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ABSTRACT

Effects of Female Sex Hormones on the Ovariectomized (OVX) Female Rat Response to
Ketamine

Collin Gagne

Ketamine has been shown to acutely and rapidly ameliorate depressive symptoms and
suicidality. Given that women suffer from depression at two-times the rate of men, the current
work first reviews the literature at the intersection between two subjects: the neurobiological
mechanisms of ketamine’s antidepressant effects, and how ovarian hormones might interact with
these phenomena. The neuroinflammatory hypothesis of depression is emphasized. Next, we
investigated how the ovarian hormones 173-estradiol and progesterone interact with ketamine’s
effects on ovariectomized female Wistar rat behavior in the forced swim test. A secondary
experiment analyzed the effects of ketamine on males, also in the forced swim test. No
significant interaction or main effects were found among the females, whereas ketamine
significantly reduced immobility among the males. Locomotor activity recordings confirmed that

ketamine’s effects in the forced swim test were not due to overall locomotor suppression.
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Estrogen & depression

An analysis of a World Health Organization research program, known as The Global
Burden of Disease, shows that depression is one of the three top causes of non-fatal health loss
globally (James et al., 2018) Sex differences in mood disorder prevalence rates begin to appear
during adolescence (Buchanan, Eccles, & Becker, 1992; Seeman, 1997). There are many theories
as to why this discrepancy between the sexes occurs. One line of evidence suggests it is, at least
in part, due to shifts in ovarian hormone levels. Estrogens are a family of ovarian hormones of
which there are three subtypes: estrone, estradiol, and estriol. The most potent estrogen, in terms
of its affinity for estrogen receptors in both rats and humans, is 17p-estradiol (E2; Heldring, et
al., 2007). The ovaries synthesize and release E2 in a cyclical manner, peaking during ovulation.
In both sexes, the adrenal glands also synthesize and release E2; neurons and glia in the central
nervous system (CNS) can also produce E2 via aromatization from testosterone (McCarthy,
2008). Like E2, progesterone (P) is produced in the ovaries, specifically by the corpus luteum, a
temporary gland formed during the ovulatory phase of the human menstrual cycle and after the
proestrus phase of the rat estrus cycle. P is also produced by the placenta, once it’s formed
during gestation, the adrenal glands, and again by cells in the CNS where it’s formed by
steroidogenesis from cholesterol in both males and females (Gonzalez-Orozco & Camacho-
Arroyo, 2019; McCarthy, 2008).

Douma and colleagues (2005) suggest that estrogen withdrawal, continued deficit, or
changes throughout the menstrual cycle are correlated with mood-related distress (Yim,
Stapleton, Guardino, Hahn-Holbrook, & Schetter, 2015). This idea is also supported by multiple
research paradigms demonstrating a link between post-partum depression and E2 (Ahokas,

Kaukoranta, Wahlbeck, & Aito, 2001; Bloch, Schmidt, Danaceau, Murphy, Nieman, &



Rubinow, 2000; Moses-Kolko, Berga, Kalro, Sit, & Wisner, 2009). Premenstrual dysphoric
disorder (PMDD) further illustrates how ovarian hormones and depression are correlated (Fava
et al., 1992; Pearlstein, 1995).

PMDD affects 3-8% of premenopausal women and can repeat monthly. Symptoms, such
as depressive mood, arise in the luteal phase when P and estrogens are on the rise (Rapkin &
Lewis, 2013). Importantly, the hormonal profiles of women with PMDD are indistinguishable
from those without (Hantsoo & Epperson, 2015). This suggests that PMDD sufferers are perhaps
more reactive to ovarian hormones at a neurobiological level. Other evidence demonstrating a
hormone-depression link is that of menopause and hormone replacement therapy (HRT).

In the past, there have been a substantial proportion of postmenopausal women making
use of HRT at one point in their lives, with some estimates being as high as 38% (Keating,
Cleary, Rossi, Zaslavsky, & Ayanian, 1999). Today, due to efforts demonstrating associations
between HRT and various negative health outcomes, postmenopausal women will typically
receive HRT between the ages of 50-59 (or <10y post-menopause) and for shorter time periods
(Chlebowski et al., 2010; Lobo, Pickar, Stevenson, Mack, & Hodis, 2016; Manson et al., 2013;
Santen et al., 2010). In such cases, HRT is typically comprised of estrogens. Progestins, such as
P, can also be administered either alone or in tandem with estrogens (Keating et al., 1999;
Nelson, Humphrey, Nygren, Teutsch, & Allan, 2002). The effects of HRT on depressed mood
during menopause are promising. One meta-analysis of 26 studies reveals that estrogens have a
considerable effect size (d = .69) towards decreasing depressed mood, whereas progesterone
solely or in tandem with estrogens was associated with less potent effects (Zweifel & O’Brien,
1997). Considering all the information, it is clear that ovarian hormones may worsen or improve

depressive symptoms, but the direction of the relation changes due to various factors.



