gene transcription in the

nucleus. Illustration based on existing models (Popoli et al., 2012).

25



1.6 The role of MR and N-methyl-D-aspartate receptors (NMDA-R) in (social)
cognition

As described previously (section 1.1 to 1.5), the human stress response encompasses
various psycho-neuro-endocrinological processes that, all together, determine how the
individual deals with a stressor. In reaction to acute stress, HPA axis activation leads to
secretion of glucocorticoids which bind upon MR and GR. Both receptors play an
important role in regulating psycho-neuro-endocrinological processes within the human
stress response and their actions are closely related to the actions of glutamatergic
NMDA-R (de Kloet & Joéls, 2020; Popoli et al., 2012). So far, the focus of research has
mainly been on the role of MR and NMDA-R in the neuro-endocrinological part of the
stress response. This section will focus upon the psychological part of the human
response to stress. The role of MR and NMDA-R in cognitive and social cognitive processes
will be examined in more detail. Social cognition describes the cognitive processes of
identification, perception, and interpretation of socially salient information in the
environment (Weightman et al., 2019). The current research project examined empathy,
recognition of facial emotion expressions, and selective attention to facial emotional
stimuli that can be classified as processes of social cognition. Social cognition tasks
activate specific brain areas referred to as the social brain in humans. Among these social
brain areas are the amygdala, hippocampus, and prefrontal cortex, which are especially
important for this research project because they are also highly involved in the processing
of stress (Sandi & Haller, 2015). Overall, research emphasizes that the human response to
stress is involved in social cognitive processes. However, there is a great heterogeneity in
the observations, which might be explained by the variety of stress manipulations, as well
as measures of social cognition that are used in the field (von Dawans et al., 2020). For
example, the human stress response can be manipulated by the induction of psychosocial
stress through the Trier Social Stress Test (TSST; Kirschbaum et al., 1993), by the induction
of psychophysiological stress through the Socially Evaluated Cold-Pressor Test (SECPT;
Schwabe et al., 2008), or by the pharmacological modulation of MR and/or GR as well as
NMDA-R. The following sections will focus upon studies that are most relevant for this
research project. For a detailed overview of studies exploring the relationship between
the human stress response and social cognition, as well as methods of stress
manipulations and measures of social cognition, see the following review (von Dawans et

al, 2020).
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1.6.1 The MR in (social) cognition

Evidence for MR involvement in cognitive processes is found in animal and human
research. One early study showed that manipulation of MR in rats influenced the
behavioral reactivity to novel cues in the environment (Oitzl et al, 1994). Such
observations motivated research of the role of MR in cognition and, with increasing
research, the picture evolved that stimulation of MR has cognitive-enhancing effects,
while blockade of the receptors has impairing effects on cognition. For instance, loss of
forebrain MR in mice impaired learning and memory (Arp et al., 2014; Berger et al., 2006;
Brinks et al.,, 2009). Overexpression of forebrain MR, in contrast, improved memory
(Ferguson & Sapolsky, 2008; Lai et al., 2007).

Similar effects of MR modulation on cognition have been observed in humans. In
healthy humans, MR stimulation has been shown to improve learning (Groch et al., 2013),
several memory processes (visuospatial, short-term, working) (Hinkelmann et al,, 2015),
and spatial memory retrieval (Piber et al., 2016). Blockade of MR, in contrast, showed
impaired effects on memory (Rimmele, Besedovsky, Lange, & Born, 2013; Schwabe,
Tegenthoff, Hoffken, & Wolf, 2013), selective attention (Cornelisse, Joéls, & Smeets, 2011;
Otte etal.,, 2007), and executive functioning (Schwabe, Hoffken, Tegenthoff, & Wolf, 2013).
Overall, both animal and human research emphasize the important role of MR in cognitive
processes. While strong evidence exists for cognitive-enhancing effects of MR stimulation
on memory and learning, much less is known about the role of MR in social cognition
processes.

Some evidence for MR involvement in social cognition comes from animal
research. For example, one study found that the genetic deletion of limbic-hippocampal
MR impaired social discrimination in mice (Ter Horst et al, 2014). Animal research
emphasizes that high stress exposure during the lifespan contributes to an altered
glucocorticoid stress response which, in turn, contributes to disturbances in social
information processing and social behavior. Thus, stress appears to have a great impact
on social behavior in animals (Sandi & Haller, 2015). It is unclear, whether these
observations can be translated to humans because the relationship between the human
stress response and social cognitive processes is far from understood.

Several studies in healthy individuals emphasize an involvement of the human
stress response in social cognition. For example, psychosocial stress induced through the
TSST increased emotional empathy (the ability to empathize with another person) but not

cognitive empathy (the ability to understand another person’s emotions) in healthy men.
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Thus, acute stress appears to influence social cognition by enhancing the magnitude a
person feels with another person, which could promote prosocial behavior in stressful
situations (Wolf et al., 2015). Brain imaging studies promote the important role of the
amygdala here. For example, acute stress induced by aversive movie clips enhanced the
sensitivity and lowered the specificity of processing emotional facial expressions, which
was linked to amygdala activity (van Marle et al., 2009). Interestingly, MR appear to play
a crucial role in this context. Vogel et al. (2015) induced psychophysiological stress with
the SECPT while blocking MR with spironolactone. Acute stress enhanced emotional
vigilance processing, which was accompanied by a heightened connectivity between the
amygdala and striatum. Interestingly, the shift in emotional processing was prevented
after MR blockade (Vogel et al,, 2015). Considered together, the studies emphasize that
within the stress response, MR play a central role in regulating the processing of
emotional salient information and that the receptor might be relevant for allocating brain
resources to support these social cognitive processes.

Further support for the importance of MR in social cognition is found in
pharmacological studies. Mineralocorticoid receptor stimulation by fludrocortisone has
been shown to enhance selective attention to negative emotional stimuli, yet it had no
effect on emotion recognition (Schultebraucks et al., 2016). Several other studies
administered the exogenous glucocorticoid hydrocortisone, which, depending on the
administered dose, serves as an MR or GR agonist. Because glucocorticoids have a higher
binding affinity for MR compared to GR (section 1.3), it is mainly MR which are occupied
when hydrocortisone is administered in low doses. After administration of high-dose
hydrocortisone, GR are also occupied (von Dawans et al., 2020). Interestingly, the effects
of hydrocortisone on social cognition appear to be dose dependent. Low-dose
hydrocortisone has been shown to increase the inhibition of processing angry faces, while
high doses had no effect on the processing of emotional salient information, when
compared to a placebo (Taylor et al., 2011). The findings emphasize that MR, rather than
GR, may be crucial for processing emotional information within the human response to
stress. However, not all studies found evidence for MR involvement in social cognition.
For example, in one study, administration of low-dose hydrocortisone showed no effect
on cognitive empathy, emotional empathy, or the recognition of facial emotion
expressions (Duesenberg et al.,, 2016).

The picture is complemented by research showing time-dependent effects of low-

dose hydrocortisone administration on social cognition. For example, Henckens et al.
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(2010) found a reduction in overall amygdala reactivity to emotional stimuli soon
(75min) after hydrocortisone administration, when rapid non-genomic effects take place.
Late (258min) after hydrocortisone administration, when delayed genomic effects take
place, the reduction in processing emotional information was abolished for negative
emotional stimuli associated with increased connectivity between amygdala and
prefrontal cortex. It appears that rapid non-genomic MR mediated actions contribute to
heightened sensitivity of the amygdala to process emotional information, delayed
genomic MR mediated actions normalize amygdala sensitivity controlled by the
prefrontal cortex (Henckens et al.,, 2010).

To summarize, there is evidence that MR are involved in (social) cognitive
processes. While MR stimulation appears to have cognitive-enhancing effects on learning
and memory, research on MR involvement in social cognition is inconclusive. Within the
psycho-neuro-endocrinological stress response, MR appear to play a crucial role in
processing social cognitive processes. One could speculate that in the early phase of the
stress response, MR mediated non-genomic actions enhance sensitivity to process
emotional salient information linked to the amygdala; while in the late phase of the stress
response, MR mediated genomic actions contribute to normalize emotional processing
controlled by the prefrontal cortex. Clearly, further research is required to examine
whether the beneficial effects of MR stimulation on learning and memory are extendable
to social cognition, this was one aim of the current research project (section 2.1). In the
stress system, the effects of MR stimulation and NMDA-R mediated glutamate
transmission are closely related (section 1.5). Therefore, the role of NMDA-R in (social)
cognition in animals and healthy individuals is worth examining and research on this

topic will be described in the following section.

1.6.2 The NMDA-R in (social) cognition

Research in animals and humans suggest an important role of NMDA-R in cognitive
processes. Early studies in mice showed that NMDA-R blockade impaired amygdala-
associated learning (Miserendino et al., 1990), while stimulation of NMDA-R by D-
cycloserine (DCS) enhanced learning (Monahan et al., 1989), memory (Flood et al., 1992;
Thompson et al., 1992), and amygdala-associated extinction of conditioned fear (Walker
et al, 2002). Thus, NMDA-R stimulation in animals appears to enhance cognitive
processes and NMDA-R blockade appears to have reverse effects. Since these early

observations, an increasing number of studies found evidence for NMDA-R playing an
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important role in learning and memory in animals. Several studies have translated these
observations to humans (Davis et al.,, 2006; Otto et al., 2016).

For instance, in healthy humans, NMDA-R stimulation by DCS has been shown to
have beneficial effects on memory (Feld et al., 2013), decision making (Scholl et al., 2014),
and hippocampus-associated learning (Onur et al.,, 2010), although not all studies concur
(Otto et al,, 2009). The important role of NMDA-R in learning and memory seems to be
closely related to the role of NMDA-R in synaptic plasticity. Several studies in mice
indicate that blocking NMDA-R impairs synaptic transmission in the hippocampus and
that this is accompanied by impairments in learning and memory (Lee & Silva, 2009).
Overall, these studies emphasize an important role of NMDA-R in cognition, especially in
memory and learning, both in animals and in humans. Far less is understood about the
role of NMDA-R in social cognition.

One recent study is particularly important for this research project because it
examined the role of NMDA-R in social cognition healthy individuals in a similar
experimental setting (Chen et al., 2020). Chen et al. (2020) examined social cognition with
similar experimental tasks to our study (e.g., autobiographical memory task, facial
expression recognition task, and facial dot-probe task) three hours after administration
of the NMDA-R partial agonist DCS with the same dosage (250 mg) as in this research
project. NMDA-R stimulation enhanced specificity of autobiographical memory and
increased positive emotional memory. Interestingly, DCS administration had no effect on
facial expression recognition or selective attention to facial emotional stimuli. The results
confirm cognitive-enhancing effects of NMDA-R stimulation by DCS on memory. However,
the study found no evidence for NMDA-R involvement in social cognition when measured
through facial emotion recognition and selective attention to emotional faces (Chen et al,,
2020). One might speculate that the specific beneficial effects of NMDA-R stimulation on
memory are attributable to the crucial role of NMDA-R in synaptic plasticity (Lee & Silva,
2009). Yet, itis far from understood whether the beneficial effects of NMDA-R modulation
are specific to learning and memory or extendable to processes of social cognition.

Another study in patients suffering from NMDA-R encephalitis complements the
overall picture. Compared to healthy individuals, the patients suffered from impairments
in general cognitive functions (verbal memory, visual memory, working memory,
attention, processing speed, and executive functioning) and some aspects of social
cognition (judging social behavior violations and understanding social situations based

on mental states). Interestingly, emotion recognition was not affected in these patients.
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However, due to the small sample size (n = 7) these results need to be interpreted with
caution (McKeon et al.,, 2016), before any firm conclusions on the role of NMDA-R in social
cognition can be drawn. More stable evidence for NMDA-R involvement in social cognition
comes from studies that used the NMDA-R antagonist ketamine. For example,
administration of ketamine impaired facial emotion recognition (Ebert et al., 2012) and
there is evidence that this is accompanied by reduced neuronal activity in the amygdala
and other limbic regions (Abel et al., 2003).

Overall, there is first evidence for NMDA-R involvement in social cognition in
healthy individuals. Most evidence focusses on the cognitive-enhancing effects of NMDA-
R stimulation on learning and memory, far less is known about the role of NMDA-R in
social cognition and the few studies available show heterogenous results. One explanation
might lie in the central role NMDA-R play in synaptic plasticity which is closely related to
processes of learning and memory. Clearly, there is need for further research which
examines whether NMDA-R stimulation has beneficial effects on social cognition, which

was one aim of this research project (section 2.1).

To summarize this section, research emphasizes that MR and NDMA-R are
involved in (social) cognition. While studies indicate that MR and NMDA-R stimulation
has beneficial effects on cognitive processes such as learning and memory, research on
the role of both receptors in social cognition is sparse. Thus far, the focus has been on the
relationship between the human stress response and (social) cognitive processes in
healthy individuals. This research project examined the effects of MR and NMDA-R
stimulation on steroid hormone secretion and social cognition in healthy individuals and
patients with MDD. Therefore, the following sections will focus upon the psychiatric

disorder MDD.

1.7 Major depressive disorder (MDD)

The central aim of the current research project was to examine the effect of MR and
NMDA-R stimulation on steroid hormone secretion and social cognition in healthy
individuals and patients with MDD. So far, the focus has mainly been upon healthy
individuals and, therefore, the following sections will provide information on the
psychiatric disorder MDD. The section starts with a description of the clinical picture
(section 1.7.1), the pathophysiology of MDD (section 1.7.2), and will then focus upon the
role of MR and NMDA-R in (social) cognition in MDD and other psychiatric disorders

31



(section 1.7.3). This section focusses on information that is most relevant for the current
research project. Detailed information on the clinical picture of MDD and the biological
systems involved in the pathophysiology of MDD are available in the following reviews

(Murrough etal,, 2017; Otte et al., 2016).

1.7.1 The clinical picture of MDD

Major depressive disorder is a psychiatric disorder with a high burden of disease (James
et al, 2018). Estimates of MDD prevalence (proportion of people with MDD in 2015) vary
depending on the country, for instance, 4.4. % for the global population and 5.2 % for the
population in Germany. Importantly, MDD prevalence is higher in women (5.1%) than in
men (3.6%) (World Health Organization, 2017).

According to the fifth edition of the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5), a diagnosis of MDD is indicated if the individual suffers from
depressed mood and/or diminished pleasure or interest in almost all activities nearly
every day and for a period of minimum two weeks. In addition, at least four (three, if both
symptoms above are present) other symptoms must be present nearly every day during
this period: weight gain/loss, insomnia/hypersomnia, diminished ability to think or
concentrate, and recurrent thoughts of death, among others. For diagnosis, the symptoms
must cause distress or impairment in social, occupational, and other areas of functioning

(American Psychiatric Association, 2014).

1.7.2 The pathophysiology of MDD
The pathophysiology of MDD is complex and involves several biological systems that
interact with each other and shape the clinical picture of MDD. Biological systems that
appear to play an important role are the autonomic nervous system, the immune system,
the HPA axis, and the glutamate system (Otte et al., 2016). Since this research project
focused on the HPA axis and the glutamate system (section 1.1 & section 1.5), the role of
these biological systems in the pathophysiology of MDD will be outlined in more detail in
the following sections.

The HPA axis, as well as MR and GR, is closely related to the pathophysiology of
MDD. Although several biological systems are involved in MDD, impairments in HPA axis
functioning are among the most consistently described in the literature findings (Otte et

al,, 2016). Overall, patients with MDD show HPA axis hyperactivity, which is accompanied
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by increased cortisol concentrations in comparison with healthy individuals (Stetler &
Miller, 2011). However, studies on cortisol concentrations in MDD show heterogenous
results (Knorr et al,, 2010). One explanation is that the pathophysiology of MDD varies
between different patient populations. For instance, older MDD patients show stronger
HPA axis dysregulations than younger MDD patients (Murri et al, 2014),
hypercortisolemia is more pronounced in psychotic MDD compared to non-psychotic
MDD or healthy individuals (Keller et al., 2006), and in melancholic MDD compared to
atypical MDD (Juruena et al., 2018). Furthermore, impairments in HPA axis functioning in
MDD are closely related to alterations in MR and GR functioning. Studies indicate that GR
stimulation has no inhibiting effect on cortisol secretion in MDD patients and this
impairment has been termed glucocorticoid resistance (Pariante, 2017; Pariante &
Lightman, 2008). Moreover, studies indicate that patients with psychotic MDD show
diminished MR mediated negative feedback inhibition of the HPA axis (Lembke et al,,
2013; Schatzberg, 2015). However, HPA axis regulation via MR appears to be intact in
younger patients with MDD. Another study in a relatively young sample (M = 26 years)
showed that MR stimulation decreased cortisol concentrations equally in MDD patients
and healthy individuals (Otte et al., 2015a). In line with these observations which suggest
that MR and GR functioning are related to the pathophysiology of MDD, post-mortem
studies indicate that patients with MDD suffer from decreased MR expression in the
hippocampus and prefrontal cortex (Klok et al., 2011; Medina et al., 2013). Furthermore,
altered MR gene expression has been found in the hypothalamus (Wang et al., 2008), the
anterior cingulate cortex and the dorsolateral prefrontal cortex (Qi et al., 2013). The
importance of MR for MDD pathophysiology is further emphasized by the observation
that MR stimulation by fludrocortisone has beneficial effects on antidepressant treatment
of patients with MDD (Otte et al., 2010). Considered together, the observations suggest
that the HPA axis and MR are involved in the pathophysiology of MDD, and that
stimulation of MR might improve symptomatology of patients with MDD.