Understanding the basic theoretical framework behind the etiology of depression is therefore of
critical importance.
The neurobiology of depression

One of the more prolific, but dated, theories behind the etiology of depression is known as
the monoamine hypothesis of depression. To put it simply, proponents of this theory suggest that
major depressive disorder (MDD) is caused by depleted levels of the monoamine
neurotransmitters dopamine, norepinephrine, and serotonin (Hirschfeld, 2000; Nutt, 2008).
While there are paradigms which support this theory, for example monoamine depletion diets
(Ruhé, Mason, & Schene, 2007), there are multiple research contexts in which it is not supported
(Nestler et al., 2002). For example, antidepressants induce a rapid increase in monoaminergic
transmission, yet therapeutic effects usually take two to six weeks to begin (Wong & Licinio,
2001). Supporters of this theory will point to the fact that classical antidepressant drugs, such as
monoamine-oxidase inhibitors, tricyclic antidepressants, and selective-serotonin-reuptake
inhibitors, act on monoamine systems. However, plenty of evidence suggests antidepressants are
simply ineffective. In general, antidepressant drug efficacy rates are low, with only one third of
patients experiencing a therapeutic effect on their first attempt. Any given individual may be
required to try several different types of antidepressants before therapeutic effects are achieved
(Trivedi et al., 2006; loannidis, 2008). This observation is so common, the diagnosis of
treatment-resistant depression (TRD) has been developed, although defining TRD has been a
source of controversy (Fava 2003; Thase & Rush, 1997) In the context of clinical trials,
Ioannidis (2008) has suggested that drug-placebo differences are generally small, but biased by
the minority of severely depressed individuals who experience robust therapeutic effects.

Shockingly, nearly all publications of randomized placebo-controlled clinical trials using, and



supporting the subsequent FDA approval of, antidepressant drugs have been found to have
inflated their effect sizes, with these inflations ranging from 11 to 69% (Turner, Matthews,
Linardatos, Tell, & Rosenthal, 2008). What’s more, placebo effects in antidepressant clinical
trials are extremely robust (Kirsch, 2014). In other words, the difference between antidepressant
and placebo effects are actually quite small, due to the fact that placebo effects are quite large.

More recent research on depression suggests that neurodegeneration and atrophy is of
paramount importance to its etiology, a theory known as the neurotrophic hypothesis of
depression. Brain imaging research has consistently revealed that individuals suffering from
MDD and anxiety-related disorders have lower hippocampal and prefrontal cortical volumes
(Gurvits et al., 1996; Shah, Ebmeier, Glabus, & Goodwin, 1998; Sheline, Wang, Gado,
Csernansky, & Vannier, 1996). Stress, a strong environmental component in developing a mood
disorder, can, under some circumstances, cause neuronal apoptosis, dendritic atrophy, and
decreases in trophic factors in the hippocampus (HPC; Duman & Monteggia, 2006; McEwen,
1999; Supolsky, Krey, & McEwen 1985). Santarelli and colleagues (2003) showed that induction
of hippocampal neurogenesis is necessary for antidepressants to produce behavioral effects in a
mouse model of depression. Furthermore, the less conventional electroconvulsive therapy (ECT),
dubbed the most effective intervention for those with TRD (Abbott et al., 2013), causes increases
in trophic factors in the HPC of rats (Nibuya, Morinobu, & Duman, 1995).

Of all the trophic factors, brain-derived neurotrophic factor (BDNF) is the most well-
studied in the context of antidepressants, and research supports the claim that BDNF plays an
important role in MDD. Post-mortem research shows that the HPC of humans with MDD had
lowered levels of BDNF, while those who were taking antidepressants at the time of their death

had increased levels (Chen, Dowlatshahi, MacQueen, Wang, & Young, 2001). Researchers have



observed similar effects in both the HPC and prefrontal cortex (PFC) of suicide victims in
comparison to controls (Dwivedi et al., 2003; Karege, Vaudan, Schwald, Perroud, & La Harpe,
2005). Indeed, many have suggested that BDNF levels, in both serum (Aydemir et al., 2006;
Gervasoni et al., 2005; Karege et al., 2002; Shimizu et al., 2003) and plasma (Kim et al., 2007;
Lee, Kim, Park, & Kim, 2007) are a viable biomarker for MDD and even prescription adherence.
This is backed up by the many studies showing that BDNF levels are increased when individuals
(Aydemir, Deveci, & Taneli, 2005; Gervasoni et al., 2005; Gonul et al., 2005; Huang, Lee, Liu,
& 2008; Yoshimura et al., 2007), or rodents (Nibuya, Morinobu, & Duman, 1995; Nibuya,
Nestler, & Duman, 1996; ) are administered antidepressants. When BDNF itself is administered,
either centrally to the HPC (Shirayama, Chen, Nakagawa, Russell, & Duman, 2002; Siuciak,
Lewis, Wiegand, & Lindsay,1997), or peripherally (Schmidt & Duman, 2010), antidepressant-
like effects are observed in rodents. Work by Shirayama and colleagues (2002) showed that these
effects last for as long as 10 days after the infusion, long after the protein has degraded,
suggesting that BDNF triggers mechanisms which sustain its effects on plasticity. Even less-
conventional antidepressant interventions, like exercise (Oliff, Berchtold, Isackson, & Cotman,
1998) and ECT (Nibuya, Morinobu, & Duman, 1995) have been shown to increase central
BDNEF levels in rodents.
Ketamine: A novel antidepressant

The first administration of ketamine to humans occurred soon after its synthesis at
Jackson prison on August 3™, 1964 (Domino, 2010). Decades later, it was discovered to have
rapid antidepressant effects among individuals with MDD (Bergman et al., 2000). Historically,
ketamine was largely used as an animal anesthetic and sedative, and indeed still is today.

Additionally, sub-anesthetic doses of ketamine have robust analgesic effects while having little



impact on the respiratory system in comparison to opioids, like morphine or fentanyl (Vadivelu
et al., 2016). Ketamine is thus commonly used in hospitals to this end. When Berman and
colleagues (2000) first reported ketamine’s antidepressant effects among individuals with MDD,
it was largely ignored. It was another five years before the study was replicated (Zarate et al.,
2006), but when it was, the original study went on to become cited thousands of times. Perhaps
none could believe such an immediate, and robust, antidepressant effect was possible. Since
Zarate et al (2006) replicated Berman’s work, ketamine’s antidepressant effects have been well
established. One clinical trial currently recruiting participants at the National Institute of Mental
Health has been running since 2017, under the supervision of Dr. Zarate (ClinicalTrials.gov
Identifier: NCT03065335; National Institute of Mental Health, 2017). What’s more, the
medication Spravato (S-ketamine) by Johnson & Johnson was approved by the FDA as a
breakthrough treatment in March 2019, being indicated for TRD only.

The neurobiological mechanism responsible for ketamine’s antidepressant effects are not
yet fully understood, but several theories have been postulated. The glutamate burst hypothesis
(a.k.a. the disinhibition hypothesis; Zanos & Gould, 2018) posits that ketamine effectively
reverses the synaptic and dendritic spine atrophy, notably in the PFC and HPC, known to be
associated with stress and depression. Gerhard, Wohleb & Duman suggest this occurs in five
steps — see Figure 1. First, ketamine blocks N-methyl-D-aspartate (NMDA) receptors on
inhibitory A-aminobutyric acid (GABA) interneurons. This disinhibition occurs preferentially on
GABA interneurons due to their higher frequency of firing compared to pyramidal neurons. It
occurs even more so on those NMDA receptors with a GluN2D subunit (Glasgow, Wilcox, &
Johnson, 2018), which are highly concentrated among interneurons (Monyer, et al., 1994;

Perszyk et al., 2016). Faster firing allows for NMDA receptors to be freer of their Mg+ ion



blockade, granting ketamine greater access to the NMDA pore to inhibit it’s opening (Zanos &
Gould, 2018). This is supported in humans, by evidence showing ketamine increases overall PFC
activity in healthy individuals (Breier et al., 1997) and in rats, by evidence that MK-801
specifically increases pyramidal neuron-firing in the PFC (Homayoun., & Moghaddam, 2007).
MK-801 is an NMDA antagonist which binds to the same site as ketamine. Second, by blocking
the NMDA channels on GABA interneurons, ketamine reduces tonic firing of these interneurons,
subsequently resulting in a disinhibition of glutamate neurons, and a burst in glutamate release.
Anesthetic doses of ketamine do not cause an increase in glutamatergic transmission
(Moghaddam, Adams, Verma, & Daly, 1997; Chowdhury et al., 2012). Third, as a result of the
pre-synaptic glutamate burst, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors are activated and upregulated on the post-synaptic PFC pyramidal neuron, resulting in
greater depolarization of the post-synaptic membrane. Nearby post-synaptic voltage gated
calcium channels open and an influx of calcium occurs. Fourth, BDNF is released by the post-
synaptic neuron and binds to tropomyosin receptor kinase B (TrkB) receptors, also on the post-
synaptic neuron, beginning several intracellular second messenger cascades. TrkB receptors
auto-phosphorylate, allowing them to impact the cell for extended periods of time. This could
explain how centrally administered BDNF produces prolonged antidepressant effects (Shirayama
et al., 2002). Lastly, mammalian target of rapamycin complex 1 (mTORCI1) signaling proteins
are rapidly phosphorylated, increasing spine density in the PFC via proteins like post-synaptic
density protein (PSD) 95, and synapsin. The importance of the mTORCI signaling cascade is
illustrated by paradigms which block mTORCI via rapamycin, resulting in ketamine no longer
producing antidepressant-like effects in animal models (Gerhard, Wohleb, & Duman, 2016;

Koike, lijima, & Chaki, 2011).
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Figure 1 from Gerhard, Wohleb & Duman (2016). A hypothesized mechanism of ketamine’s

antidepressant effects.

A second hypothesis of ketamine’s mechanism of action, assembled by several research
groups, holds that a glutamate burst is not necessary (Autry et al, 2011; Kavalali & Monteggia,
2012; Nosyreva et al, 2013). Instead, ketamine’s NMDA antagonism blocks spontaneous
miniature excitatory post-synaptic currents at rest, which are mediated by NMDA activation.
Moreover, it is suggested that it is the deactivation of eukaryotic elongation factor 2 (eEF2)
kinase (a.k.a. CaMKIII), not the activation of mMTORCI, at the root of this effect. Deactivation of
eEF2 kinase, via ketamine administration, was shown to induce BDNF and dendritic protein
translation, including AMPA subunits, in mouse models. This paradigm suggests that NMDA
receptor activity at rest allows for eEF2 kinase to chronically phosphorylate eEF2, which then
suppresses translation. It is suggested that acutely blocking NMDA, via ketamine, stops eEF2
phosphorylation via eEF2 kinase deactivation, which produces antidepressant-like effects (Autry

et al, 2011; Kavalali & Monteggia, 2012; Nosyreva et al, 2013).