The glutamate system and the NMDA-R play an important role in the
pathophysiology of MDD. Converging lines of evidence suggest that there are
dysregulations of the glutamate system and NMDA-R functioning in MDD (Murrough et
al,, 2017; Sanacora et al., 2008). For instance, glutamate concentrations are increased in
MDD patients (Altamura et al., 1993; Sanacora et al., 2004) and have been shown to be
related to depression severity (Mitani et al., 2006). Furthermore, alterations in NMDA-R

functioning have been observed in the prefrontal cortex of MDD patients (Feyissa et al.,
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2009) and frontal cortex of suicide victims (Nowak et al., 1995). In recent years, particular
focus has been on NMDA-R since several studies have shown antidepressant effects for
the antagonist ketamine (Krystal et al., 2019). Interestingly, there is evidence that the
partial NMDA-R agonist DCS has antidepressant effects (Heresco-Levy et al., 2013; Schade
& Paulus, 2016). Furthermore, administration of DCS has been shown to have beneficial
effects on cognitive processes in several psychiatric disorders (Peyrovian et al., 2019). All
things considered, the observations emphasize that the glutamate system and NMDA-R
are involved in the pathophysiology of MDD and there is evidence that NMDA-R

stimulation might improve symptomatology of patients with MDD.

1.7.3 The MR and NMDA-R in (social) cognition in MDD

As aforementioned, MR and NMDA-R are involved in (social) cognitive processes in
healthy individuals (section 1.6.1), there is also evidence that both receptors play a crucial
role in the pathophysiology of MDD (section 1.7.2). So far, there are few clinical studies
that examined the role of MR and NMDA-R in (social) cognitive processes in MDD samples.
The following section will provide information on the role of MR and NMDA-R in (social)
cognitive processes in MDD and other psychiatric disorders which are relevant for this
research project. A detailed overview of the role of MR and NMDA-R in the
symptomatology of psychiatric disorders can be found in wider literature (Peyrovian et
al,, 2019; Wingenfeld & Otte, 2019).

Mineralocorticoid receptors appear to play an important role in cognitive
processes in psychiatric disorders. For instance, one study found that variations in the MR
gene (NR3C2) which is associated with an increased risk for MDD, was also associated
with a negative memory bias (Vogel et al., 2014). Furthermore, some studies emphasize
that MR modulation might have cognitive-enhancing effects in clinical samples. For the
current research project, studies in MDD samples are most important. One study could
show that MR stimulation improved memory and executive functioning both in MDD
patients and healthy individuals (Otte et al., 2015a). Another study that examined social
cognition found that MR blockade reduced cognitive empathy in MDD patients
(Wingenfeld et al, 2016). This is in line with the observation that MR stimulation
enhanced emotional empathy both in patients with borderline personality disorder and
healthy individuals (Wingenfeld et al, 2014). Thus, MR stimulation appears to have
(social) cognitive-enhancing effects in MDD patients and other psychiatric populations,

hence it may serve as a potential treatment target to improve cognitive deficits in MDD.
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However, not all studies concur. For instance, MR stimulation showed no effect on
autobiographical memory retrieval in patients with borderline personality disorder,
patients with MDD, nor healthy individuals (Fleischer et al., 2015).
N-methyl-D-aspartate receptors’ role in cognition has rarely been studied in
psychiatric samples and most evidence comes from studies in anxiety-related disorders.
One meta-analysis found that administration of DCS showed a small improvement in
cognitive behavioral exposure therapy for anxiety-related disorders (Mataix-Cols et al.,
2017), suggesting beneficial therapeutic effects of NMDA-R modulation in psychiatric
populations. Several clinical studies confirm cognitive-enhancing effects of NMDA-R
stimulation by DCS in psychiatric disorders (e.g., anxiety disorders, Alzheimer's disease,
and schizophrenia) (Peyrovian et al., 2019). However, research on the effect of NMDA-R
stimulation in MDD is sparse. There is evidence for anti-depressant effects of NMDA-R
modulation after high (1000mg/d) DCS administration (Heresco-Levy et al., 2013) but
notin low doses (250mg/d) (Heresco-Levy et al., 2006). The most promising evidence for
beneficial antidepressant effects of NMDA-R modulation comes from research with the
NMDA-R antagonist ketamine. Several studies emphasize the rapid antidepressant effects
of ketamine, these observations underline that glutamate signaling plays an important
role in the pathophysiology of MDD (Murrough et al., 2017). Interestingly, there is new
evidence that suggests DCS might promote the antidepressant effects of ketamine. One
study found that DCS administration failed to maintain treatment effects of ketamine in
patients with MDD, but showed an enhancement of ketamine’s long-term anti-suicidal
effects (Chen et al, 2019). In sum, NMDA-R modulation appears to have beneficial
antidepressant effects in MDD patients, and the receptor might thus serve as a treatment
target to improve (social) cognition in MDD. However, there is a lack of research on the

role of NMDA-R in (social) cognition in MDD. This research project aimed to fill this gap.

To summarize this section, MDD is a severe mental disorder that is very common
in the global population. The HPA axis and MR, as well as the glutamate system and
NMDA-R, play an important role in the pathophysiology of MDD. Importantly, MR and
NMDA-R modulation has been shown to have beneficial antidepressant effects in patients
with MDD. Accordingly, the receptors might serve as potential treatment targets to
improve the symptomatology of patients with MDD. While there is some evidence for
cognitive-enhancing effects of MR modulation in MDD, the role of NMDA-R in the

symptomatology of MDD has rarely been studied. Therefore, this research project
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examined the role of MR and NMDA-R in social cognitive processes in healthy individuals

and patients with MDD.

1.8 Theoretical and empirical rationale in brief

In individuals who are confronted with stress, perception of the stressor activates the
HPA axis leading to the secretion of glucocorticoids, such as cortisol and other steroid
hormones such as aldosterone and DHEA-S (section 1.1 & section 1.2). Glucocorticoids
bind upon MR and GR, and exert different effects in the psycho-neuro-endocrinological
stress response, depending on the time post stress exposure (early or late phase of the
stress response) and on the receptor type (genomic or non-genomic MR and GR), among
other factors (section 1.3 & section 1.4). Furthermore, the glucocorticoid system is closely
related to the glutamate system. By binding upon MR and GR, glucocorticoids contribute
to glutamatergic signal transmission via NMDA-R (section 1.5 and Figure 3). Interestingly,
disturbances in the glucocorticoid and glutamate system contribute to the
pathophysiology of MDD. Patients with MDD show HPA axis hyperactivity accompanied
by increased cortisol concentrations and, additionally, alterations in the glutamate
system, expressed in heightened glutamate concentrations and NMDA-R dysfunctions
among others (section 1.7). Therefore, it appears to be particularly important that there
is some evidence that confirms: MR stimulation decreases cortisol secretion in healthy
individuals and patients with MDD (section 1.1), separate MR and NMDA-R stimulation
improves (social) cognition in healthy individuals (section 1.6.1) as well as several
psychiatric disorders (section 1.7), and separate MR and NMDA-R stimulation has
beneficial effects on the symptomatology of patients with MDD (section 1.7).
Consequently, there is need for research that examines whether MR and NMDA-R might
serve as potential treatment targets to influence steroid hormone secretion and to
improve social cognition in healthy individuals and patients with MDD. Therefore, this

research project examined the following research question:

What is the effect of MR and NMDA-R stimulation on steroid hormone secretion and social

cognition in healthy individuals and patients with MDD?

The aforementioned empirical background (section 1.1 to section 1.7) led to the
assumptions of this research project: that MR stimulation by fludrocortisone could

influence steroid hormone secretion and also have beneficial effects on social cognition in
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healthy individuals and patients with MDD. In addition, it was assumed that the beneficial
effects of MR stimulation on social cognition might be enhanced by simultaneous MR and
NMDA-R stimulation. The latter assumption was based on the observation that MR
stimulation by glucocorticoids increases glutamatergic signal transmission via NMDA-R
(section 1.5 and Figure 3). Accordingly, the theoretical model of the current research
project was that MR stimulation by fludrocortisone might increase glutamate
transmission via NMDA-R. In addition, simultaneous MR stimulation by fludrocortisone,
and NMDA-R stimulation by DCS, might contribute to synergistic effects expressed by
additionally enhanced glutamatergic signal transmission. The theoretical model is
summarized in the following (Figure 4), the aims as well as the design of this research

project will be described in detail thereafter (section 2).
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Figure 4. Schematic illustration of the theoretical model.

Note: The theoretical model assumes that glucocorticoid effects on glutamate transmission can be mimicked
by pharmacological receptor modulation. Administration of (1) the MR agonist fludrocortisone may lead to
(2) increased glutamate transmission via (3) NMDA-R activation. Simultaneous administration of
fludrocortisone and (4) the partial NMDA-R agonist D-cycloserine may lead to synergistic effects being
expressed by (5) enhanced glutamatergic signal transmission. Illustration based on existing models (Popoli

etal, 2012).
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2 Aims and Design of the Research Project
The aim of this research project was to examine the role of MR and NMDA-R in steroid
hormone secretion and social cognitive processes in healthy individuals and patients with
MDD. The three studies of the research project were based on the same sample of healthy
individuals and patients with MDD. In the following sections, information refers to all
three studies, if not otherwise specified. The first study aimed to examine the effect of MR
and NMDA-R stimulation on steroid hormone secretion in healthy individuals and
patients with MDD (Nowacki et al., 2020b). The aim of the second and third study was to
examine whether the beneficial effect of MR stimulation can be extended to social
cognitive processes and whether simultaneous stimulation of NMDA-R has additional
beneficial effects (Nowacki et al., 2020a; Nowacki et al., 2021). The following sections will

outline the research questions and hypotheses as well as the rationale of the studies.

2.1 Research questions and hypotheses

2.1.1 First study: Effects of MR and NMDA-R stimulation on steroid hormones

The aim of the first study was to examine the effect of MR and NMDA-R stimulation on
steroid hormone secretion in healthy individuals and patients with MDD (Nowacki et al.,
2020b). In short, the rationale of the first study was based on the following observations:
MR stimulation inhibits the HPA axis which leads to decreased secretion of cortisol in
healthy individuals and patients with MDD (section 1.1 & section 1.7). The steroid
hormones cortisol, aldosterone, and DHEA-S are involved in the human stress response
and in the pathophysiology of MDD (section 1.1, section 1.2, & section 1.7). Furthermore,
there is evidence that the glucocorticoid and glutamate system are closely related.
Glucocorticoids induce MR stimulation which contributes to increased glutamate
transmission via NMDA-R (section 1.5). Despite the close relationship, the effect of
separate MR and simultaneous MR and NMDA-R stimulation on steroid hormone
secretion remains largely unknown. Therefore, the first study of this research project
examined the effects of MR and NMDA-R stimulation on cortisol, aldosterone, and DHEA-
S in in healthy individuals and patients with MDD. The following research question and

hypothesis were raised.
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Research question: What is the effect of MR and NMDA-R stimulation on steroid hormone

secretion in healthy individuals and patients with MDD?

Hypothesis: MR stimulation by fludrocortisone leads to decreased cortisol concentrations

in healthy individuals and patients with MDD in comparison to no stimulation (placebo).

2.1.2 Second study: Effects of MR and NMDA-R stimulation on social cognition
(cognitive and emotional empathy)

The aim of the second study was to examine the effect of MR and NMDA-R stimulation on
social cognition (cognitive and emotional empathy) in healthy individuals and patients
with MDD (Nowacki et al,, 2020a). In short, the rationale of the study was based on the
following observations: MR stimulation has beneficial effects on cognitive processes of
memory and executive functioning in healthy individuals and patients with MDD (section
1.6.1 & 1.7.3) and contributes to glutamatergic NMDA-R activation (section 1.5).
Furthermore, NMDA-R stimulation has enhancing effects on (social) cognition in health
and disease (section 1.6.2 & 1.7.3). Whether the beneficial effects of MR stimulation can
be extended to social cognition and whether simultaneous MR and NMDA-R stimulation
has additional beneficial effects remains largely unknown. Therefore, the second study
examined the effect of MR and NMDA-R stimulation on social cognition (cognitive and
emotional empathy) in healthy individuals and patients with MDD. The following research

question and hypotheses were raised.

Research question: What is the effect of MR and NMDA-R stimulation on social cognition

(cognitive and emotional empathy) in healthy individuals and patients with MDD?

Hypothesis (A): MR stimulation by fludrocortisone leads to higher scores in cognitive and
emotional empathy in healthy individuals and patients with MDD in comparison to no

stimulation (placebo).

Hypothesis (B): Simultaneous MR and NMDA-R stimulation by fludrocortisone and DCS
leads to higher scores in cognitive and emotional empathy in healthy individuals and
patients with MDD in comparison to separate MR stimulation and to no stimulation

(placebo).
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2.1.3 Third study: Effects of MR and NMDA-R stimulation on social cognition
(emotion recognition and selective attention to emotional stimuli)

The aim of the third study was to examine the effect of MR and NMDA-R stimulation on
social cognition (facial emotion recognition and selective attention to emotional stimuli)
in healthy individuals and patients with MDD (Nowacki et al., 2021). The rationale of the
third study mirrors the second study as previously mentioned (section 2.1.2). The

following research question and hypotheses were raised.

Research question: What is the effect of MR and NMDA-R stimulation on social cognition
(facial emotion recognition and selective attention to emotional stimuli) in healthy

individuals and patients with MDD?

Hypothesis (A): MR stimulation by fludrocortisone leads to higher scores in facial emotion
recognition and reduced selective attention to emotional stimuli in healthy individuals

and patients with MDD in comparison to no stimulation (placebo).

Hypothesis (B): Simultaneous MR and NMDA-R stimulation by fludrocortisone and DCS
leads to higher scores in facial emotion recognition and reduces selective attention to
emotional stimuli in healthy individuals and patients with MDD in comparison to separate

MR stimulation and to no stimulation (placebo).

2.2 Realization of the studies

The studies were conducted at Charité - Universititsmedizin Berlin, corporate member
of Freie Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health,
Hindenburgdamm 30, 12203 Berlin, Germany. The studies were approved by the local
ethics committee (Landesamt fiir Gesundheit und Soziales Berlin, 16-0031- EK 11) and
conducted in accordance with the latest version of the Declaration of Helsinki. All
participants provided written informed consent.

The following sections will describe the realization of the studies. The section
starts with a description of the recruitment of the participants (section 2.2.1) and
randomization and blinding procedure (section 2.2.2), before the section ends with a
description of the treatments (section 2.2.3) and measurements (section 2.2.4) used in

the studies. The following sections provide summarized information on the realization of
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the studies. For further information on study realization, please see corresponding

publications (Nowacki et al., 2020a; Nowacki et al., 2020b; Nowacki et al., 2021).

2.2.1 Participant recruitment

In total, 232 healthy individuals (n = 116) and patients with MDD (n = 116) were recruited
to take part in the studies. Major depressive disorder patients were recruited via the in-
and out-patient unit of the department of psychiatry and psychotherapy of the Charité -
Universitdtsmedizin Berlin, via the internet, and through flyers distributed in psychiatric
and psychotherapeutic practices. Healthy individuals were recruited via the internet and
through flyers distributed in universities and other public buildings. Major depressive
disorder patients and healthy individuals were matched in age, sex, and education years.
All participants received an expense allowance for participation. Detailed information on
the inclusion and exclusion criteria, procedure, and assessments are described in the

publications (Nowacki et al., 2020a; Nowacki et al., 2020b; Nowacki et al., 2021).

2.2.2 Randomization and blinding

Randomization and blinding were conducted by the pharmacy of the Charité -
Universitdtsmedizin Berlin. Randomization was conducted with a parallel-group four-
block design (4, 3, 1, 2; 3, 4, 2, 1; and so forth), to ensure an equal number of healthy
individuals (n = 29) and MDD patients (n = 29) in each of the four treatment conditions.
To ensure double-blinding, the pharmacy provided two identical-looking capsules that
contained either 0.4 mg fludrocortisone, 250 mg D-cycloserine (DCS), and/or placebo.
Participants were randomized to the following treatment conditions: (A) placebo +
placebo, (B) fludrocortisone + placebo, (C) placebo + DCS, or (D) fludrocortisone + DCS.
Further information on randomization and blinding are described in the publications

(Nowacki et al., 2020a; Nowacki et al., 2020b; Nowacki et al., 2021).

2.2.3 Treatments

MR stimulation: In order to stimulate MR, 0.4 mg fludrocortisone (tradename: Astonin
H) was used. Drug and dosage choices were based on several earlier studies of the
research group in which fludrocortisone effectively modulated cortisol secretion and
demonstrated effects on cognitive processes in health and disease (Otte et al., 2015a;

Schultebraucks et al., 2016; Wingenfeld et al., 2014). Fludrocortisone, also referred to as
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9a-fluorocortisol, binds with a high affinity to MR and has some GR potency. Compared
to cortisol and aldosterone, fludrocortisone has a much higher potency for both receptors
(Agarwal et al,, 1977; Grossmann et al., 2004). In blood, fludrocortisone is measurable 20
minutes after oral intake, peak concentrations are reached between 90-120 minutes, and
the mean half-time is 4.9 hours (Quinkler et al., 2015). Clinically, fludrocortisone is used
to treat adrenal deficiency and postural hypotension (de Kloet, 2014). Several recent
studies emphasize that fludrocortisone has antidepressant effects in MDD patients (Otte
et al,, 2010) and cognitive-enhancing effects in health and disease (Wingenfeld & Otte,
2019).

NMDA-R stimulation: In order to stimulate NMDA-R, 250 mg D-cycloserine (DCS;
tradename: Cycloserine) was used. Drug and dosage choices were based on earlier studies
in which cognitive-enhancing effects were observed in healthy individuals (Onur et al,,
2010; Scholl et al., 2014). D-cycloserine binds upon the NMDA-R glycine site as a partial
agonist in low doses and serves as an antagonist in higher doses. Clinically, the antibiotic
is primarily used to treat tuberculosis (Peyrovian et al., 2019). Furthermore, some studies
emphasize antidepressant effects in MDD patients (Heresco-Levy et al,, 2013; Schade &
Paulus, 2016) and recent research provides evidence for cognitive-enhancing effects in

several psychiatric disorders (Peyrovian et al., 2019).

2.2.4 Measurements
First study: Salivary steroid hormone concentrations (cortisol, aldosterone, and DHEA-
S), blood pressure, and heart rate were measured before and after drug administration at
several measurement time points on the testing day. Measurements took place at the
same time for all participants due to circadian rhythmicity of cortisol secretion (Joéls et
al,, 2012). Cardiovascular risk parameters were measured in blood samples collected at
the in-person-visit on a separate day. For further information on the measurements,
please see publication (Nowacki et al., 2020Db).

Second study: In order to measure empathy, a modified version (Deuter et al,,
2018) of the Multifaceted Empathy Test (MET) (Dziobek et al., 2008) was used. The MET
measures cognitive empathy (the ability to understand another person’s emotions) and
emotional empathy (the ability to empathize with another person). Participants were
asked to rate pictures of individuals in an emotional state with regard to cognitive and
emotional empathy. For further information on the measurements, please see publication
(Nowacki et al., 2020a).
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Third study: The Facial Emotion Recognition Task was used to measure
recognition of facial emotion expression, as in an earlier study of the research group
(Duesenberg et al,, 2016). In the task, participants were asked to recognize the emotion
of neutral, sad, or angry facial expressions presented in 40% and 80% intensities on a
computer screen. Selective attention to emotional stimuli was measured with the
Emotional Dot-Probe paradigm (MacLeod et al, 1986) in a modified version
(Schultebraucks et al., 2016). The task measures selective attention to sad, happy, or
neutral facial expressions by asking participants to indicate the position of a vertical bar
that appeared subsequent to an emotional facial expression on a computer screen. For

further information on the measurements, please see publication (Nowacki et al., 2021).

To summarize this section, this research project examined the effect of MR and
NMDA-R stimulation on steroid hormone secretion and social cognition in healthy
individuals and patients with MDD in three experimental clinical studies (Nowacki et al.,
2020a; Nowacki et al., 2020b; Nowacki et al., 2021). The following sections will provide
detailed information on the first study (section 3: effects of MR and NMDA-R stimulation
on steroid hormones), second study (section 4: effects of MR and NMDA-R stimulation on
empathy), and third study (section 5: effects of MR and NMDA-R stimulation on emotion

recognition and selective attention to emotional stimuli).
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3 Effects of MR and NMDA-R Stimulation on Steroid Hormones (First Study)

This chapter has been published as: Nowacki, ]., Wingenfeld, K., Kaczmarczyk, M., Chae,
W. R, Salchow, P., Abu-Tir, I, Piber, D., Hellmann-Regen, J., & Otte, C. (2020). Steroid
hormone secretion after stimulation of mineralocorticoid and NMDA receptors and

cardiovascular risk in patients with depression. Translational Psychiatry, 10(1), 109.
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Abstract

Major depressive disorder (MDD) is associated with altered mineralocorticoid receptor (MR) and glucocorticoid
receptor function, and disturbed glutamatergic signaling. Both systems are closely intertwined and likely contribute
not only to the pathophysiology of MDD, but also to the increased cardiovascular risk in MDD patients. Less is known
about other steroid hormones, such as aldosterone and DHEA-S, and how they affect the glutamatergic system and
cardiovascular disease risk in MDD. We examined salivary cortisol, aldosterone, and DHEA-S secretion after stimulation
of MR and glutamatergic NMDA receptors in 116 unmedicated depressed patients, and 116 age- and sex-matched
healthy controls. Patients (mean age = 34.7 years, SD = +13.3; 78% women) and controls were randomized to four
conditions: (a) control condition (placebo), (b) MR stimulation (0.4 mg fludrocortisone), (c) NMDA stimulation (250 mg
D-cycloserine (DCS)), and (d) combined MR/NMDA stimulation (fludrocortisone 4+ DCS). We additionally determined
the cardiovascular risk profile in both groups. DCS had no effect on steroid hormone secretion, while cortisol secretion
decreased in both fludrocortisone conditions across groups. Independent of condition, MDD patients showed (1)
increased cortisol, increased aldosterone, and decreased DHEA-S concentrations, and (2) increased glucose levels and
decreased high-density lipoprotein cholesterol levels compared with controls. Depressed patients show profound
alterations in several steroid hormone systems that are associated both with MDD pathophysiology and increased
cardiovascular risk. Prospective studies should examine whether modulating steroid hormone levels might reduce
psychopathology and cardiovascular risk in depressed patients.

Introduction

Stress is a risk factor for the development of major
depressive disorder (MDD)' and cardiovascular disease
(CVD)~ Furthermore, stress activates the
hypothalamus—pituitary—adrenal (HPA) axis leading to the
release of the steroid hormone cortisol and consecutive
enhanced secretion of the neurotransmitter glutamate®. Both
systems are closely intertwined®*, and altered secretion of
cortisol and glutamate is not only involved in the patho-
genesis of MDD”®, but may also contribute to the increased
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cardiovascular risk of depressed patients"”~". However, to
our knowledge, steroid hormone secretion after separate or
combined stimulation of the HPA axis, and glutamatergic
system in depressed patients and healthy controls has not
been studied so far.

Cortisol acts upon glucocorticoid receptors (GR) and
mineralocorticoid receptors (MR) in the central nervous
system. While GR are widely distributed in the brain, MR
are predominantly expressed in the hippocampus and
prefrontal cortex. MR are predominantly occupied during
basal cortisol secretion, whereas GR are increasingly
occupied as cortisol levels rise, for example, after stress.
Cortisol binding to GR and MR inhibits HPA axis activ-
ity"'>!!, In MDD, this negative feedback is impaired and
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cortisol levels increase'?, possibly because of impaired MR
function'*~'°,

Elevated cortisol alters glutamate signaling in the hip-
pocampus and prefrontal cortex®. Not surprisingly, MDD
is associated with disturbed glutamatergic signaling. For
example, decreased levels of glutamatergic metabolites
have been reported in the medial frontal cortex of patients
with MDD®'®, Glutamate acts on metabotropic and
ionotropic  receptors’, including the N-methyl-D-
aspartate (NMDA) receptor, which has been closely
implicated in the pathogenesis of MDD'”. In fact, the U.S.
Food and Drug Administration'® recently approved the
rapid-acting NMDA receptor antagonist ketamine as a
treatment for treatment-resistant depression after its
efficacy was shown in several trials*’. Importantly, keta-
mine strongly elevates cortisol levels*>*'. However, the
glutamate system is extremely complex and there is evi-
dence that D-cycloserine (DCS), a partial agonist at the
glycine binding site of the NMDA receptor, exhibits
antidepressant effects?>?3, and increases glutamate and
GABA in the brain to the same extent as ketamine*.

As well as contributing to the pathogenesis of MDD,
alterations in HPA activity and glutamate signaling may
also contribute to the elevated risk of CVD in depressed
patients”?>2°, Other steroid hormones, such as increased
aldosterone®”*® and decreased DHEA-S levels™, are also
closely linked to CVD. Importantly, increased aldosterone
levels®*~* and decreased DHEA-S concentrations®> have
been found in depressed patients, and both hormones
interact with the glutamate system>*~>°,

Taken together, the HPA axis and the glutamatergic
system play an important role in the pathogenesis of
depression and might represent an important link to
CVD. However, little is known about the interplay of both
systems in MDD. To address this, we examined (a) sali-
vary cortisol, aldosterone, and DHEA-S secretion after
stimulation of MR and glutamatergic NMDA receptors,
and (b) the cardiovascular risk profile in 116 unmedicated
depressed patients and 116 age- and sex-matched healthy
controls.

Materials and methods
Participants

In total, we examined 116 MDD patients and 116
healthy controls. We recruited patients from our in- and
outpatient clinics for affective disorders (Department of
Psychiatry and Psychotherapy of the Charité — Uni-
versititsmedizin Berlin), via our website, and through
flyers distributed in outpatient psychiatric practices and
psychotherapy institutes. Healthy participants were
recruited via our website and through flyers distributed in
universities and other public spaces.

We matched depressed patients with healthy controls
based on sex, age, and education duration. For every
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enrolled depressed patient, we recruited a control subject
who was matched on these characteristics. Inclusion cri-
teria were 18-65 years of age, a diagnosis of MDD
according to the fifth edition of the Diagnostic and Sta-
tistical Manual of Mental Disorders (DSM-5)*/, and a
score of 18 or more on the Hamilton rating scale for
depression (HAMD)?®,

Exclusion criteria were intake of psychotropic medica-
tion during the last 5 days (except antidepressants as sleep
medication and benzodiazepines as needed), substance
abuse or dependency within the last 6 months, any cur-
rent episode or history of schizophrenia, schizoaffective,
or bipolar disorder (for healthy individuals, the presence
of any psychiatric disorders), neuroendocrine disorders,
current or past organic brain disease, acute suicidality,
endocrine disorders or intake of medication with neu-
roendocrine effects, pregnancy or lactation, unstable
cardiovascular conditions, known intolerance of study
medication, or significantly abnormal laboratory values.

All participants provided written informed consent and
received an expense allowance. The study was conducted
in accordance with the latest version of the Declaration of
Helsinki and was approved by the local ethics committee
(Landesamt fiir Gesundheit und Soziales Berlin, 16-0031-
EK 11).

Experimental design

We used a randomized double-blind placebo-controlled
parallel group design. The pharmacy of the Charité —
Universititsmedizin Berlin conducted the block rando-
mization and blinded the medication. To stimulate MR,
we used 0.4 mg fludrocortisone. To stimulate NMDA
receptors, we used 250 mg DCS. In the control condition,
we administered placebo. Participants were randomly
assigned to one of the following four conditions: (a)
control condition (placebo + placebo), (b) MR stimulation
only (fludrocortisone + placebo), (c) NMDA stimulation
only (placebo + DCS), and (d) combined MR and NMDA
stimulation (fludrocortisone + DCS). Twenty-nine
depressed patients and 29 healthy controls took part in
each condition.

Procedure

Participants were assessed for eligibility by telephone
interview, and eligible participants were invited for the
formal screening visit. An experienced clinician (physician
or psychologist) from our team interviewed participants
to acquire demographic information and to diagnose or
exclude MDD according to DSM-5 criteria®’. The HAMD
interview’® was also conducted and participants were
asked to complete the Beck Depression Inventory®” before
undergoing an electrocardiogram. To assess the cardio-
vascular risk profile, we measured blood pressure and
heart rate, and took blood samples for laboratory analyses.
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The experiment (separate or combined stimulation of MR
and NMDA receptors) took place at least 24 h and not
>7 days after the screening visit.

All experiments started at the same time (11:30 h) to
control for influences of the circadian rhythm on cortisol
secretion®. After arriving at the laboratory, participants
rested for 30 min before the first blood pressure and heart
rate measurements were taken. Two baseline saliva sam-
ples were taken at 11:55h and 12:00 h. From 12:00 h on,
we measured blood pressure and heart rate and took
saliva samples every hour until 18:00h. Participants
received the first medication at 12:05h and the second
medication at 13:05 h (Supplementary Fig. 1).

At three time points (prior to medication 11:50 h, dur-
ing the experiment 13:50h, and at the end of the
experiment 17:50 h), we assessed the current mood state
of all participants with a visual analogue mood scale
(VAMS). We asked all participants to answer the question
“how are you currently feeling?” by making a cross on the
VAMS, which ranged from O (very bad) to 100
(very good).

Between measurements, participants were allowed to
walk around, read, or watch a movie. Participants were
allowed to drink water, but did not eat during the
experiment (11:30h until 18:00h). Ten minutes before
every measurement, participants were asked to rest, sit on
a chair, and stop drinking water. An experimenter was
present during the whole testing period. Participants
conducted cognitive tasks on a computer between 16:00 h
and 17:00 h for ~45 min.

Cardiovascular risk assessment

The cardiovascular risk assessment took place at the
screening visit. We measured systolic and diastolic blood
pressure (mmHg), and heart rate (bpm) using the Boso
Medicus Uno (Bosch + Sohn, Germany) apparatus as a
hemodynamometer. Blood samples were analyzed by the
Labor Berlin (Charité — Universititsmedizin Berlin). We
measured total cholesterol, high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) cho-
lesterol, C-reactive protein (CRP), and glucose (all mea-
sured in mg/l or mg/dl respectively).

Steroid hormone measurement

We collected saliva samples with Code Blue Salivettes®
(Sarstedt, Germany) on the day of the experiment. Steroid
levels were analyzed in the neurobiological laboratory at
the Department of Psychiatry and Psychotherapy of the
Charité — Universititsmedizin Berlin. For all salivary
analyses, we used enzyme-linked immunosorbent assays
(ELISA; IBL International GmbH, Germany). For cortisol
analyses (measured in nmol/L), an ELISA kit with a
detection limit of 0.08 nmol/L was used. For aldosterone
analyses (measured in pg/mL), we used an ELISA kit with
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a detection limit of 12 pg/mL. DHEA-S levels (measured
in ng/mL) were measured using an ELISA kit optimized
for saliva with a detection limit of 0.05 ng/mL. The intra-
assay coefficients of variation were <8% and the inter-
assay coefficients of variation were <10% for all analyses.
To improve comparability, we converted all steroid hor-
mone measurement units into pg/mL for all figures.

Statistical analyses

Statistical analyses were conducted with IBM SPSS
Statistics (version 25). Greenhouse—Geisser corrections or
Welch tests were applied if assumptions of sphericity or
homogeneity of variances were violated. Post hoc analyses
were conducted with Bonferroni tests or contrasts if
applicable.

To analyze demographic variables, we used chi-squared
tests for categorical data and independent ¢-tests for
continuous data. If the assumptions of the chi-squared
test were violated, we used Fisher’s exact test. For cardi-
ovascular risk assessment (blood pressure, heart rate,
cholesterol, HDL cholesterol, LDL cholesterol, CRP, and
glucose), we used independent ¢-tests for group
comparisons.

Steroid hormone concentrations (cortisol, aldosterone,
and DHEA-S) were analyzed with mixed ANOVAs with
within-subject factor time (measurement time points),
between-subject factors group (depressed patients and
healthy controls), and condition (placebo, fludrocortisone,
DCS, and fludrocortisone + DCS).

All non-normally distributed data were log transformed.
Missing values for single cortisol and DHEA-S measure-
ment time points in four participants were replaced by
mean imputation (mean value of the preceding and sub-
sequent measurement time points) to avoid loss of data.

The current mood state was analyzed with mixed
ANOVAs with within-subject factor time (measurement
time points), between-subject factors group (depressed
patients and healthy controls), and condition (placebo,
fludrocortisone, DCS, and fludrocortisone + DCS).

We calculated correlations between the cardiovascular
risk assessment (blood pressure, heart rate, cholesterol,
HDL cholesterol, LDL cholesterol, CRP, and glucose)
measured at the screening visit and steroid hormone
secretion during the experiment. For the steroid hor-
mones cortisol, aldosterone, and DHEA-S, we calculated
area under the curve values with respect to the ground.

Sample size was calculated with G*Power*'. Effect sizes
for condition effects were based on the fludrocortisone
effects on cortisol (7°=0.12) reported in our earlier
study*®. The effect size (5°=0.10) for group (depressed
patients versus controls) were based on a meta-analysis on
differences in the cortisol response to stress between
depressed patients and controls*®. Using mixed ANOVAs
with 77 =0.10, a = 0.05, and 1 — 8= 0.95, we calculated a



Nowacki et al. Translational Psychiatry (2020)10:109

total sample size of # =120. To be able to find smaller
effects and considering possible dropouts, we con-
servatively recruited a larger sample of n =232 partici-
pants: n =116 per group, and n = 58 per condition.

Results
Sample characteristics

Depressed patients and healthy controls did not differ in
age, sex, education duration, or intake of hormonal con-
traceptives. There were more smokers among depressed
patients than among healthy controls (Table 1). There-
fore, we repeated the analyses in nonsmokers to examine
a possible confounding effect of smoking status. Addi-
tional analyses on sample and depression characteristics
with respect to condition are presented in the supplement
(Supplementary Tables 1 and 2).

Depressed patients took the following medication:
benzodiazepines as needed (n=13), low-dose anti-
depressants as sleep medication (n = 5), cetirizine (n = 1),
pantoprazole (n = 1), ramipril (n = 3), lercanidipine (n = 1),
simvastatin  (m=2), rosuvastatin (n=1), L-thyroxine
(n=11), propylthiouracil (n=1), dorzolamide (n=1),
actaea racemosa (n=1), sumatriptan (nz =1), amlodipine
(n=2), indapamide (n = 1), valsartan (n = 1), and zopiclone
(n=2). Healthy controls took the following medication:
salbutamole (n=1), L-thyroxine (n=10), tapentadol
(n=1), mesalazine (n=1), ramipril (#=1), metoprolol
(m=1), and estradiol (n=1).

Steroid hormone response to separate or combined MR
and NMDA receptor stimulation
Cortisol

We found a main effect of group on cortisol levels
(F(1,222) =4.0, p<0.05, #°=0.02), indicating that
depressed patients had higher cortisol concentrations
compared with healthy controls independent of

Table 1 Sample characteristics.
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condition and time (Fig. la). In addition, we found a
main effect of condition (F(3,222) =4.8, p<0.01, ° =
0.06) and time (F(3,696) = 266.2, p < 0.001, 172 =0.55) on
cortisol concentrations, and an interaction between
condition x time (F(9,696) =11.0, p < 0.001, 172 =0.13).
One-way ANOVAs with Bonferroni post hoc tests
revealed decreased cortisol secretion in both flu-
drocortisone conditions compared with the placebo and
DCS-only conditions (all p < 0.05; Fig. 1b, c). Analyses in
nonsmokers confirmed the results.

Aldosterone

We found a main effect of group on aldosterone levels
(F(1,222) =10.2, p<0.01, 172 =0.04), indicating that
depressed patients had higher aldosterone concentrations
compared with healthy controls independent of condition
and time (Fig. 2a). We found no main effect of condition
(p > 0.05; Fig. 2b, c) but a main effect of time (F(2,660) =
33.7, p<0.001, 172 = 0.13) on aldosterone levels, indicating
a decrease in aldosterone concentrations. Analyses in
nonsmokers confirmed the results.