A third hypothesis, built upon the research of Dr. Panos Zanos, posits that NMDA
antagonism, and subsequent second-messenger cascades, is not central to ketamine’s
antidepressant effects. This is because ketamine’s R enantiomer produces stronger
antidepressant-like effects in rodent models than the S enantiomer, despite R-ketamine having an
almost four-fold lower affinity (Ki = 2.57) for the NMDA receptor than S-ketamine (Ki = .69;
Moaddel et al., 2013). Research supporting this hypothesis shows that ketamine’s antidepressant
effects actually occur via its metabolites, specifically 2R and 6R hydroxynorketamine (2R-6R
HNK), acting on AMPA receptors. Administering deuterated ketamine, which is not metabolized
into other compounds due to a change in its molecular structure, produces no antidepressant-like
effects in rodent models. Furthermore, administering 2R-6R HNK with 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzo(f)quinoxaline-2,3-dione (NBQX), an AMPA receptor antagonist, causes no
antidepressant-like effects, whereas, without NBQX, the 2R-6R HNK metabolites produces the
most potent effects compared to other metabolites (Zanos et al., 2016). Proponents of this theory,
therefore, suggest ketamine’s mechanism of action lies with its ability to activate AMPA
receptors (Maeng & Zarate, 2007; Yang et al., 2015; Zanos et al., 2016).

Ketamine in females

Despite the many hypotheses of ketamine’s antidepressant effects, much of the data has
been derived from studies on males. As one might expect, there is a growing body of evidence
which suggests that these theories do not hold true for females. In support of the glutamate burst
hypothesis in males, social isolation stress (SIS) leads to a decrease in sucrose preference, a
measure of anhedonia, as well as decreases in medial PFC (mPFC) spine density, PSD-95, and
synapsin. Three hours after a single ketamine infusion all of these effects were reversed. In

females, SIS also leads to a decrease in mPFC spine density, PSD-95 and synapsin, yet no
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changes in sucrose preference and none of these effects were reversed by ketamine (Sarkar &
Kabbaj, 2016). Furthermore, ketamine induces hippocampal glutamate in males but not females,
but induces aspartate in the mPFC in females but not males (Franceschelli, Sens, Herchick,
Thelen, & Pitychoutis, 2015). All this evidence is contrary to the glutamate burst hypothesis and
suggests that the glutamatergic system in females reacts to ketamine differently than in males.
Discounting another hypothesis of ketamine’s mechanism of action in males, Carrier & Kabbaj
(2013) have shown that ketamine does not induce decreases in eEF2 in the HPC and PFC of
female rats, whereas this decrease has been shown to occur consistently in males (Autry et al,
2011; Carrier & Kabbaj, 2013; Kavalali & Monteggia, 2012; Nosyreva et al, 2013). One theory,
that is supported by evidence in both males and females, is that which places chief importance on
ketamine’s metabolites. However, while both 2R and 6R-HNK are more abundant in females
than males, so too are 2S and 6S-HNK (Zarate et al., 2012; Zanos et al., 2016). This evidence
may explain the sex differences in terms of sensitivity to ketamine’s antidepressant-like effects
in rodents, but it only muddies the waters in terms of how ketamine may be exerting sex-specific
effects. Making the story even less clear, the few meta-analyses conducted among clinically
treated individuals have revealed no sex differences in ketamine’s antidepressant effects (Romeo,
Choucha, Fossati & Rotge, 2015), or a slightly higher sensitivity among males, but only at 7 days
post-infusion (Coyle & Laws, 2015). Although more research must be done to replicate these
findings, this suggests that there exists no difference between the sexes among humans in terms
of response to ketamine. Nevertheless, a much more recent and comprehensive theory on the
etiology of depression may be the missing link in explaining ketamine’s effects in the female

brain.
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Microglia, neuroinflammation, and ketamine

The neuroinflammatory hypothesis of depression, also known as the cytokine hypothesis,
is comprehensive in the sense that it ties together both the monoamine and neurotrophic theories
of depression. To put it simply, this theory posits that depression is caused by inflammatory
processes (Maes et al., 2009; Miller, Maletic, & Raison, 2009; Raison & Miller 2016; Schiepers,
Wichers, & Maes, 2005). Derived from yolk-sac progenitors during development (Gomez
Perdiguero et al., 2015) microglia, a type of macrophage, are the brain’s immune cells and make
up approximately 10% of cells in the central nervous system (Salter & Stevens, 2017). Microglia
are responsible for many processes, such as inducing apoptosis in nearby neurons and synaptic
pruning, both of which are necessary for healthy brain development and maintaining homeostasis
(Matcovitch-Natan et al., 2016; Paolicelli et al., 2011; Salter & Stevens, 2017; Schafer et al.,
2012). Given their crucial role, microglia respond to changes in their immediate environment
quickly as they are constantly surveilling and sampling it (Bernier et al.,2019). In the field of
immunology, a macrophage engaging in an adaptive inflammatory response to pathogens in their
environment can be referred to as an acute phase response (Lucas, Rothwell, & Gibson, 2006). In
the case of microglia, this can be induced by viral (Olson & Miller, 2004; Chen, Zhong, & Li,
2019) or bacterial infection (Michel et al., 2005; Pascual, Ben Achour, Rostaing, Triller, &
Bessis, 2012), traumatic brain injury (Davalos et al., 2005), and even alcohol consumption
(Fernandez-Lizarbe, Pascual, & Guerri, 2009). A microglial response to threats such as these
could entail the release of reactive nitrogen and oxygen species to cause oxidative stress and/or
apoptosis in infected neurons (Miller & Raison, 2016). Microglia also release small proteins
known as cytokines, which can be pro-inflammatory, such as interleukin (IL) - 1, 2, 6 and 18