DHEA-S

There was a main effect of group on DHEA-S con-
centrations (F(1,222) = 8.3, p < 0.01, 172 = 0.04), indicating
that depressed patients had lower DHEA-S concentra-
tions compared with healthy controls independent of
condition and time (Fig. 3a). We found no main effect of
condition (p > 0.05; Fig. 3b, c) but a main effect of time
(F(3,704) = 12.3, p<0.001, #°=0.05) on DHEA-S con-
centrations. Analyses in nonsmokers revealed a slightly
reduced effect size for the main effect of group (F(1,179)
=3.7, p=0.056, #° = 0.02) and confirmed the time effect
(p < 0.001).

Healthy controls

n 116

Age, mean (SD) 349 (13.2)
Women, n (%) 91 (78%)
Education years 121 (13)
BMI 235 (34)
Smoker 14 (12%)
Hormonal contraception 19 (21%)
HAMD 1.6 (1.3)
BDI 14 (1.8)

Depressed patients Statistics

116

347 (133) t(230)=0.1, p=090

91 (78%)

11.8 (1.3) t(230)=16,p=0.12
240 (43) t(230)=—-09, p=0.36
30 (26%) ¥(1)=72, p<001

19 (21%)

215 (34) t(149) = —58.7, p < 0.001
25.7 (8.3) t(125) = —30.8, p < 0.001

Values represent mean (SD) or n (%).

BMI body mass index, HAMD Hamilton ratings scale for depression, BDI Beck Depression Inventory.
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Blood pressure and heart rate

For systolic blood pressure, we found a main effect of
time (F(5,1150) =43.6, p < 0.001, 172: 0.16) and a condi-
tion x time interaction (F(15,1150) =24, p<0.01, 1° =
0.31), indicating an increase in systolic blood pressure
within each condition over time (Supplementary Fig. 2).
There was a main effect of time on diastolic blood pres-
sure (F(5,1205) = 44.6, p < 0.001, 172 =0.17) and a condi-
tion x time interaction (F(16,1205) =2.9, p <0.001, 1° =
0.37), indicating an overall increase in diastolic blood
pressure within each condition over time (Supplementary
Fig. 3).

We found a main effect of group on heart rate (F(1,224)
=154, p <0.001, #° = 0.06) and a main effect of time on
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heart rate (F(4,1025)=188.5, p<0.001, ;7220.46). In
addition, we found a group x condition interaction (F
(3,224) =29, p<0.05 #°=0.04), indicating increased
heart rate in depressed patients compared with healthy
controls within the fludrocortisone-only condition (Sup-
plementary Fig. 4). Analyses in nonsmokers confirmed
these results.

Mood assessment

We found a main effect of group on current mood state
(F(1,222) = 200.0, p<0.01, #°=0.47), indicating that
depressed patients were in a worse mood compared with
healthy controls (Supplementary Fig. 5). However, there
was neither a main effect of condition or time nor a
condition x group interaction. We found an interaction



Nowacki et al. Translational Psychiatry (2020)10:109

( N
A All participants
5000 Group
= Healthy controls
4500 ==+ Depressed patients

4000
3500 W
3000
2500 EEE

1500

DHEA-S (pg/mL)

1000

-5 0 +120 +240 +360
Time
B Healthy controls
5000 Condition
= Placebo
4500 *+** Fludrocortisone
==-DCS
. 4000 — = Fludrocortisone + DCS
)
£ 3500
>
a
3000
(7]
<
w2500
I
o
2000
1500
1000
5 0 +120 +240 +360
Time
C Depressed patients
5000 Condition
= Placebo
4500 == Fludrocortisone
-=-DCS
—~ 4000 == Fludrocortisone + DCS
)
£
> 3500
a
3000
7
<
w2500
I
o
2000
1500
1000

-5 0 +120 +240 +360

Time
Fig. 3 DHEA-S secretion. Mean DHEA-S secretion in pg/mL (SE) for a

both groups across conditions, b healthy controls for each condition,
and ¢ depressed patients for each condition.

\. J

between group x time (F(1,378) =10.5, p<0.001, #° =
0.05), indicating that subjective mood ratings of depressed
patients slightly increased during the experiment, while
healthy individuals exhibited a slight decrease in sub-
jective mood (Supplementary Fig. 5).

Cardiovascular risk

Depressed patients and healthy controls did not differ in
blood pressure, heart rate, total cholesterol, LDL choles-
terol, and CRP. However, we found lower HDL choles-
terol and higher glucose levels in depressed patients than
in healthy controls (Table 2). Analyses in the group of
nonsmokers confirmed the results and also showed higher
diastolic blood pressure in depressed patients (M = 80.6,
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SD =7.3) than in healthy controls (M =779, SD =8.7;
p <0.05).

Correlational analyses

We calculated correlations between cardiovascular risk
variables and steroid hormone values. To control for
multiple testing, we performed Bonferroni corrections
(p=0.0018, after 0.05/27). We found a correlation
between cortisol and aldosterone (r = 0.34, p < 0.001), but
no other correlations were significant.

Discussion

The aim of this study was to examine salivary cortisol,
aldosterone, and DHEA-S secretion in depressed patients
and healthy controls after stimulation of MR with flu-
drocortisone and glutamatergic NMDA receptors with
DCS. We also examined CVD risk in these participants.
We report four main results: (1) NMDA receptor stimu-
lation with DCS did not affect steroid hormone secretion
in depressed patients and healthy individuals, (2) MR
stimulation with fludrocortisone inhibited cortisol secre-
tion across groups, (3) depressed patients showed higher
cortisol and aldosterone values, but lower DHEA-S con-
centrations compared with healthy individuals indepen-
dent of condition, and (4) depressed patients had higher
glucose levels and lower HDL cholesterol values than
healthy controls.

There is evidence for a bidirectional association between
glutamate signaling and the HPA axis. For example, stress
and elevated cortisol levels increase glutamate signaling in
the hippocampus and prefrontal cortex’. Conversely, the
NMDA receptor antagonist ketamine activates the HPA
axis and elevates cortisol levels’>*"****, However, in this
study, the partial NMDA receptor agonist DCS did not
affect cortisol secretion, which is in line with earlier stu-
dies**™*®, Interestingly, a previous study showed that keta-
mine but not memantine (another NMDA receptor
antagonist) increases cortisol secretion*”. These findings
suggest that ketamine increases cortisol secretion inde-
pendently of the NMDA receptor. DCS has attracted tre-
mendous interest in neuroscience research because of its
role in learning, neuroplasticity, memory, and as a potential
antidepressant®***°, Our results suggest that these effects
are independent of HPA activity.

NMDA receptor stimulation did not affect hormone
secretion, but the MR agonist fludrocortisone inhibited
cortisol (but not aldosterone or DHEA-S) across groups.
It is well known that MR stimulation inhibits HPA
activity’"”?, In accordance with our previous findings, the
cortisol responses to fludrocortisone did not differ
between young, unmedicated depressed patients and
healthy individuals in the current study®®. This suggests
that MR function is intact in these patients. However,
Lembke et al.'* found attenuated MR-mediated inhibition
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Table 2 Cardiovascular risk in depressed patients and healthy controls.
Healthy controls Depressed patients Statistics

Systolic blood pressure 1194 (13.2)
Diastolic blood pressure 784 (8.5)
Heart rate 71.6 (10.8)
Total cholesterol 181.2 (35.6)
HDL cholesterol 69.4 (19.6)
LDL cholesterol 108.0 (33.2)
CRP 16 (36)
Glucose 84.2 (14.8)

119.1 (12.1) t(230)=02, p=087
79.7 (7.2) t(223)=—-12,p=022
73.7 (10.0) t(230)=—1.5p=0.12
184.6 (39.1) t(229) = —0.7, p =049
64.1 (17.4) t(229) = 2.1, p=0.03*
1124 (33.3) t(229)=—-10, p=032
1.8 (2.98) t(229) = —0.5, p=0.59
883 (13.1) t(230) = —2.2, p=10.03*

Values represent mean (SD) and significant differences are marked (¥).

HDL cholesterol high-density lipoprotein cholesterol, LDL cholesterol low-density lipoprotein cholesterol, CRP C-reactive protein.

of cortisol secretion in patients with psychotic depression.
Furthermore, Juruena et al.'®> observed diminished MR
function in patients with treatment-resistant depression.
Given the well-established glucocorticoid resistance in
depressed patients®*, the authors speculated that patients
with treatment-resistant depression (and potentially
patients with psychotic depression) are not able to com-
pensate for GR resistance by increasing MR function.
However, our findings suggest that this might be possible
in less severely depressed patients.

The third main result was that depressed patients had
higher cortisol and aldosterone values, but lower DHEA-S
concentrations than healthy individuals. To our knowledge,
this is the first study to demonstrate alterations of three
important steroid hormones in the same patients. Impor-
tantly, all of these hormones are stress responsive®”>> and
have been associated with depression®*******”, While
increased cortisol secretion in depressed patients is well
established™'?, only few studies have examined aldosterone
secretion in MDD. However, these studies have consistently
found increased aldosterone levels in depressed patients
compared with healthy individuals®>”. Furthermore, sali-
vary aldosterone was associated with depression severity™®
and predicted treatment response to standard anti-
depressants®”®. In turn, patients with primary aldosteron-
ism exhibit more depressive symptoms compared with the
general population® %, Finally, animal studies demon-
strated that aldosterone increases earlier than corticoster-
one after induction of depressive behavior®® and that
subchronic treatment with aldosterone induces depression-
like behaviors in rats®*, In sum, these studies suggest that
aldosterone is closely involved in the pathophysiology
of MDD.

With our cross-sectional design, we cannot determine
causality between depression and altered steroid hormone
secretion. However, there is strong evidence that altera-
tions in steroid hormones contribute to the development

of depression. For example, childhood adversity is asso-
ciated with altered cortisol and DHEA secretion®®, which
in turn increases the risk of depression65’66. Furthermore,
aldosterone induces depressive symptoms in animals®*®”.
On the other hand, depression itself can alter steroid
hormone concentrations. For example, the lifestyle of
depressed patients (such as poor diet, reduced sleep, and
less physical activity) affects steroid hormone secretion®,
Therefore, the association between depression and altered
steroid secretion is likely bidirectional, leading to a vicious
circle of more severe depression and more profound
disturbances in steroid hormone signaling.

These alterations in steroid hormone secretion likely
contribute to the increased cardiovascular risk in
depressed patients. Indeed, we show in the present study
that depressed patients had higher glucose levels and
lower HDL cholesterol values than healthy controls.
Increased aldosterone is an established risk factor for
mortality in CVD, and blocking MR has beneficial effects
on many CVD endpoints, including mortality®””°. Several
prospective studies in different populations have shown
that higher cortisol values are associated with cardiovas-
cular mortality’’~”?. In addition, a meta-analysis of
25 studies showed an association between low DHEA-S
levels and increased mortality in patients with CVD>,
Therefore, our findings have strong clinical implications
because they suggest that these endocrine alterations in
depressed patients contribute to their increased CVD risk
and their increased mortality. In our cross-sectional study,
however, there was no correlation between any steroid
hormone and any CVD risk factor. One explanation might
be that we examined a relatively young population of
unmedicated depressed patients and healthy controls,
who did not suffer (yet) from severe metabolic and/or
cardiovascular conditions. Indeed, our participants were
younger and less physically impaired compared with
participants of studies that found an association between
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steroid hormones and CVD"?, or an association between
steroid hormones and cardiovascular mortality”' ">,
Future longitudinal studies should examine whether
modulating these endocrine systems can improve CVD
risk and psychopathology in depressed patients. Rando-
mized controlled trials have revealed encouraging evi-
dence that DHEA both decreases CVD risk and improves
depressive symptoms’>”°,

Our study had several limitations. First, in our sample
there were much more women than men (78% women).
Thus, our results cannot be generalized to men. Fur-
thermore, we studied a comparably young population of
depressed patients with few medical comorbidities, so our
results cannot be generalized to older people and patient
groups with severe medical conditions. However, the
homogeneous nature of our group of depressed patients is
also a strength as it increases internal validity. Second,
there was no specific time of day when we collected the
plasma samples and, therefore, our blood samples were
not restricted to fasting glucose or fasting lipids, but
included non-fasting values as well. However, according
to the consensus statement from the European Athero-
sclerosis Society and European Federation of Clinical
Chemistry and Laboratory Medicine there is no clinically
relevant difference between fasting and non-fasting lipid
measurements’’. Furthermore, there is also evidence that
non-fasting glucose values are associated with incident
CVD”®7”°, Overall, the clinical significance of non-fasting
glucose and non-fasting lipid values seems to be estab-
lished. Third, we did not measure HbA1lc as a long-term
marker of glucose concentrations. Fourth, due to the
limited quantity of saliva, we were restricted to three
steroids. Therefore, we chose those steroids for which
several earlier studies had been shown an association with
MDD?3%33%657 The plasma concentrations of the sul-
fated form (DHEA-S) is between 250 and 500 times
higher (women and men, respectively) than the con-
centrations of DHEA®®. In addition, both steroid hor-
mones are correlated®"®>. Therefore, we believe that
measuring DHEA-S also provides a reliable assessment of
DHEA values. Fifth, we used 250 mg of DCS, which is
considered a moderate dosage that can lead to partial
agonism of the NMDA receptor. However, it has been
suggested that DCS acts as an NMDA receptor antagonist
at high doses in the range of 750-1000 mg (ref. '’). The
NMDA receptor antagonist ketamine increases cortisol
secretion””*!, However, the NMDA receptor antagonist
memantine does not**, We cannot exclude that a higher
dosage of DCS that acts as an NMDA receptor antagonist
would have affected steroid hormone secretion and fur-
ther studies should examine this question. Sixth, while the
MR affinity of fludrocortisone is ~150 times higher than
its GR affinity®®, fludrocortisone has some glucocorticoid
potency. The extent of its glucocorticoid potency ranges
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from negligible to rather moderate depending on the
source of the literature and variable being examined®**”,
Thus, remaining GR activity could have contributed to the
effects of fludrocortisone in our study. Finally, even
though we recruited a relatively large sample (17 =232),
we still might have lacked power to find an association
between NMDA receptor stimulation and steroid secre-
tion even though the effect sizes were small and pre-
sumably clinically irrelevant.

Strengths of the study include the lack of antidepressive
treatment during the study, careful matching of healthy
individuals to depressed patients based on age, sex, and
years of education, and strongly controlled experimental
conditions during saliva collection with almost no missing
data. In addition, the demographic characteristics did not
differ between participants across the four conditions,
except for fewer male participants in the fludrocortisone
+ DCS condition compared with other conditions. How-
ever, our main findings were independent of condition—
MDD patients showed increased cortisol, increased
aldosterone, and decreased DHEA-S concentrations, and
increased glucose levels and decreased HDL cholesterol
levels compared with controls. Therefore, the differences
in sex distribution across the four conditions likely did not
affect the main results.

In conclusion, we found that steroid hormone altera-
tions and cardiovascular risk are higher in patients with
depression than in healthy individuals. Future research
should prospectively examine whether manipulating these
steroid systems can improve the symptoms and cardio-
vascular risk of patients with depression.
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Mineralocorticoid receptors (MR) are predominantly expressed in the hippocampus and prefrontal cortex. Both brain areas are
associated with social cognition, which includes cognitive empathy (ability to understand others’ emotions) and emotional
empathy (ability to empathize with another person). MR stimulation improves memory and executive functioning in patients with
major depressive disorder (MDD) and healthy controls, and leads to glutamate-mediated N-methyl-D-aspartate receptor (NMDA-R)
signaling. We examined whether the beneficial effects of MR stimulation can be extended to social cognition (empathy), and
whether DCS would have additional beneficial effects. In this double-blind placebo-controlled single-dose study, we randomized
116 unmedicated MDD patients (mean age 34 years, 78% women) and 116 age-, sex-, and education years-matched healthy
controls to four conditions: MR stimulation (fludrocortisone (0.4 mg) + placebo), NMDA-R stimulation (placebo + D-cycloserine (250
mg)), MR and NMDA-R stimulation (both drugs), or placebo. Cognitive and emotional empathy were assessed by the Multifaceted
Empathy Test. The study was registered on clinicaltrials.gov (NCT03062150). MR stimulation increased cognitive empathy across
groups, whereas NMDA-R stimulation decreased cognitive empathy in MDD patients only. Independent of receptor stimulation,
cognitive empathy did not differ between groups. Emotional empathy was not affected by MR or NMDA-R stimulation. However,
MDD patients showed decreased emotional empathy compared with controls but, according to exploratory analyses, only for
positive emotions. We conclude that MR stimulation has beneficial effects on cognitive empathy in MDD patients and healthy
controls, whereas NMDA-R stimulation decreased cognitive empathy in MDD patients. It appears that MR rather than NMDA-R are

potential treatment targets to modulate cognitive empathy in MDD.

Neuropsychopharmacology (2020) 45:2155-2161; https://doi.org/10.1038/s41386-020-0777-x

INTRODUCTION

Patients with major depressive disorder (MDD) exhibit cognitive
deficits in executive functioning, memory, and attention that may
persist even after remission [1, 2]. Interestingly, there is evidence that
MDD patients show altered concentrations of the steroid hormone
cortisol that, in turn, is associated with deficits in these cognitive
domains [3-5]. Yet, little is known about the role of cortisol in MDD
patients in other cognitive domains that are also clinically relevant to
MDD, such as social cognition—the process of identification,
perception, and interpretation of social information [6].

Cortisol is released in response to stress and acts via
glucocorticoid receptors (GR) and mineralocorticoid receptors
(MR). GR are expressed across the brain, while MR are
predominantly expressed in the hippocampus and prefrontal
cortex [7-9]. Importantly, these brain areas are closely associated
with processes of social cognition [10].

There is increasing evidence for an important role of the MR in
cognitive processes in MDD patients and healthy individuals
[5, 111. In healthy humans, MR blockade impaired memory and
executive functioning [12, 13], whereas MR stimulation by
fludrocortisone improved memory processes [14, 15]. Because

MR stimulation appears to improve cognitive processes in healthy
individuals, it might serve as a potential treatment target to
improve cognitive deficits in MDD patients. Indeed, we found in
our own group that MR stimulation improved verbal memory, and
executive functioning in MDD patients and healthy controls [16].
However, it remains open to question whether these beneficial
effects of MR stimulation on cognition in MDD patients can be
extended to social cognition.

Depressed patients often exhibit deficits in social cognition that
contribute to impaired social functioning and quality of life [6]. One
important aspect of social cognition is empathy that consists of a
cognitive and an emotional component. While the former describes
the ability to understand others’ emotions, the latter refers to the
ability to feel with another person [17]. Overall, it appears, that
several aspects of empathy are impaired in MDD patients [18].
However, the results are heterogeneous with studies showing
decreased emotional empathy for positive emotions [19], increased
emotional empathy for negative emotions [20], or no empathy
differences compared with healthy controls (e.g., ref. [21]).

We previously found that modulating the MR affects social
cognition (empathy) in health and disease. For instance, blockade
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of the MR reduced cognitive empathy in MDD patients [19].
Furthermore, MR stimulation enhanced emotional empathy in
patients with borderline personality disorder and healthy controls
[22]. Thus, MR stimulation appears to enhance empathy and these
beneficial effects might be applicable to MDD patients also.
Although our studies provide first evidence for beneficial effects of
MR stimulation, the mechanisms of action by which fludrocorti-
sone enhances social cognition (empathy) remain to be examined.

In reaction to stress, glucocorticoids activate the release of
glutamate via the MR in the hippocampus and prefrontal cortex.
Glutamate, in turn, binds upon the N-methyl-D-aspartate receptor
(NMDA-R) [8, 23, 24], which is involved in several cognitive
processes. For instance, knockout of the NMDA-R in the forebrain
is associated with impaired social cognition in mice [25] and
stimulation of the receptor by the agonist D-cycloserine (DCS) has
beneficial effects on decision making, memory, and learning in
healthy individuals [26, 27] and in a range of psychiatric
populations [28]. Accordingly, the beneficial effects of MR
stimulation on social cognition (empathy) might be enhanced
by modulation of NMDA-R signaling.

In the current study, we examined whether the beneficial
effects of MR stimulation by fludrocortisone can be extended to
social cognition (empathy) in MDD patients. In addition, we
examined whether these potential beneficial effects can be
enhanced by coadministration of the partial NMDA-R agonist
DCS. We hypothesized that (1) MR stimulation by fludrocortisone
enhances cognitive and emotional empathy in MDD patients, and
that (2) simultaneous NMDA-R stimulation by DCS additionally
enhances the effects of MR stimulation on cognitive and
emotional empathy.

MATERIALS AND METHODS

Participants

We examined 116 patients with MDD and 116 healthy controls.
We recruited MDD patients from the Department of Psychiatry of
the Charité—Universitatsmedizin Berlin (in- and outpatients), via
our website and by means of flyers distributed in outpatient
psychiatric and psychotherapy practices. We recruited healthy
controls via our website, and by means of flyers that we
distributed in universities and other public buildings. MDD
patients and healthy controls were matched for age, sex, and
years of education. All participants gave their written informed
consent and received an expense allowance for participation. The
study was approved by the local ethics committee (Landesamt fiir
Gesundheit und Soziales Berlin, 16-0031-EK 11) and was
conducted according to the Declaration of Helsinki. The study
was registered on clinicaltrials.gov (NCT03062150).

We included participants in the age between 18-65 years. For
MDD patients, additional inclusion criteria were the diagnosis of
MDD according to the Diagnostic and Statistical Manual of Mental
Disorders [DSM-5; ref. [29]] and a minimum score of 18 on the 17-
item Hamilton rating scale for depression (HAMD) [30].

Exclusion criteria for all participants were: intake of any
psychotropic medication within the past 5 days (except for
antidepressant sleep medication and benzodiazepines on
demand), substance abuse or dependency within the last half-
year, diagnosis of schizoaffective disorder, bipolar disorder, or
schizophrenia (healthy controls were free of any current, or past
psychiatric disorder and psychotropic medication), pregnancy or
lactation period, study medication intolerance, neuroendocrine
disorders, organic brain disease (current or past), acute suicidality,
endocrine disorders, neuroendocrine medication intake, abnormal
cardiovascular conditions, or abnormal clinical laboratory.

Procedure

All participants were pre-assessed for eligibility during a short
telephone interview, except for inpatient MDD patients who were
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pre-assessed based on their medical record. Thereafter, partici-
pants were invited for an in-person visit for further diagnostic
evaluation. During the in-person visit, participants gave their
written informed consent, followed by a diagnostic clinical
interview conducted by a trained and experienced physician or
psychologist. The aim of the interview was to check inclusion and
exclusion criteria, to diagnose or preclude any psychiatric disorder
and to assess the general medical condition of the participants.
For the diagnosis of psychiatric disorders, we conducted the
Structured Clinical Interview for DSM-5 [31]. To measure the
severity of the MDD, we used the HAMD [30] and the Beck
Depression Inventory [BDI; ref. [32]]. To evaluate the general
medical condition, we measured blood pressure and heart rate,
we took blood samples for a safety laboratory, and we conducted
an electrocardiography. All participants who were eligible for
participation were invited for the testing day. The testing day was
scheduled between 24 h and 1 week after the in-person visit.

Eligible participants were randomly assigned to one of four
single-dose treatment conditions: (A) placebo + placebo, (B)
fludrocortisone + placebo, (C) placebo + DCS, or (D) fludrocorti-
sone + DCS. The Charité—Universitatsmedizin Berlin pharmacy
conducted the randomization. We used a parallel group design
with simple randomization: every four participants were rando-
mized to one out of the four treatment conditions. Randomization
was conducted separately for each group (stratified randomiza-
tion) to ensure that 29 MDD patients and 29 healthy controls were
randomized to each treatment condition.

The Charité—Universitatsmedizin Berlin pharmacy provided the
medication to ensure blinding of participants and examiners.
Participants received two identical-looking capsules that con-
tained either fludrocortisone, DCS, or placebo. We used 0.4 mg
fludrocortisone to stimulate the MR and 250 mg DCS to stimulate
the NMDA-R. The dosage was based on studies that found
cognitive enhancing effects in humans for one-time drug
administration. For fludrocortisone, this was based on our own
studies [15, 16, 33] and for DCS it was based on studies of other
research groups [27, 34].

The testing day started for all participants at 1130 h. After a
resting period of 30 min, participants received the first medication
at 1200 h and the second medication at 1300 h. The Multifaceted
Empathy Test (MET) was conducted between 1600 and 1700 h.
This procedure was identical for all participants, in order to control
for circadian rhythm of cortisol secretion [35]. Furthermore, by the
afternoon cortisol concentrations have already much declined
compared to peak levels after awakening [36] allowing agonistic
effects at MR, which are largely but not fully occupied when
cortisol levels are low [37].

We measured steroid hormone concentrations (cortisol, aldos-
terone, and DHEA-S), as well as blood pressure and heart rate
every hour from 1200 to 1800 h. The effect of the treatment
conditions on the cortisol response can be summarized as follows:
cortisol concentrations decreased in both fludrocortisone condi-
tions (fludrocortisone and fludrocortisone + DCS) across groups,
whereas DCS had no effect on steroid hormone concentrations as
described elsewhere [38].

Multifaceted Empathy Test

We used a modified version [39] of the MET [40] to asses
cognitive and emotional empathy. The computerized task
consists of 30 pictures of people in emotional situations that
are presented on a black screen. Pictures were presented in
blocks of ten. In alternating order, participants were asked to
rate ten pictures for cognitive empathy, and then ten pictures
for emotional empathy. All blocks were presented twice, once
for cognitive and once for emotional empathy. The order was
pseudo-randomized, which implied that subsequent blocks
presented different pictures. To measure cognitive empathy,
participants were asked to indicate the emotion the person feels
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Table 1. Demographics characteristics.

MDD HC Statistics
Age years 34.7+133 349+13.2 t (230)=0.1, p=0.90
Sex (women) 91 (78%) 91 (78%)
Education duration 11.8+1.3 121+£1.3 t(230)=1.6, p=0.12
In relationship (yes) 50 (43%) 67 (58%) x2(1) =5.0, p<0.05
Hormonal contraception 19 (21%) 19 (21%)
HAMD 21.5 (34) 1.6 (1.3) t (149) = —58.7, p < 0.001
BDI 25.7 (8.3) 1.4 (1.8) t (125)=—30.8, p < 0.001
Demographic characteristics for depressed patients (MDD) and HC. Values represent mean + SD or n (%).
HAMD Hamilton Rating Scale for Depression, BDI Beck Depression Inventory, HC healthy controls, MDD major depressive disorder.

on the picture by choosing one out of four suggested emotions
presented on the screen. The sum of all correct answers was
calculated, leading to a minimum score of 0 and a maximum
score of 30. To measure emotional empathy, participants were
asked to indicate how much they empathize with the person on
the picture on a Likert scale ranging from 1 (not at all) to 9 (very
much). The sum score was calculated, leading to a minimum
score for emotional empathy of 30 and a maximum score of 270.
In addition, the mean score for positive and the mean score for
negative emotions was calculated for cognitive and emotional
empathy.

Statistical analysis

For all statistical analyses, we used IBM SPSS Statistics (version 25).
The analyses of the demographic information were conducted
with t-tests for continuous data and chi-squared tests for
categorical data.

The analyses of cognitive and emotional empathy were
conducted with separate ANOVAs with the factors group (MDD
patients vs. healthy controls), MR stimulation (fludrocortisone
conditions vs. non-fludrocortisone conditions), and NMDA-R
stimulation (DCS conditions vs. non-DCS conditions). Post hoc
tests were Bonferroni corrected for multiple testing, and we used
independent t-tests or paired sample t-tests, respectively.

We conducted several exploratory analyses: first, we analyzed
whether cognitive and emotional empathy differed for positive
and negative emotions. We used mixed ANOVAs with the
between-subject factors group, MR stimulation, and NMDA-R
stimulation and the within-subject factor valence (positive and
negative emotions).

Second, within the group of female participants, we analyzed
the effect of hormonal contraceptives with separate ANOVAs for
cognitive and emotional empathy, and the factors hormonal
contraception (intake vs. no intake of hormonal contraceptives),
MR stimulation (fludrocortisone conditions vs. non-fludrocortisone
conditions), and NMDA-R stimulation (DCS conditions vs. non-DCS
conditions).

Third, we calculated change scores (delta) for cortisol, DHEA-S,
and aldosterone by subtracting the mean of the two baseline
values from the minimum post drug administration value for each
hormone. Correlations between these delta values, and cognitive
and emotional empathy for each treatment condition were
calculated. Bonferroni corrections were applied to control for
multiple testing.

Fourth, we calculated correlations between cognitive and
emotional empathy, and depression severity (HAMD and BDI
scores) within the group of MDD patients. Bonferroni corrections
were applied to control for multiple testing.

The current study was powered based on the findings by
Schultebraucks et al. [33], where we found an effect size of d=
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0.70 for fludrocortisone vs. placebo on emotional dot probe in
healthy young participants. Thus, we chose the emotional dot
probe paradigm as primary outcome variable (unpublished data),
and three other cognitive paradigms as secondary endpoints. The
MET is one of the latter.

RESULTS

Demographic information

MDD patients (n=116) and healthy controls (n=116) did not
differ in age, sex, years of education, and in the proportion of
hormonal contraception users among female participants. Fewer
MDD patients were in a relationship than healthy controls. As
expected, MDD patients had higher mean HAMD scores and
higher mean BDI scores, as compared with healthy controls (see
Table 1).

Cognitive empathy

We found no main effect of group (p > 0.05), but a main effect of
MR stimulation (F(1,224)=9.4, p<.01, n?=0.04), indicating
enhanced cognitive empathy after fludrocortisone administration
(Fig. 1a). We also found a main effect of NMDA-R stimulation (F
(1,224) =45, p<0.05, n?=0.02) and an interaction of group x
NMDA-R stimulation (F(1,224) = 4.8, p < 0.05, n”? = 0.02). Post hoc
tests indicated less cognitive empathy after DCS administration
within the group of MDD patients only (t(114)=2.8, p<0.01;
Fig. 1b). We found no interaction of MR stimulation x NMDA-R
stimulation (F(1,224) = 0.5, p = 0.48, n? = 0.002). Thus, combined
stimulation of MR and NMDA-R had no effect on cognitive
empathy across groups.

In exploratory analyses, we additionally found a main effect of
valence (F(1,224) =151.3, p <0.001, n? = 0.40), indicating higher
scores of cognitive empathy for positive emotions compared with
negative emotions across groups.

Emotional empathy

We found a main effect of group (F(1,224) =6.8, p <0.05, n°=
0.03), indicating less emotional empathy in MDD patients
compared with healthy controls. We found no main effect of MR
stimulation or NMDA-R stimulation (all ps > 0.05), and we found no
interaction of MR stimulation x NMDA-R stimulation (F(1,224) =
0.2, p=0.63, n>=0.001) or any other interaction (all ps > 0.05).
Thus, separate and combined stimulation of MR and NMDA-R had
no effect on emotional empathy across groups (Fig. 2).

In exploratory analyses, we additionally found a main effect of
valence (F(1,224) = 4.1, p<0.05, n?=0.02) and an interaction of
group x valence (F(1,224) =39.7, p <0.001, n°=0.15). Post hoc
tests revealed that MDD patients showed less emotional empathy
compared with healthy controls for positive emotions only (t(224)
=5.5, p<0.001; Fig. 3).
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Fig. 1 Cognitive empathy after MR and NMDA-R stimulation in
patients with MDD and healthy controls. a Cognitive empathy
scores were higher across groups after MR stimulation and b lower
after NMDA-R stimulation in MDD patients. MET Multifaceted
Empathy Test, error bars show standard error (SE), and significant
differences are marked (¥).
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Fig. 2 Emotional empathy after MR and NMDA-R stimulation in
patients with MDD and healthy controls. MR stimulation (a) and
NMDA-R stimulation (b) had no effect on emotional empathy scores
in MDD patients and healthy controls. MET Multifaceted Empathy
Test, error bars show standard error (SE).

Hormonal contraception

Exploratory analyses in women revealed no main effect of
hormonal contraception, and no interaction between hormonal
contraception X MR or x NMDA-R stimulation for cognitive and
emotional empathy (all ps > 0.05). Thus, hormonal contraceptives
had no effect, and did not influence the effect of MR or NMDA-R
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Fig. 3 Emotional empathy for positive and negative emotions in
patients with MDD and healthy controls. Emotional empathy
scores were lower in MDD patients compared with healthy controls
for positive emotions. MET Multifaceted Empathy Test, error bars
show standard error (SE), and significant differences are marked (¥).

stimulation, on cognitive and emotional empathy in female
participants.

Correlational analyses

In exploratory analyses, we found no significant correlations
between cognitive and emotional empathy and cortisol, DHEA-S,
and aldosterone secretion within each treatment condition. Only 1
out of 24 correlations reached conventional significance (p < 0.05),
and this result did not survive Bonferroni correction (p =0.002,
after 0.05/24).

In addition, we found no significant correlations between
cognitive and emotional empathy, and depression severity in
MDD patients. None of the four correlations survived Bonferroni
corrections (p=0.013, after 0.05/4) or reached conventional
significance (p < 0.05).

DISCUSSION

We examined the separate and combined effect of MR and
NMDA-R stimulation on cognitive and emotional empathy in MDD
patients and healthy controls. Our main results are: (1) MR
stimulation by fludrocortisone enhanced cognitive empathy in
MDD patients and healthy controls, (2) NMDA-R stimulation by
DCS decreased cognitive empathy in MDD patients, (3) cognitive
empathy did not differ between MDD patients and healthy
controls, and (4) emotional empathy was lower in MDD patients
compared with healthy controls, but according to exploratory
analyses, only for positive emotions.

Our results partly confirm our first hypothesis that MR stimulation
by fludrocortisone enhances cognitive and emotional empathy in
MDD patients. We found that MR stimulation enhanced cognitive,
but not emotional empathy in MDD patients and healthy controls.
This is partly in line with prior research of our group [19, 22]. We
previously showed that MR blockade decreased cognitive empathy
in MDD patients to the level of healthy controls [19], and that MR
stimulation enhanced emotional empathy in patients with border-
line personality disorder and healthy controls [22]. Together, our
studies provide strong evidence for the involvement of the MR in
social cognition (empathy) in health and disease. The current
research shows, in addition, that the beneficial effects of MR
stimulation on executive functioning and memory in MDD patients
[16] can be extended to social cognition (empathy), another
clinically relevant cognitive domain in MDD [6].

We could not confirm our second hypothesis that simultaneous
MR and NMDA-R stimulation enhances the effects of single MR
stimulation on cognitive and emotional empathy in MDD patients.
In contrast, stimulation of the NMDA-R decreased cognitive
empathy in MDD patients, but not in healthy controls and the
combined stimulation of both receptors showed no (additive)
effect. We assumed synergistic effects of the MR agonist
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fludrocortisone and the partial NMDA-R agonist DCS on empathy,
based on findings that (1) MR stimulation leads to glutamatergic
NMDA-R activation [8, 41], and (2) that MR agonism with
fludrocortisone [15, 16, 33] and partial NMDA-R agonism with
DCS [27, 34] have cognitive enhancing effects. However, the use of
the partial NMDA-R agonist DCS does not allow examination of
whether potential beneficial effects of MR stimulation depend on
the NMDA-R. This would rather require NMDA-R blockage with an
antagonist parallel to MR stimulation. Interestingly, the NMDA-R
antagonist memantine improved memory by inducing neurogen-
esis in mice [42], and reversed the adverse effects of long-term
glucocorticoid administration on hippocampus volume in humans
over a period of several months [43].