(Gentleman et al., 2004; Salter & Stevens, 2017; Taib et al., 2017), tumor necrosis factor (TNF)
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o (Ma, Zhang, & Baloch, 2016) and interferon (IFN) y (Liu, Ho, & Mak, 2012), or anti-
inflammatory, such as IL-4, 10 and 13, (Kumar, Alvarez-Croda, Stoica, Faden, & Loane, 2016;
Lively & Schlichter, 2018; Wojdasiewicz, Poniatowski, & Szukiewicz, 2014). Furthermore,
microglia change shape when they become more active. This change in shape makes measuring
microglia structure, via confocal microscopy and three-dimensional surface rendering, a
convenient way of measuring microglial activation (Hong et al., 2015; Schafer et al., 2012). One
important, and recently discovered, cue that microglia use to extend processes towards a target
neuron is adenosine triphosphate (ATP; Dissing-Olesen et al., 2014). It was found that NMDA
receptor activation mediates this ATP release. These effects were repeatable and reversible, and
observed in vivo via two-photon imaging, indicating that these extensions were independent of
neuronal death. However, it is hypothesized that this mechanism of microglial surveillance has
evolved because ATP is also released during apoptosis, thus acting as a “find me” signal for all
immune cells (Chekeni et al., 2010; Dissing-Olesen et al., 2014; Elliott et al., 2009). Importantly,
microglia often engage in a biological process known as phagocytosis, whereby they extend a
cup-shaped process to engulf a given target (Fu, Shen, Xu, Luo, & Tang, 2014). In fact, the term
“phagoptosis”, also known as primary phagocytosis, is now used to refer to phagocytosis-
induced apoptosis of viable cells (Brown & Neher, 2012). Microglial phagocytosis is crucially
involved in a plethora of neurodegenerative diseases, as it is the process responsible for synaptic
pruning and the removal of protein aggregates. Phagocytosis is triggered by multiple
extracellular chemotactic signals and pathogens binding to multiple families of receptors. A
synapse, for example, is phagocytosed via releasing the complement component 3 and 1q (C3 &
Clq) “eat me” proteins, which are recognized by complement receptor 3 (CR3) on microglia

(Salter & Stevens, 2017; Schafer et al., 2012; Stevens et al., 2007; Veerhuis, Nielsen, & Tenner,
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2011). On the other hand, certain types of bacteria are recognized by toll-like receptors (TLR),
and apoptotic debris are recognized by triggering receptor expressed on myeloid cells 2
(TREM2; Fu, Shen, Xu, Luo, & Tang, 2014).

The idea that microglia-mediated neuroinflammation contributes to the etiology of
depression is not an exceptionally new one (Herbert & Cohen, 1993; Raison, Capuron, & Miller,
2006). Phenomena such as sickness behavior, an adaptive behavioral strategy where an
organism’s motivational state is reorganized to optimize coping with illness, illustrates the
connection between brain and body (Dantzer, 2009). While sickness behavior clearly
demonstrates how depressive behavior is elicited by immune challenges, the neuroinflammatory
hypothesis of depression posits that stress is the first step in leading to depression (Miller &
Raison, 2016). A striking body of evidence shows how stress induces inflammation both
peripherally and centrally. Researchers have shown that the Trier social stress test (TSST) elicits
increases in circulating IL-6 (Bierhaus et al., 2003) and Il-1p (Aschbacher et al., 2012).
Aschbacher and colleagues’ work (2012) showed that peripheral immunoreactivity to stress even
predicts future depressive symptoms in a cohort of post-menopausal women. Studies of older
adults have also found that peripheral pro-inflammatory IL-1 family cytokines were positively
correlated with future depressive symptoms (Milaneschi et al., 2009; van den Biggelaar et al.,
2007). Van den Biggerlaar and colleagues’ (2007) work demonstrated that ex vivo whole blood
cytokine production in response to LPS administration also predicted future depressive
symptoms. Administration of LPS to cell cultures is a common laboratory technique to induce
immune cell reactivity because LPS is found in the outer membrane of gram-negative bacteria
(Osborn, Gander, Parisi, & Carson, 1972). Stress-induced increases in pro-inflammatory

cytokines, which are increased in depressed populations (Capuron and Miller, 2004; Howren et
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al, 2009; Maes et al, 2009; Miller, Maletic, & Raison, 2009; Mossner et al, 2007; Raison et al,
2006; Raison & Miller 2016; Schiepers, Wichers, & Maes, 2005), affect the CNS through several
mechanisms which are hypothesized to then cause depression.

Centrally administered LPS, which causes microglia to release pro-inflammatory
cytokines, has been shown to reduce rat hippocampal neurogenesis (Ekdahl, Claasen, Bonde,
Kokaia, & Lindvall, 2003). In fact, the number of activated microglia, indicated by CD68
labelling, was inversely correlated with new neurons, indicated by BrdUrd labelling. Ekdahl’s
research showed that new hippocampal neurons simply do not survive around activated
microglia, and conversely, inhibiting microglial activation, via minocycline, gives rise to
increases in new neurons. The damaging effects of activated microglia to their neighboring
neurons are likely mediated by cytokines such as IL-1f and IL-6 (Gebicke-Haerter, 2001;
Hanisch, 2002). Monje, Toda, & Palmer’s (2003) work, using indomethacin as an inflammatory
blockade, also confirmed that microglial activation is negatively associated with neurogenesis.
This work ties together both the neuroinflammatory and neurodegenerative hypotheses of
depression.

Common to both the monoamine and neuroinflammatory hypotheses of depression is the
kynurenine pathway, which consists of the following reactions: Tryptophan, an essential amino
acid and precursor for the monoamine neurotransmitter serotonin (5-HT; Fernstrom, 1983;
Schaecter & Wurtman, 1990), is catabolized into kynurenine by the enzyme, and rate-limiting
factor (Soliman, Mediavilla-Varela, & Antonia, 2010), indoleamine 2,3-dioxygenase (IDO;
Guillemin, Smith, Smythe, Armati, & Brew, 2003). Kynurenine is then converted into either
quinolinic acid (QUIN), a neurotoxic NMDA-receptor agonist, or kynurenic acid (KYNA) an

NMDA, AMPA, and kainate receptor antagonist, which has been shown to be protective against
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excitotoxicity (Bay-Richter et al., 2015; Zunszain et al., 2012). The kynurenine pathway is
controlled by the immune system, with the synthesis of certain downstream metabolites, like
QUIN, occurring within microglia (Schwarcz, Bruno, Muchowski, & Wu, 2012; Suzuki et al.,
2019). When this pathway is more actively engaged, for example due to pro-inflammatory
cytokines which induce IDO (Guillemin, 2012; Kindler et al., 2019; O’Connor et al., 2009), less
tryptophan is available for 5-HT synthesis (Dantzer, O’Connor, Lawson, & Kelley, 2011; Halaris
et al., 2015; Maes, Leonard, Myint, Kubera, & Verkerk, 2011; Myint, 2012; Myint, Schwarz, &
Miiller, 2012). This directly relates the neuroinflammatory and monoamine hypotheses of
depression, the latter of which argues that depression is due to lowered levels of 5-HT. Indeed,
this process resulting in 5-HT depletion has been implicated in the etiology of depression for
decades (Lapin, 1973).

Recently, the kynurenine pathway was suggested as a mechanism through which
ketamine might affect neurodegeneration via microglia-mediated neuroinflammation (Miller,
2013). Several studies now have shown that LPS induces QUIN in microglia (Bahrami, Firouzi,
Hashemi-Monfared, Zahednasab, & Harirchian, 2018; Garrison et al., 2018; Rodrigues et al.,
2018). Moreover, higher levels of neurotoxic QUIN was found in the cerebrospinal fluid of
suicide victims (Erhardt et al., 2013). Furthermore, QUIN was increased, specifically in
microglia, in the post-mortem brains of severely depressed individuals (Steiner et al., 2011).

Establishing ketamine’s relevance to this paradigm-shift in our understanding of the
neurobiology of depression, Walker and colleagues’ (2013) showed that ketamine reverses LPS-
induced depressive-like behavior in rodents. What’s more, this effect occurred when ketamine
was given 10 hours after LPS administration, giving the inflammatory and kynurenine pathways

enough time to be activated. Pre-treatment with ketamine blocked LPS-induced depressive-like
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behavior from developing. Interestingly, ketamine had no impact on LPS-induced inflammatory
activation in the form of plasma cytokine levels. The researchers hypothesized that ketamine, an
NMDA antagonist, was instead blocking QUIN’s ability to act as an NMDA-receptor agonist. As
mentioned previously, a requirement for ketamine’s antidepressant effects to take hold is the
upregulation of AMPA-mediated glutamatergic neurotransmission, likely due to ketamine’s
metabolites (Maeng & Zarate, 2007; Yang et al., 2015; Zanos et al., 2016). Their hypothesis was
confirmed via administering NBQX 15 minutes before ketamine, restoring depressive-like
behavior (Miller, 2013; Walker et al., 2013).

Verdonck and colleagues (2019) were the first to show that microglia are a direct target
of ketamine and, specifically, the production of quinolinic acid within microglia. In a mouse
model of LPS-induced depression ketamine induced changes in microglia resulting in a
neuroprotective phenotype. They observed that ketamine reversed the LPS-induced increase in
QUIN in brain parenchyma (as in the whole brain, not specific to any particular area), whereas
ketamine had no effect on QUIN in control animals. Translating this work to a clinical
perspective, the researchers also tested kynurenine pathway metabolite concentration in 15
individuals with treatment resistant depression in response to ketamine. The standard dose of
0.5mg/kg ketamine was infused over 40 minutes, with the frequency of administration
determined by the patient’s psychiatrist. Blood samples were taken before and after each infusion
for analysis. They found that the KYNA:QUIN ratio before the first ketamine infusion to be a
significant predictor of final Montgomery—Asberg Depression Rating Scale (MADRS) score.
This effect was driven primarily by QUIN plasma levels. QUIN concentrations before each
ketamine infusion were the best predictor of ketamine efficacy and were the only significant

predictor of relative change (i.e. before and after ketamine) in MADRS scores. These findings by
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Verdonck et al (2019) confirm the hypothesis of Walker et al (2013) that ketamine directly
affects microglial QUIN levels, in both mice and humans, resulting in protection from
neuroinflammatory processes, and that the degree to which ketamine impacts QUIN levels
correlates with relief of depressive symptoms in humans.