The following should be considered when interpreting our
results. First, the MR agonist fludrocortisone inhibits the
hypothalamic-pituitary—adrenal axis leading to decreased secre-
tion of cortisol [44, 45]. Given the higher binding affinity of cortisol
for MR than GR, the decrease in cortisol concentrations is
accompanied by lower GR occupation relative to MR occupation
[46]. Thus, we examined the interplay between MR and GR-
mediated effects rather than isolated effects of MR stimulation on
empathy. Second, in the current study, we examined empathy 4 h
after MR stimulation by fludrocortisone. Within this timeframe, late
genomic MR and GR-mediated effects rather than early non-
genomic actions occur [7]. Animal studies have shown rapid
effects of glucocorticoids on glutamate transmission in the
hippocampus, which were mediated by MR [8, 41]. It is thus
possible that in humans, MR stimulation by fludrocortisone exerts
early effects on glutamate transmission. Future studies should
examine this question.

In terms of mechanisms, studies have shown that cognitive
empathy processes are associated with the prefrontal cortex and
emotional empathy processes are linked to the hippocampus,
amygdala, and hypothalamus [47]. Interestingly, in MDD patients
decreased MR expression has been found in the prefrontal cortex
and hippocampus [48-50], and for the NMDA-R studies showed
receptor downregulations in the prefrontal cortex and upregulations
in the amygdala [51]. These findings fit very well with our finding
that MR and NMDA-R stimulation changes cognitive empathy in
MDD patients. Several other lines of evidence suggest an important
role of the MR and NMDA-R in MDD. For instance, MR stimulation by
fludrocortisone improved antidepressant treatment [52], and NMDA-
R stimulation by DCS showed antidepressant effects [53]. Our
research adds to the literature, showing that both receptors shape
processes of social cognition (empathy) in MDD patients.

Our analyses of emotional valence indicated that independent
of receptor stimulation, MDD patients showed less emotional
empathy for positive emotions than healthy controls. The finding
fits very well with studies showing that MDD patients suffer from
impaired processing of positive emotions (e.g., refs. [54-56]).
Furthermore, we replicated and extended an earlier study by our
group [19] in a larger and younger sample of MDD patients.
However, we did not replicate our earlier finding of increased
cognitive empathy in MDD patients compared with healthy
controls. Several other studies found no difference in cognitive
empathy, but a bias toward negative emotional stimuli in MDD
patients compared with healthy controls [20, 57]. Overall, the
results suggest that MDD patients suffer from a mood congruent
bias in emotional empathy processes that Beck [58] described in
the cognitive model of depression (see also refs. [10, 54, 59]).

Our study had several strengths. First, we examined a
comparatively large sample of unmedicated MDD patients. Rlitgen
et al. [60] argued that most research in the field had examined
medicated patients, which restricts generalizability and that might
have contributed to the heterogeneity of results in the field [18].
Importantly, one small longitudinal study showed that antide-
pressants influenced empathy in MDD patients [60]. Second, we
carefully matched MDD patients and healthy controls according to
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age, sex, and education years. Third, there was an equal number of
women using oral contraceptives in both groups. Although oral
contraceptives have been shown to impact on cognitive empathy,
affective responsiveness, and perception of emotional valence
[61-63], in the current study we did not find an effect of oral
contraceptives on cognitive and emotional empathy.

We would also like to acknowledge some limitations. Our
study used the MET as a single empathy measurement
instrument, which restricts generalizability of our findings.
Several studies that used multiple empathy measurement
instruments in the same sample found group differences for
some, but not all empathy paradigms [19, 64, 65]. A related
limitation is that the MET only assess state empathy. Other
measurement instruments assess trait empathy, such as the
Interpersonal Reactivity Index [66]. Recently, Banzhaf et al. [57]
showed that empathy alterations in MDD patients are different
for state and trait empathy. Future studies should therefore use
several empathy measurements to ensure a widespread assess-
ment of the concept of empathy. However, this needs to be
weighed against the problem of multiple testing associated with
several outcome variables.

Overall, our research shows that the beneficial effects of MR
stimulation by fludrocortisone on several cognitive domains can
be extended to aspects of social cognition, i.e., cognitive empathy
in MDD patients and healthy controls. It appears that MR rather
than NMDA-R are potential treatment targets to modulate
cognitive empathy in MDD.
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6 Discussion
The previous sections addressed the theoretical and empirical rationale (section 1), the
aims and design (section 2) of this research project, and the three studies that are
included in this research project (section 3 to 5). The following sections will discuss the
findings of this research project. The discussion starts with a summary of the main
findings of this research project (section 6.1), followed by a detailed discussion of the
individual results for each of the three studies (section 6.2 to 6.4). Subsequently, the
discussion will address the strengths and limitations of this research project (section 6.5)
and will integrate the main findings in an explanatory model (section 6.6). This section
will finish with future research directions (section 6.7) and a conclusion (section 6.8). The

discussion will answer the central research question of this research project:

What is the effect of MR and NMDA-R stimulation on steroid hormone secretion and social

cognition in healthy individuals and patients with MDD?

6.1 Findings of the research project
This section summarizes the main findings of this research project, structured by the
three studies that are included in this research project. The main findings are:

The first study showed that MR stimulation by fludrocortisone decreased cortisol
secretion in healthy individuals and patients with MDD but showed no effect on the other
steroid hormones (aldosterone and DHEA-S). Simultaneous MR and NMDA-R stimulation
by fludrocortisone and DCS showed no (additive) effect on steroid hormone secretion in
both groups when compared to separate MR stimulation or no stimulation (placebo).
Independent of any receptor stimulation, MDD patients showed alterations in steroid
hormone concentrations, as indicated by increased cortisol and aldosterone levels as well
as decreased DHEA-S concentrations when compared to healthy individuals. For further
information on the results, please see the corresponding publication (Nowacki et al,,
2020Db).

The second study revealed that MR stimulation by fludrocortisone enhanced
cognitive empathy, but showed no effect on emotional empathy in healthy individuals or
patients with MDD. Simultaneous MR and NMDA-R stimulation by fludrocortisone and
DCS showed no (additive) effect on cognitive and emotional empathy in both groups when

compared to single MR stimulation or no stimulation (placebo). Separate NMDA-R
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stimulation decreased cognitive empathy in patients with MDD. Independent of any
receptor stimulation, MDD patients showed difficulties in expressing emotional empathy
for positive emotions but no difficulties in cognitive empathy when compared to healthy
individuals. For further information on the results, please see the corresponding
publication (Nowacki et al., 2020a)

The third study found that MR stimulation by fludrocortisone showed no effect
on facial emotion recognition or selective attention to emotional stimuli, neither in
healthy individuals nor patients with MDD. Simultaneous MR and NMDA-R stimulation by
fludrocortisone and DCS showed no (additive) effect on facial emotion recognition and
selective attention to emotional stimuli in both groups when compared to single MR
stimulation or no stimulation (placebo). Separate NMDA-R stimulation improved emotion
recognition in both groups. Independent of any receptor stimulation, MDD patients
showed no difficulties in facial emotion recognition and no selective attention to
emotional stimuli in comparison to healthy individuals. For further information on the
results, please see the corresponding publication (Nowacki et al., 2021).

To sum up, this research project found evidence for an involvement of MR in the
psycho-neuro-endocrinological stress response in healthy individuals and patients with
MDD. The findings underline the involvement of MR in regulating the secretion of
glucocorticoids in healthy individuals and patients with MDD. While the observations
provide some evidence that MR stimulation might have beneficial effects on social
cognition (cognitive empathy), in both groups, the research found no evidence that these
effects are improvable by simultaneous MR and NMDA-R stimulation. Although the
studies provide some evidence for NMDA-R involvement in social cognition (cognitive
empathy and facial emotion recognition), further research is required to replicate these
findings before firm conclusions on the role of NMDA-R in social cognitive processes can
be drawn. The following sections will discuss the individual findings in more detail and
separately for each of the three studies (first study in section 6.2, second study in section

6.3, & third study in section 6.4).

6.2 Discussion of the effects of MR and NMDA-R stimulation on steroid hormones
The first study of this research project examined the following research question and

hypothesis:
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Research question: What is the effect of MR and NMDA-R stimulation on steroid hormone

secretion in healthy individuals and patients with MDD?

Hypothesis: MR stimulation by fludrocortisone leads to decreased cortisol concentrations

in healthy individuals and patients with MDD in comparison to no stimulation (placebo).

The study revealed that administration of the MR agonist fludrocortisone decreased
cortisol secretion in healthy individuals and patients with MDD but showed no effect on
aldosterone and DHEA-S concentrations. Simultaneous MR and NMDA-R stimulation by
fludrocortisone and DCS showed no (additive) effect on steroid hormone secretion in both
groups when compared to single MR stimulation or no stimulation (placebo).
Independent of any receptor stimulation, MDD patients showed increased cortisol and
aldosterone and decreased DHEA-S concentrations when compared to healthy
individuals. The observations are based on a large sample (n = 116/group) of relatively
young (M = 34 years) and unmedicated patients with MDD and healthy individuals
matched in age, sex, and education years (Nowacki et al., 2020b). Two points of discussion
will be addressed in the following:

The first point of discussion refers to the finding that the MR agonist
fludrocortisone decreased cortisol secretion in healthy individuals and relatively young
and unmedicated patients with MDD (Nowacki et al, 2020b). The observation
complements earlier research that observed intact HPA axis regulation after MR
stimulation by fludrocortisone in younger (M = 26 years) patients (Otte et al., 2015a) and
older (M > 60 years) patients (Otte et al., 2015b) with MDD. Considered together, the
observations suggest that MR mediated negative feedback regulation of the HPA axis is
intact in patients with MDD. However, other studies suggest that MR mediated regulation
of the HPA axis is impaired in patients with psychotic MDD (Lembke et al., 2013) and
patients with treatment resistant depression (Juruena et al, 2013). Thus, one might
speculate that mainly patients who suffer from very severe MDD show impaired MR
mediated negative feedback regulation of the HPA axis, however this needs to be
confirmed by further research. In the field of MDD research, there is consistent evidence
that patients with MDD suffer from glucocorticoid resistance. That is, patients with MDD
show impaired GR functioning which leads to impaired GR mediated HPA axis negative
feedback control and, as a result, to HPA axis hyperactivity (Pariante, 2017). In line with

the idea of glucocorticoid resistance in MDD, this study found that relatively young and
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unmedicated patients with MDD show increased cortisol concentrations when compared
to healthy individuals (Nowacki et al., 2020b). Considered together, the observations
provide evidence that patients with MDD suffer from disturbances in the neuro-endocrine
response to stress. One might speculate that relatively young and unmedicated patients
with MDD show intact MR mediated but impaired GR mediated HPA axis negative
feedback control, contributing to overall increased cortisol concentrations in these
patients when compared with healthy individuals. The observations are in line with the
MR:GR balance hypothesis, which considers an imbalance in the interplay between MR and
GR functioning to be mainly responsible for HPA axis dysregulation, which is associated
with stress related disorders such as MDD (de Kloet, 2014).

The second point of discussion refers to the observation that relatively young
and unmedicated MDD patients suffer from dysregulations in several steroid hormone
systems (cortisol, aldosterone, and DHEA-S) when compared to healthy individuals
(Nowacki et al., 2020b). The steroid hormone DHEA-S, for instance, was decreased in
MDD patients in comparison to healthy individuals, both in the current study and in
earlier research (Hu et al,, 2015). Interestingly, DHEA-(S) appears to play an important
role in mood regulation. Several studies showed that DHEA administration has beneficial
effects on depressive symptoms (Peixoto et al., 2020; Schmidt et al., 2005; Wolkowitz et
al,, 1999). The exact mode of action remains unknown, but it has been suggested that the
beneficial effect of DHEA-(S) on MDD might be related to its capability to down-regulate
cortisol concentrations (Hu et al., 2015; Peixoto et al., 2020). This would be in line with
the observation of this research project, that cortisol concentrations were increased in
MDD patients compared with healthy individuals (Nowacki et al., 2020b). Thus,
abnormally high cortisol concentrations and abnormally low DHEA-S concentrations may
contribute to the symptomatology of MDD. All things considered, the observations of this
research project confirm that several steroid hormone systems (cortisol, aldosterone, and
DHEA-S) are involved in the pathophysiology of MDD (Emanuele et al., 2005; Hu et al,,
2015; Stetler & Miller, 2011).

To summarize, the observations of the first study emphasize that relatively young
and unmedicated patients with MDD show a well-functioning MR mediated HPA axis
negative feedback inhibition, indicated by decreased cortisol concentrations in healthy
individuals and patients with MDD after MR stimulation. However, the observations also
emphasize that relatively young and unmedicated MDD patients suffer from impairments

in several steroid hormone systems (cortisol, aldosterone, and DHEA-S) in comparison to
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healthy individuals. One possible explanation is provided by the MR:GR balance
hypothesis, which considers a disturbed interplay between MR and GR functioning to
underlie the dysregulation of the neuro-endocrine stress response, which is associated
with stress-related disorders, such as MDD. Based on the observations described above,
one might speculate whether pharmacological manipulations of the steroid hormone
systems positively impact the symptomatology of patients with MDD. For example, the
observations of the current study emphasize that relatively young and unmedicated
patients with MDD suffer from high cortisol and low DHEA-S concentrations. Therefore,
research could examine whether long-term downregulation of cortisol concentrations, in
combination with upregulation of DHEA-S concentrations, has antidepressant effects in

patients with MDD.

6.3 Discussion of the effects of MR and NMDA-R stimulation on empathy
The second study of the current research project examined the following research

question and hypotheses:

Research question: What is the effect of MR and NMDA-R stimulation on social cognition

(cognitive and emotional empathy) in healthy individuals and patients with MDD?

Hypothesis (A): MR stimulation by fludrocortisone leads to higher scores in cognitive and
emotional empathy in healthy individuals and patients with MDD compared to no

stimulation (placebo).

Hypothesis (B): Simultaneous MR and NMDA-R stimulation by fludrocortisone and DCS
leads to higher scores in cognitive and emotional empathy in healthy individuals and
patients with MDD in comparison to separate MR stimulation and to no stimulation

(placebo).

The study revealed that MR stimulation enhanced cognitive empathy but showed no effect
on emotional empathy in healthy individuals and patients with MDD. Simultaneous MR
and NMDA-R stimulation showed no (additive) effect on cognitive and emotional empathy
in both groups when compared to single MR stimulation or no stimulation. Separate
NMDA-R stimulation decreased cognitive empathy in MDD patients independently from

MR stimulation. Independent of any receptor stimulation, MDD patients showed
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decreased emotional empathy for positive emotions when compared to healthy
individuals (Nowacki et al., 2020a). Three points of discussion will be addressed in the
following:

The first point of discussion addresses the observation that MR stimulation
enhanced cognitive empathy, but showed no effect on emotional empathy in healthy
individuals and patients with MDD. The finding is partially in agreement with hypothesis
(A). The hypothesis was based on the observation that MR stimulation by fludrocortisone
has cognitive-enhancing effects on verbal memory and executive functioning in both
healthy individuals and patients with MDD (Otte et al., 2015a). Thus, the current research
shows that the beneficial effects of MR stimulation are extendable to social cognition
processes (cognitive empathy) in both MDD patients and healthy individuals. The
observation is in line with other studies emphasizing that MR blockade decreases
cognitive empathy in MDD patients (Wingenfeld et al.,, 2016) and that MR stimulation
increases emotional empathy in healthy individuals and patients with borderline
personality disorder (Wingenfeld et al, 2014). However, not all studies concur.
Administration of the MR and GR agonist hydrocortisone showed no effect on cognitive
and emotional empathy in healthy individuals (Duesenberg et al., 2016). Considered
together, the studies provide some evidence that MR are involved in (social) cognition in
health and disease, and that the receptor might serve as a treatment target to improve
cognitive deficits in MDD.

The second point of discussion addresses the finding that simultaneous MR and
NMDA-R stimulation showed no (additive) effect on cognitive and emotional empathy in
in healthy individuals and patients with MDD when compared to single MR stimulation or
no stimulation. The observation does not confirm hypothesis (B). The assumption of
hypothesis (B), that simultaneous MR and NMDA-R stimulation might have synergistic
effects on social cognition, was based on the observation that glucocorticoid MR
stimulation leads to glutamatergic NMDA-R activation (Popoli et al, 2012). The
observations of this research emphasize that MR and NMDA-R contribute independently
to social cognition processes (cognitive empathy). One explanation for the absence of
synergistic effects of MR and NMDA-R stimulation on social cognition may lie in the
observation that GR, in addition to MR, contributes to the effects of glucocorticoids on
glutamate transmission. While both MR and GR contribute to rapid effects of
glucocorticoids on glutamate transmission, it is mainly GR which contributes to delayed

effects which can last for several hours (Karst et al., 2010; Karst et al., 2005; Treccani et
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al,, 2014; Wang & Wang, 2009). This research examined delayed, rather than rapid, effects
of MR stimulation on social cognition, with reference to recent research models (de Kloet
et al.,, 2019; de Kloet & Joéls, 2020; Hermans et al., 2014; Joéls et al., 2018; Joéls et al,,
2012). Thus, one might speculate that the reason this research project found no
synergistic effects of MR and NMDA-R on social cognition, was because the research
examined social cognition in a timeframe in which delayed glucocorticoid effects on
glutamate transmission are mainly mediated via GR rather than MR.