Further linking ketamine to inflammatory processes, researchers have shown that
ketamine reverses the effects of LPS, in the form of pro-inflammatory cytokine release, in
microglia in vitro (Chang et al., 2009). This makes sense, given that others have shown that
NMDA and LPS have very similar effects on microglia. Both produce a release in pro-
inflammatory cytokines and the adoption of a more amoeboid-like shape, indicating a more
active state (Kaindl et al., 2012). NMDA receptors have been implicated in cytokine-induced
neurotoxicity in previous research as well. When Chao, Hu, Ehrlich & Peterson (1995)
administered both IL- and TNF-a to in vitro fetal brain cells, they noticed a marked increase in
neuronal injury. When these cytokines were administered in conjunction with MK-801, the
increase in neuronal injury was ablated. Recently, researchers showed that ketamine reduced pro-
inflammatory cytokines, microglia phagocytic markers in the rat HPC, as well as and depressive-
like behavior in a rat model (Chen et al., 2017).

Much of the evidence presented thus far, points to microglia playing a pivotal role in
ketamine’s antidepressant effects. Ketamine’s NMDA-antagonism make it capable of stopping
neuronal ATP release, stopping microglia from potentially damaging nearby neurons, as
previously discussed (Dissing-Olesen, 2014). Ketamine reduces the neurotoxic effects of QUIN
being produced within microglia (Verdonck et al., 2019). Ketamine also reduces the microglial
response to otherwise activation-inducing molecules like LPS (Chang et al., 2009) and stops

microglial production of pro-inflammatory cytokines (Chen et al., 2017). Unfortunately, the vast
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majority of this research has been conducted using the male sex. Similarly, the theoretical bases
which guide such experiments has also, historically, used the male sex. An important
consequence of this, beyond the inability of generalizing these findings to over 50 percent of the
population, is the lack of understanding how ketamine might interact with ovarian hormones.
Fortunately, extensive research has been conducted investigating the role of estrogens on
microglia.
Ovarian hormones and neuroinflammation

The classical mechanism through which lipid-soluble hormones like E2 act on neurons
and glia is via nuclear estrogen receptors (ERs). Hormones like E2 diffuse across the cell
membrane passively and bind to nuclear receptors in the cytoplasm. These ligand-bound
receptors dimerize with other ligand-bound receptors, forming a hetero or homodimer (Cowley
et al., 1997; Pace et al., 1997; Mangesldorf et al., 1995), and translocate to the nucleus where
they act as transcription factors. Nuclear estrogen receptors were thought to only function this
way, but more recently membrane-bound estrogen receptors have been discovered, such as G-
protein-coupled estrogen receptor 1 (GPER1), and act more rapidly (Maggiolini & Picard,
2010). Estrogens, as a whole, have been found to be neuroprotective towards multiple
pathologies, most notably those in which microglia are implicated, such as Alzheimer’s disease
(Fillit et al., 1986; Henderson, Paganini-Hill, Emanuel, Dunn, & Buckwalter, 1994; Kawas et al.,
1997, Paganini-Hill, & Henderson, 1994; Tan et al., 1996) and multiple sclerosis (Confavreux,
Hutchinson, Hours, Cortinovis-Tourniaire, & Moreau, 1998; Gold & Voskuhl, 2009; Laffont,
Garnier, Lélu, & Guéry, 2015; Voskuhl et al., 2016).

One way that E2 impacts microglia is via the nuclear estrogen receptor (ER) a.

Researchers have found that systemic administration of E2 reduces LPS-induced microglia
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activity in a dose-dependent manner by decreasing the expression of proteins associated with
phagocytosis, by inhibiting morphological changes, and by inhibiting cell migration. ER
knockout mouse models demonstrated that ERa is responsible for these effects. For example,
microglia activity was unaffected by the absence or presence E2 administration in ERa-null mice
(Vegeto et al., 2003). Previous research by Bruce-Keller and colleagues (2000) showed that, in a
dose-dependent manner, E2 attenuates microglia phagocytosis, and the release of superoxide, a
neurotoxic free radical. These effects were mediated by the phosphorylation of mitogen-activated
protein kinase (MAPK). Additionally, Vegeto, Pollio, Ciana, & Maggi (2000) also found that E2
reduces the buildup of free-radicals, specifically, nitrous oxide, in microglia.