The third point of discussion addresses the observation that, independent of any
receptor stimulation, MDD patients had difficulties to empathize with positive emotions
of another person when compared to healthy individuals. In line with other studies, the
finding shows that MDD is associated with difficulties in processing positive emotional
information (Kellough et al., 2008; Leppanen, 2006; Sloan et al, 2002). Considered
together, the observations confirm Beck’s cognitive model of depression, which
emphasizes that a mood-congruent bias in processing emotional information contributes
to the development and persistence of depression (Disner et al., 2011). Further research
should examine whether MR and NMDA-R modulation influences cognitive biases in MDD
and improves symptomatology of patients with MDD.

In summary, the observations of this research project emphasize that MR
stimulation has cognitive-enhancing effects on social cognition (cognitive empathy) in
healthy individuals and in patients with MDD. Furthermore, the research provides some
evidence that NMDA-R are involved in social cognition in MDD patients. Separate NMDA-
R stimulation reduced cognitive empathy in patients with MDD, but not in healthy
individuals. The observations of this research emphasize that MR and NMDA-R are
independently involved in social cognition. In contrast to the expectations, simultaneous
MR and NMDA-R stimulation had no (additional) effects on social cognition when
compared to separate MR and no stimulation. One might speculate that this research
examined delayed effects of glucocorticoids on glutamate transmission, which are
mediated via GR rather than MR, and that this could explain the absence of synergistic
effects of MR and NMDA-R stimulation on social cognition. This research also found that
MDD patients appear to have a mood-congruent bias in processing emotional
information, which contributes to difficulties in empathizing with positive emotions.
Combined, the observations are promising to motivate future research on the role of MR
and NMDA-R in social cognition in MDD, and the potential of both receptors to serve as

treatment targets to improve symptomatology of patients with MDD.
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6.4 Discussion of the effects of MR and NMDA-R stimulation on emotion recognition
and selective attention to emotional stimuli
The third study of this research project examined the following research question and

hypotheses:

Research question: What is the effect of MR and NMDA-R stimulation on social cognition
(facial emotion recognition and selective attention to emotional stimuli) in healthy

individuals and patients with MDD?

Hypothesis (A): MR stimulation by fludrocortisone leads to higher scores in facial emotion
recognition and reduced selective attention to emotional stimuli in healthy individuals

and patients with MDD in comparison to no stimulation (placebo).

Hypothesis (B): Simultaneous MR and NMDA-R stimulation by fludrocortisone and DCS
leads to higher scores in facial emotion recognition and reduces selective attention to
emotional stimuli in healthy individuals and patients with MDD in comparison to separate

MR stimulation and to no stimulation (placebo).

The research showed that MR stimulation has no effect on facial emotion recognition nor
selective attention to emotional stimuli in healthy individuals and patients with MDD.
Simultaneous MR and NMDA-R stimulation also showed no (additive) effect on facial
emotion recognition nor selective attention to emotional stimuli in healthy individuals
and patients with MDD, when compared to separate MR stimulation or no stimulation.
Separate NMDA-R stimulation improved emotion recognition in both groups.
Independent of any receptor stimulation, MDD patients showed no difficulties in facial
emotion recognition and no selective attention to emotional stimuli in comparison to
healthy individuals (Nowacki et al.,, 2021). Three points of discussion will be addressed in
the following:

The first point of discussion addresses the observation that MR stimulation has
no effect on facial emotion recognition nor selective attention to emotional stimuli in
healthy individuals and patients with MDD. The observation does not confirm hypothesis
(A) and contradicts the finding of the second study that MR stimulation has beneficial
effects on social cognition (cognitive empathy) in healthy individuals and patients with

MDD (Nowacki et al,, 2020a). The heterogeneity of the observations of this research
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projectis in line with the general inconclusive picture derived from research on the effect
of MR and GR stimulation on social cognition (for a review, see von Dawans et al., 2020).
For example, in line with the observations of this research project Schultebraucks et al.
(2016) found no effect of MR stimulation by fludrocortisone on facial emotion recognition
in healthy individuals and also Duesenberg et al. (2016) showed that the MR and GR
agonist hydrocortisone had no effect on facial emotion recognition in healthy individuals.
However, in contrast to the current observations, the same studies found that MR
stimulation increased selective attention towards negative emotional stimuli in healthy
individuals (Schultebraucks et al., 2016) and that hydrocortisone administration had no
effect on cognitive and emotional empathy in healthy individuals (Duesenberg et al,,
2016). Considering these together, the observations of the studies agree that MR and GR
stimulation has no effect on facial emotion recognition in healthy individuals and patients
with MDD, they are all inconclusive concerning the effect of MR and GR stimulation on
selective attention to emotional stimuli and empathy in both groups. One explanation for
the heterogeneity of the observations may be that the involvement of MR and GR in social
cognitive processes depends on other psycho-neuro-endocrinological mechanisms of the
human stress response. For instance, the glucocorticoid system appears to interact with
the noradrenergic system to shape social behavior in humans. While hydrocortisone
administration increased prosocial behavior in healthy individuals, the effect of
glucocorticoid activation was offset after simultaneous noradrenergic activation by
yohimbine (Margittai et al., 2018). Thus, one might speculate that influences from the
noradrenergic system contribute to the heterogeneity of observations concerning the
effect of MR and GR stimulation on social cognition in healthy individuals and patients
with MDD. Therefore, future studies should further examine the interplay between MR
and GR and other psycho-neuro-endocrinological processes which shape the relationship
between the human stress response and social cognition in health and disease.

The second point of discussion addresses the finding that simultaneous MR and
NMDA-R stimulation showed no (additive) effect on facial emotion recognition and
selective attention to emotional stimuli in healthy individuals and patients with MDD
when compared to single MR stimulation or no stimulation. The observation does not
confirm hypothesis (B) which predicted synergistic effects of MR and NMDA-R stimulation
on social cognition, based on the observation that glucocorticoid MR stimulation leads to
glutamatergic NMDA-R activation (Popoli et al., 2012). Together, the second and third

study of this research project emphasize that there are no synergistic effects of MR and
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NMDA-R stimulation on social cognition in healthy individuals and patients with MDD.
Referring to the explanation described above (section 6.3), this research project examined
social cognition in a timeframe in which GR, rather than MR, contributed to glucocorticoid
effects on glutamate transmission (Karst et al., 2010; Karst et al., 2005; Treccani et al,,
2014; Wang & Wang, 2009). Thus, the design of this research project might not have
captured the rapid MR mediated effects of glucocorticoids on glutamate transmission,
which could explain the absence of synergistic effects of MR and NMDA-R stimulation on
social cognition. Therefore, future studies should examine possible synergistic effects of
MR and NMDA-R stimulation on social cognition in a timeframe in which glucocorticoid
effects on glutamate transmission are mediated via MR and GR.

The third point of discussion addresses the finding that separate NMDA-R
stimulation improved emotion recognition in healthy individuals and patients with MDD.
The observation is in agreement with studies that show that NMDA-R stimulation has
cognitive-enhancing effects on learning and memory in healthy individuals (Feld et al,,
2013; Onur et al, 2010). The involvement of NMDA-R in processes of learning and
memory has been thoroughly researched and is closely related to the receptor’s
important role in synaptic plasticity (Lee & Silva, 2009). For instance, NMDA-R
manipulation in the hippocampus of mice is accompanied by changes in synaptic signal
transmission and reduced learning (Sakimura et al, 1995). Furthermore, NMDA-R
blockade enhances hippocampal synaptic plasticity and memory functioning (Amin et al,,
2015). Considered together, the observations suggest that NMDA-R stimulation has
cognitive-enhancing effects on learning and memory by enhancing synaptic plasticity.
While the NMDA-R involvement in these higher-order cognitive processes is well-
established, the receptor’s role in social cognition processes remains largely unknown.
One recent study found evidence for cognitive-enhancing effects of DCS administration on
memory in healthy individuals, yet there was no effect on emotion recognition or selective
attention to emotional stimuli (Chen et al,, 2020). This observation might suggest that the
beneficial effects of NMDAR stimulation on cognition are not attributable to processes of
social cognition. However, the observations of the current study indicate that NMDA-R
stimulation might enhance emotion recognition in healthy individuals and patients with
MDD. Since the small effect size restricts firm conclusions, further research is required to
confirm the findings.

Combined, the third study found that separate MR has no effect on emotion

recognition and selective attention to emotional stimuli in healthy individuals and
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patients with MDD, while separate NMDA-R stimulation increased emotion recognition in
both groups. Simultaneous MR and NMDA-R stimulation showed no (additive) effect on
facial emotion recognition and selective attention to emotional stimuli in healthy
individuals and patients with MDD. While NMDA-R involvement in learning and memory
is well-established and closely related to the role of the receptor in synaptic plasticity, this
research provides some evidence for NMDA-R involvement in social cognition, in healthy
individuals and patients with MDD. However, further research is required to confirm this
observation and to examine whether MR and NMDA-R are involved in social cognition in

MDD.

6.5 Strengths and limitations of the studies
At first, this section addresses the strengths of this research project (section 6.5.1). Then,

the limitations of the studies will be addressed (section 6.5.2).

6.5.1 Strengths of the studies

Firstly, the current research project examined a well-characterized sample of MDD
patients and healthy individuals which strengthened internal validity. There is evidence
that antidepressant use influences social cognition (Riitgen et al, 2019) and that
demographic characteristics such as age, sex, and education level are associated with
social cognition performance (Dalili et al,, 2015). In the current research project, the
studies examined 116 unmedicated patients with MDD and 116 unmedicated healthy
controls matched in age, sex, and education years. Therefore, the influence of medication
intake and particular demographic characteristics can be ruled out as alternative
explanations, which strengthens the results.

Secondly, the current research project used well-established and diverse social
cognition tasks. Social cognition is a broad concept which describes processes of
identification, perception, and interpretation of socially salient information in the
environment (Weightman et al., 2019). This research project examined central processes
of social cognition through well-established social cognition tasks: an empathy task, an
emotion recognition task, and a task that measured selective attention to emotional
stimuli (Duesenberg et al.,, 2016; Schultebraucks etal.,, 2016; Wingenfeld et al., 2014). This
strengthens the observation of this research, that MDD patients show no difficulties in

social cognitive processes when compared to healthy individuals, except for empathizing
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with positive emotions. Thus, social cognition appears to be fairly unimpaired in relatively
young and unmedicated patients with MDD. Future studies should use the same social
cognitive tasks in older MDD patients to draw firm conclusions on social cognitive deficits
in MDD.

Thirdly, this research project had a high standard methodological design, which
increased internal validity of the results. The studies used a double-blind placebo-
controlled design with block-randomization conducted by the pharmacy of the Charité -
Universitidtsmedizin Berlin (section 2.2.2). Hence, experimenter and participants were
blinded regarding drug administration. Therefore, placebo and expectancy effects can be
ruled out as alternative explanations, which strengthens the internal validity of the

observations of the current research project.

6.5.2 Limitations of the studies

Firstly, the pharmacological MR stimulation by fludrocortisone represents a simplistic
approach to examine the receptor’s complex role in (social) cognition. Studies emphasize
that MR are involved in (social) cognition as part of a complex interplay between several
mechanisms of the psycho-neuro-endocrinological reaction to acute stress. Vogel et al.
(2015), for example, found that psychophysiological stress increased amygdala and
striatum connectivity in facial emotion vigilance processing in healthy individuals.
Importantly, the change in neuronal resources appeared to depend on MR functioning
because the stress effect was abolished after MR blockade (Vogel et al., 2015). Moreover,
MR blockade by spironolactone has been found to impair selective attention in non-
stressed healthy individuals but not in psychosocially stressed (TSST) healthy individuals.
Working memory, in contrast, was reduced after MR blockade, but only in stressed and
not in non-stressed individuals. Thus, the effect of MR manipulation on cognitive
processes appears to be different when individuals are under stress or at rest (Cornelisse
et al, 2011). Therefore, future studies should combine pharmacological MR
manipulations with a psychosocial or psychophysiological stress induction to examine the
receptor’s complex role in (social) cognition.

Secondly, the use of the partial NMDA-R agonist DCS does not permit inferences
on whether the effects of MR stimulation on social cognition in MDD depend on NMDA-R.
This would require NMDA-R blockade, for example, by administration of the antagonist
memantine. N-methyl-D-aspartate receptor blockade by memantine has been found to

improve spatial working memory as well as associated synaptic plasticity in the
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hippocampus of rats (Amin et al., 2015) and has been shown to protect from long-term
adverse effects of corticosteroid on the human hippocampus (Brown et al.,, 2019). Thus,
to draw conclusions on whether the beneficial effects of MR stimulation on (social)
cognition depend on NMDA-R, future studies should examine social cognition after MR
stimulation (administration of fludrocortisone) and simultaneous NMDA-R blockade
(administration of memantine).

Thirdly, the sample of MDD patients examined in this research project was
somatically relatively healthy. The sample characteristics indicate that patients were
unmedicated, relatively young (M = 34 years), and did not suffer from severe medical
conditions (Nowacki et al., 2020a; Nowacki et al., 2020b; Nowacki et al., 2021). This has
implications for the interpretation and generalizability of the results. For instance, there
is evidence that HPA axis activity dysregulations is especially pronounced in older
compared to younger MDD patients (Murri et al., 2014). Furthermore, social cognition
performance in MDD and bipolar disorder appears to be associated with age and
education level (Kohler et al,, 2011). Thus, the observations of this research project may
particularly apply to MDD patients who are relatively young and physically healthy.
Further research is required to examine the influence of MR and NMDA-R stimulation on
steroid hormone secretion and social cognition in a sample of older and less physically

healthy MDD patients. This would increase external validity.

6.6 Explanatory model for the effects of MR and NMDA-R stimulation on steroid
hormone secretion and social cognition
The central finding of this research project is that MR stimulation by fludrocortisone
decreased cortisol secretion and enhanced social cognition (cognitive empathy) in
healthy individuals and patients with MDD. Moreover, MR stimulation showed no effect
on emotional empathy, emotion recognition, or selective attention to emotional stimuli in
both groups. Separate NMDA-R stimulation by DCS decreased cognitive empathy in MDD
patients and improved emotion recognition in both groups. Lastly, simultaneous MR and
NMDA-R stimulation showed no (additive) effect on all examined social cognitive
processes in comparison to separate MR stimulation or no stimulation in both groups
(Nowacki et al., 2020a; Nowacki et al., 2020b; Nowacki et al., 2021).

The following explanatory model aims to integrate the observations of this
research project into existing models of the psycho-neuro-endocrinological reaction to

stress (de Kloet, 2014; de Kloet et al., 2019; de Kloet & Joéls, 2020; Hermans et al., 2014).
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The model represents a simplistic approach based on current research and it is important
to highlight that the exact interplay between the psycho-neuro-endocrinological
processes is far from understood. The explanatory model is based on the central
assumption that this research project examined the late phase of the stress response
(section 1.4), since social cognition was assessed four hours after MR and three hours
after NMDA-R stimulation (de Kloet et al., 2019; de Kloet & Joéls, 2020; Hermans et al,,
2014; Joéls etal., 2018; Joéls et al., 2012). The explanatory model is summarized in Figure

5 and outlined thereafter.
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Figure 5. Schematic summary of the explanatory model.
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Note: The figure illustrates the processes on the brain network, cellular, and neuroendocrine level, which take place after stress exposure or drug intake (yellow shaded)
in the early phase of the stress response (green shaded) and late phase of the stress response (blue shaded) respectively. In the early phase of the stress response, on
the brain network level (cutout of Figure 1), the amygdala (AM) and the striatum (ST) contribute to lower-order cognitive processes, which are less demanding and
enable a quick response to the stressor. On the cellular level (cutout of Figure 3), rapid non-genomic processes take place via membrane mineralocorticoid receptors
(MR) and glucocorticoid receptors (GR) which contribute to glutamatergic signal transmission via N-methyl-D-aspartate receptors (NMDA-R). On the neuroendocrine
level, concentrations of glucocorticoids are rising and due to different binding affinities of cortisol for both receptors, MR become occupied before GR. In the late phase
of the stress response, on the brain network level (cutout of Figure 1), the prefrontal cortex (PFC) and hippocampus (HC) contribute to higher-order cognitive processes,
which are more demanding and that enable profound processing of the stressful situation. On the cellular level (cutout of Figure 3), delayed genomic MR and GR effects
take place that contribute to glutamatergic signal transmission, which is prolonged via genomic GR. On the neuroendocrine level, the rise in glucocorticoid concentrations
leads to increased GR occupation, which contributes to a down-regulation of cortisol secretion. The grey rectangle marks the approximate timeframe in which social
cognitive processes were examined in this research project. lllustration based on existing models (de Kloet & Joéls, 2020; de Kloet et al., 2005; Hermans et al., 2014;
Popoli et al,, 2012; Vogel et al., 2016).
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On the behavioral level, the early and late phase of the stress response are
associated with different behavioral reactions. In the early phase of the stress response,
the individual is focused on paying attention to and appraising the stressful information,
these rapid behavioral reactions strongly involve emotional processes. In the late phase
of the stress response, the individual is engaged in contextualization and rationalization
to processes the stressful information, these behavioral reactions largely involve higher-
order cognitive processes that are much more cognitive demanding (de Kloet, 2014; de
Kloet et al, 2019; de Kloet & Joéls, 2020). Evidence for the difference in behavioral
reactions between the early and late phases of the stress response stems from studies that
examined (social) cognitive processes soon as well as long after stress exposure or drug
administration respectively. For instance, one study found that directly after the
induction of psychosocial stress (TSST), participants showed reduced contextualization
of neutral information associated with cortisol secretion whereas long after stress
induction (120min) contextualization of neutral information was enhanced (Sep et al,,
2020). Moreover, in another study participants showed increased altruistic punishment
directly after psychosocial stress (TSST), whereas long after stress induction (75min)
participants showed less altruistic punishment but used more complex behavioral
strategies that were more beneficial in the long-term (Vinkers et al., 2013). Importantly,
the MR and GR appear to play an important role in this context as shown by research
where hydrocortisone was administered, which serves as an MR and GR agonist,
depending on the administered dosage (see section 1.6.1). For example, research found
that soon after hydrocortisone administration (30min) participants showed decreased
contextualization of emotional memories, while long after drug administration (210min)
contextualization was enhanced (van Astetal., 2013). Moreover, another study found that
soon (15min) but not long (195min) after hydrocortisone administration, people used
simple decision-making strategies when making intertemporal choices (Cornelisse et al.,
2013). In brief, the studies emphasize that the effects of psychosocial stress and MR and
GR stimulation on (social) cognitive processes are time-dependent. In the early phase of
the stress response, people appear to use rapid, simple behavioral strategies and do not
process much contextual information. In the late phase of the stress response, people
appear to process more contextual information and show les reactive, but more complex,
behavioral reactions. These findings are complemented by observations of research on

the brain network level.
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On the brain network level, the early and late phases of the stress response are
linked to different brain networks. The early phase of the stress response is related to the
salience network. The brain network is involved in fast, exogenous attention to and
appraisal of emotional, salient information (e.g., facial emotion expression) linked to the
amygdala, hypothalamus, and other brain areas. The late phase of the stress response is
related to the executive control network. The brain network is associated with higher-
order cognitive processes (e.g., endogenous attention, working memory, and decision
making) linked to many brain regions allocated in the prefrontal cortex, among others
(Hermans et al., 2014). Interestingly, several studies found evidence that MR are involved
in allocating brain resources relevant for (social) cognitive processes in response to acute
stress. The studies examined (social) cognition after the induction of psychophysiological
stress (SECPT) while blocking or not blocking MR with spironolactone. Acute
psychophysiological stress enhanced emotional vigilance processing and habitual
learning (stimulus response learning) associated with a change in amygdala-striatum
connectivity and, importantly, there was no stress effect after MR blockade (Vogel et al.,
2015; Vogel et al,, 2017). Moreover, in a similar study, acute psychophysiological stress
induced a change from hippocampus-based declarative learning to striatum-based
procedural learning, with associated altered connectivity between the amygdala and the
two brain areas respectively and, again, the stress effect was prevented after MR blockade
(Schwabe et al., 2013). Thus, in reaction to acute stress, MR appear to allocate brain
resources to the amygdala and striatum to support lower-order (social) cognitive
processes (emotional processing, stimulus response or procedural learning) in the early
phase of the stress response and away from the hippocampus, which supports higher-
order cognitive processes (declarative learning) relevant for the late phase of the stress
response. These findings are complemented by four similar brain imaging studies that
examined (social) cognitive processes soon as well as long after administration of the MR
and GR agonist hydrocortisone to observe potential differences in the receptors’ role
between the early and late phase of the stress response. The first study showed that soon
after drug administration (75min) amygdala reactivity to emotional stimuli was reduced,
while long after hydrocortisone administration (258min) amygdala reactivity was
normalized for negative emotional stimuli, which is associated with changes in amygdala
connectivity with the medial prefrontal cortex (Henckens et al., 2010). The second study
found that soon after administration of hydrocortisone (30min) there was no effect on

working memory performance while long after drug administration (240min) working
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memory performance was enhanced, which was associated with activity in the
dorsolateral prefrontal cortex (Henckens et al., 2011). The third study showed that soon
after hydrocortisone administration (30min) there was no effect on memory encoding,
whereas long after drug administration (180min) reactivity of the prefrontal cortex and
hippocampus was reduced and this downregulation might support fine-tuning of memory
processes (Henckens et al., 2012a). The fourth study found that soon after hydrocortisone
administration (60min) emotional interference and selective attention was increased,
which was associated with reduced amygdala inhibition. Long after drug administration
(270min), there was less bottom-up processing but enhanced sustained attention, which
was associated with reduced activity in the cuneus (Henckens et al., 2012b). To sum up,
the involvement of MR and GR in (social) cognitive processes appears to be different for
the early and late phase of the stress response. In the early phase of the stress response,
the receptors seem to be involved in lower-order (social) cognitive processes (emotional
processing, emotional interference, and selective attention), which are linked to brain
areas including the amygdala. In the late phase of the stress response, MR and GR might
be relevant for higher-order (social) cognitive processes (sustained attention and
memory processes), which are associated with the prefrontal cortex and hippocampus,
among others.

The observations on the behavioral and brain network level have implications for
the interpretation of the results of the second study (Nowacki et al., 2020a) and third
study (Nowacki et al., 2021) of this research project. Referring to the central assumption,
this research project examined social cognitive processes in a timeframe associated with
the late rather than early phase of the stress response. Accordingly, MR stimulation
should have affected higher-order (social) cognitive processes, which are associated with
the prefrontal cortex and hippocampus, among others, rather than lower-order (social)
cognitive processes linked to the amygdala, among others. In line with this
argumentation, the second study found that MR stimulation affected cognitive but not
emotional empathy (Nowacki et al., 2020a). The social cognitive processes are related but
independent processes: cognitive empathy is associated with higher-order cognitive
processes (e.g., perspective taking), primarily linked to the medial and dorsolateral
prefrontal cortex and emotional empathy is related to emotion-driven processes (e.g.,
emotional reactivity), primarily linked to the amygdala, hypothalamus, and hippocampus
(Tone & Tully, 2014). The line of argumentation might also explain why the third study

found no effect of MR stimulation on facial emotion recognition and selective attention to
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emotional stimuli (Nowacki et al., 2021). The processes of facial emotion recognition and
selective attention to emotional stimuli rely on quick emotional and attentional processes
that are, as described above, associated with the early rather than the late phase of the
stress response. Thus, one might speculate whether the timeframe in which this research
project examined these social cognitive processes might have been too late to capture
effects of MR stimulation on emotional empathy, facial emotion recognition, and selective
attention to emotional stimuli. Based on this argumentation, MR stimulation should affect
these social cognitive processes when examined in a timeframe associated with the early
phase of the stress response. Indeed, when the social cognitive processes were examined
in earlier timeframes, MR stimulation enhanced emotional but not cognitive empathy in
healthy individuals and patients with borderline personality disorder (Wingenfeld et al.,
2014) and increased selective attention to negative emotional information in healthy
individuals (Schultebraucks et al., 2016). Future research should examine social cognitive
processes early and late after MR stimulation to provide additional support for this line
of argumentation.

On the neuroendocrine level, the involvement of MR and GR in the
neuroendocrine response to stress differs between the early and late phase of the stress
response. Cortisol has a higher binding affinity for MR than GR. Accordingly, in the early
phase of the stress response, when cortisol concentrations are rising, predominantly MR
are involved. With increasing cortisol concentrations, GR become occupied, which
contributes to a down-regulation of the stress response and decreasing cortisol
concentrations in the late phase of the stress response (de Kloet et al., 2018; Herman et
al, 2016). The current research project observed that MR stimulation by the agonist
fludrocortisone decreased cortisol concentration in healthy individuals and in patients
with MDD; this observation is in line with earlier research (Buckley et al.,, 2007; Otte et
al, 2003; Otte et al, 2015a). The observations suggest that the examined group of
unmedicated and relatively young patients with MDD showed intact MR functioning,
which contributed to accurate down-regulation of the HPA axis and decreased cortisol
concentrations.

The MR:GR balance hypothesis, however, predicts that patients with MDD suffer
from dysregulations in the interplay between MR and GR functioning, contributing to
altered HPA axis functioning in MDD (de Kloet, 2014). In line with the MR:GR balance
hypothesis, this research project found that the same group of MDD patients suffered

from altered steroid hormone concentrations (cortisol, aldosterone, DHEA-S) when
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compared to healthy individuals. Given the firm evidence for a glucocorticoid resistance
in MDD (Pariante, 2017; Pariante & Lightman, 2008) and given that mainly GR are
involved in the termination of the stress response (de Kloet et al., 2018; Herman et al,,
2016), one might speculate that altered GR functioning contributed to the observed
hypercortisolism in the group of examined patients with MDD. In contrast to patients with
treatment resistant depression (Juruena et al., 2013) and patients with psychotic MDD
(Lembke et al.,, 2013), the group of MDD patients examined showed intact MR mediated
HPA axis regulation. In agreement with several researchers (Juruena et al., 2013; Pariante
& Lightman, 2008), the observations might indicate that intact MR functioning can
compensate for GR dysfunction in specific groups of patients with MDD. The results of this
research project suggest that in unmedicated and relatively young patients with MDD,
alterations in the neuroendocrine stress response are attributable to GR, rather than MR,
dysfunction.

On the cellular level, in the early phase of the stress response mainly rapid non-
genomic MR and GR mediated actions take place (de Kloet et al,, 2019) and there is
evidence that stimulation of membrane MR and GR leads to rapid glutamatergic signal
transmission in the amygdala, hippocampus, and prefrontal cortex (Karst et al., 2010;
Karstetal, 2005; Treccani etal., 2014; Wang & Wang, 2009). In the late phase of the stress
response, mainly delayed genomic MR and GR mediated actions take place (de Kloet etal,,
2019) and there is evidence that the rapid effects of glucocorticoids on glutamate
transmission are prolonged for up to several hours via genomic GR in the amygdala (Karst
et al.,, 2010). Furthermore, it was shown that this effect was associated with increased
NMDA-R activity in the prefrontal cortex (Yuen et al,, 2011). In brief, in the early phase of
the stress response mainly rapid non-genomic MR and GR effects take place and
glucocorticoids induce glutamatergic signal transmission via membrane MR and GR. In
the late phase of the stress response, mainly delayed genomic MR and GR effects take
place and the effects of glucocorticoids on glutamate transmission are prolonged via
genomic GR. The observations have implications for the interpretation of the results of
this research project. First, MR stimulation appears to increase cognitive empathy in
healthy individuals and patients with MDD via delayed genomic effects in the late phase
of the stress response. Second, the absence of synergistic effects of MR and NMDA-R
stimulation on social cognition in the late phase of the stress response may be explained
by the observation that delayed effects of corticosteroid on glutamatergic signal

transmission are mediated via nuclear GR rather than MR.
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To summarize the explanatory model, unmedicated and relatively young patients
with MDD show intact MR mediated HPA axis down-regulation which leads to decreased
cortisol concentrations, as in healthy individuals. Altered GR functioning, however,
appears to change the interplay between MR and GR functioning, leading to altered
steroid hormone concentrations in the group of patients with MDD. Furthermore, this
research project examined the delayed effects of MR stimulation on social cognition in a
timeframe that is associated with the late phase of the stress response. In the late phase
of the stress response, genomic MR and GR mediated effects take place, which are linked
to higher-order rational (social) cognitive processes associated with the prefrontal cortex
and hippocampus among others. Accordingly, the increase in cognitive empathy in
healthy individuals and patients with MDD after MR stimulation found in this research
project may be associated with MR mediated genomic effects linked to brain areas
including the prefrontal cortex. The early phase of the stress response is related to lower-
order emotional (social) cognitive processes (attention to and appraisal of emotional
information) which are linked to early non-genomic MR mediated effects and are
associated with the amygdala and striatum among others. The current research project
found no effect of MR stimulation on selective attention, emotion recognition, or
emotional empathy. Accordingly, the timeframe in which social cognition was examined
may have been too late to capture the rapid effects of MR stimulation on processes of
attention to and appraisal of emotional information, which are associated with the
amygdala and striatum, among others, in the early phase of the stress response.
Simultaneous MR and NDMA-R stimulation showed no synergistic effects on social
cognition in this research project, possibly due to the delayed effects of glucocorticoids on
glutamate transmission are mainly mediated via nuclear GR rather than MR. Again, the
explanatory model is simplistic and the exact interplay between the psycho-neuro-
endocrinological processes is far from understood. Future research is required to provide
further insight into the psycho-neuro-endocrinological stress response as described in

the following.

6.7 Future directions

The observations of this research project have several implications for future research.
First, the observations implicate, combined with earlier research (de Kloet, 2014; de Kloet
et al.,, 2019; de Kloet & Joéls, 2020), that the late phase of the stress response is primarily

associated with higher-order cognitive processes rather than emotional processes.
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Therefore, it might be worth examining the delayed effects of MR stimulation on cognitive
processes, which are high-demanding. For instance, there is evidence that MR stimulation
by fludrocortisone affects risky decision making and spatial memory in healthy
individuals (Deuter et al., 2017; Piber et al,, 2016). Given that MDD patients suffer from
impairments in several cognitive processes (Rock et al., 2014), it would be interesting to
examine whether MR stimulation has beneficial delayed effects on higher-order cognitive
domains, such as decision making and spatial memory, in patients with MDD.

Second, this research project examined the hypothesis that simultaneous MR and
NMDA-R stimulation has synergistic effects on social cognition in MDD. The hypothesis
was based on the observations that (1) MR stimulation has cognitive-enhancing effects in
MDD (Otte et al, 2015a), that (2) glucocorticoids lead to MR mediated glutamate
transmission via NMDA-R (Popoli et al.,, 2012), and that (3) NMDA-R stimulation has
cognitive-enhancing effects in healthy individuals (Feld et al.,, 2013; Onur et al,, 2010;
Scholl et al,, 2014). The absence of synergistic effects of MR and NMDA-R stimulation on
social cognition observed in this research raised the question whether other mechanisms
might underlie the long-term effects of glucocorticoids on glutamate transmission
(section 6.6). There is evidence that the rapid MR mediated effects of glucocorticoids on
glutamate transmission are prolonged by genomic GR (Karst et al., 2010; Yuen et al,,
2011) and that GR play an important role, both in the stress response and in depression
(Anacker et al., 2011; Gray et al.,, 2017). Therefore, future studies should examine the
possible synergistic effects of GR and NMDA-R stimulation on social cognition in MDD in
the late phase of the stress response.

Third, together with earlier research, the observations of this research project
indicate that specific subgroups of patients with MDD may profit from the possible
beneficial effects of MR stimulation on steroid hormone secretion and social cognition.
For instance, in this research MR stimulation decreased cortisol secretion in healthy
individuals and patients with MDD. The observation is in line with earlier research
(Buckley et al., 2007; Otte et al., 2003; Otte et al., 2015a) and might indicate that HPA axis
activity regulation via MR is intact in MDD patients. Other studies, however, report that
MR mediated HPA axis regulation is impaired in patients with treatment-resistant MDD
(Juruena et al, 2013) and psychotic MDD (Lembke et al., 2013) and that older MDD
patients suffer from greater HPA axis dysregulation than younger patients with MDD
(Murri et al, 2014). Moreover, this research revealed that relatively young and

unmedicated patients with MDD show no alterations in social cognitive processes
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compared with healthy individuals, except for expressing emotional empathy for positive
emotions (Nowacki et al., 2020a; Nowacki et al., 2021). Other studies emphasize that
patients with MDD suffer impairments in several (social) cognitive domains and it is
debated that the impairments are associated with patient characteristics such as
medication status and severity of depression (Dalili et al., 2015; Rock et al., 2014;
Weightman et al,, 2014). Thus, future studies should examine whether MR stimulation has
delayed beneficial effects on steroid hormone secretion and social cognition in other
samples of patients with MDD, such as, older patients with treatment resistant

depression.

6.8 Conclusion
The aim of this research project was to examine the role of MR and NMDA-R in steroid
hormone secretion and social cognitive processes in healthy individuals and patients with

MDD. The central research question was:

What is the effect of MR and NMDA-R stimulation on steroid hormone secretion and social

cognition in healthy individuals and patients with MDD?

The central observations of this research project were that MR stimulation decreased
cortisol secretion and enhanced cognitive empathy in healthy individuals and patients
with MDD. Furthermore, the research project provided evidence for NMDA-R
involvement in social cognition in both groups. In addition, simultaneous MR and NMDA-
R stimulation showed no (additional) effect on steroid hormone secretion and social
cognition in healthy individuals and patients with MDD (Nowacki et al., 2020a; Nowacki
etal, 2020b; Nowacki et al., 2021). Therefore, the observations provide new insights into
the important role of MR and NMDA-R in the psycho-neuro-endocrine response to stress,
in health and disease, they also provide knowledge for future research on the role of both
receptors in steroid hormone secretion and social cognition in both healthy individuals
and patients with MDD.

Importantly, the observations provide knowledge that could motivate future
research to examine the potential of MR and NMDA-R to serve as treatment targets to
improve the symptomatology of MDD. The current research shows that the cognitive-
enhancing effects of MR stimulation (Otte et al., 2015a) are extendable to social cognition

(cognitive empathy) in healthy individuals and patients with MDD and that the beneficial
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effects of MR stimulation are not improvable by simultaneous NMDA-R stimulation. The
explanatory model of this research project suggests that the beneficial effects may be
induced by simultaneous GR and NMDA-R stimulation, this should also be examined
further by future research. In addition, the explanatory model emphasizes, in line with the
MR:GR balance hypothesis (de Kloet, 2014), that understanding the interplay between MR
and GR functioning is crucial to gaining new insight into the psychopathology of MDD.
New insight into the relationship between MR, GR, and NMDA-R in steroid hormone
secretion and (social) cognition in patients with MDD may contribute to the development
of new psychopharmacological methods to treat MDD. Major depressive disorder
represents a psychiatric disorder with a high burden of disease (James et al., 2018) and
high prevalence in the global population (World Health Organization, 2017).

In reference to the introduction, the observations of this research project support
the notion of Lazarus, stress is the product of a transaction between an individual and its
environment and that understanding this relationship is crucial to understand “diseases
that have psychological determinants” (Lazarus, 1974, 1990; Lazarus & Folkman, 1984).
This research project aimed to shed some more light on this relationship between the
individual and its environment, it also emphasizes that each of the psychological,
neurological, and endocrinological components combined shape the human stress
response. To end where it began, it appears that decades ago Lazarus provided a profound

description of stress when he stated that:

"Psychological stress is a particular relationship between the person and the environment
that is appraised by the person as taxing or exceeding his or her resources and
endangering his or her well-being"

(Lazarus & Folkman, 1984, p. 19)
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