Another way that E2 can impact microglia is via GPER1. E2 binding to GPERI, located
predominantly on the endoplasmic reticulum, but also the Golgi apparatus and nuclear
membrane, results in the mobilization of intracellular calcium, and the production of nuclear
phosphatidylinositol 3,4,5-trisphosphate (PIP3; Revankar, Cimino, Sklar, Arterburn, & Prossnitz,
2005). PIPs is an effector of multiple downstream signaling proteins, particularly the protein
kinase AKT which plays a crucial role in several cellular processes, such as cell survival
(Downward, 2004; Pap & Cooper, 1998; Song, Ouyang, & Bao, 2005) and proliferation (Kuo et
al., 2008; Lawlor & Alessi, 2001). Zhao and colleagues (2016) were the first to show that
GPER1 mediates E2’s anti-inflammatory effects on microglia in a rat model of cerebral
ischemia. Both E2, or the GPERI1 agonist, G1, alone were able to attenuate LPS-induced
increases in pro-inflammatory TNF-a and IL-1p. Co-administration of the GPER1 antagonist,
G15, with E2 reversed these anti-inflammatory effects, and E2 administration to GPER1-
knockdown rats had reduced anti-inflammatory effects. As little is known about the effects of

estrogens on microglia, even less is known about the effects of progesterone.
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P acts on neurons and glia through classical genomic mechanisms by binding to nuclear
progesterone receptor (PR), of which there are two isoforms (PRA, PRB), and via nonclassical,
a.k.a. nongenomic, membrane-bound progesterone receptors (mPRs; Ellmann et al., 2009). P has
been investigated in the context of traumatic brain injury (TBI) and stroke for its neuroprotective
effects for over a decade. Interestingly, there has been several conflicting lines of research in the
field of TBI, with some showing P as being neuroprotective following TBI (Pettus, Wright,
Stein, & Hoffman, 2005; Roof, Duvdevani, Heyburn & Stein, 1996; Roof, Hoffman, & Stein,
1997; Shahrokhi et al., 2010; Stein, 2008; Wright et al., 2007), and more recent work showing it
has no neuroprotective effects (Allitt et al., 2016). Moreover, a large scale meta-analysis (n =
2400) showed that P given after TBI in humans produced no amelioration (Lin et al., 2015).
Fortunately, evidence from the field of hypoxic ischemia is clearer, with several studies finding
that P exerts neuroprotective effects in the face of an ischemic challenge (Cervantes et al., 2002;
Chen, Chopp, & Yi, 1999; Dang, Mitkari, Kipp, & Beyer, 2011; Gibson et al., 2005; Gibson,
Coomber, & Murphy, 2011; Gonzalez-Vidal, et al., 1998; Ishrat, Sayeed, Atif, 7 Stein, 2009;
Kumon et al., 2000; Morali et al., 2005). It is also noteworthy to mention that post-menopausal
women are at a drastically higher risk of stroke than pre-menopausal women, and it is thought
that this is due to the protective effects of ovarian hormones (Wenger, Speroff, & Packard,
1993). Whether or not this effect occurs due to estrogens, progesterone, or both, has been a hotly
debated subject. Dong and colleagues (2018) showed that P following ischemia significantly
reduced neuronal death and improved learning and memory in male mice only, with female mice
showing no improvement. Tameh and colleagues (2018) found that a mechanism responsible for

this is P’s ability to upregulate certain NMDA receptor subunits, specifically NR1, NR2A, and
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NR3B, which mediate neuronal survival signaling cascades (Liu et al., 2007; Nakanishi et al.,
2009). By upregulating these subunits, P serves to inhibit NMDA-mediated apoptosis.

Work by Bali, Morgan, and Finch (2013) revealed that P exerts its effects on microglia
by binding to progesterone receptor membrane component 1 (PGRMCI1, a.k.a. 25-Dx, a.k.a.
ventral midline antigen or VEMA). PGRMCI1 belongs to neither the classical, nor the
membrane-bound progesterone receptor subfamilies, but rather the membrane-associated
progesterone receptor (MAPR) family (Piel et al., 2016). PGRMCI is the P-binding protein in a
single-transmembrane protein complex (Gellersen, Fernandes, & Brosens, 2009; Theis & Theiss,
2019; Thomas, 2008) and has been found on the membranes of the Golgi apparatus, endoplasmic
reticulum, and mitochondria of CNS cells (Sakamoto et al., 2004; Xu et al., 2011). Both E2 and
P upregulate PGRMCI1 expression in the ovariectomized rat HPC (Bali et al., 2012). Activating
PGRMCI with P reinstates neuronal activity (Labombarda et al., 2003), enhances spinogenesis
(Wessel et al., 2014), and enhances neuronal migration and myelination from Schwann cells in
the spinal column, where PGRMCI1 has been found in the cell membrane (Castelnovo,
Magnaghi, & Thomas, 2019; Theis & Theiss, 2019). What’s more, P has been shown to induce
BDNF expression, an effect which has been shown to be mediated by both the classical PR in
cortical slice explants (Jodhka et al., 2009), and by PGRMCI in cultured glial cells (Su,
Cunningham, Rybalchenko, & Singh, 2012). This suggests that ketamine, E2, and P, each on
their own, would increase BDNF expression. However, this is contradictory to seminal research
which showed that P can antagonize E2’s synaptogenesis-inducing effects at certain time points
(Woolley & McEwen, 1993

). Prior to the discovery that PGRMCI is crucial for microglial activation (Bali, Morgan,

& Finch, 2013), work by the same authors showed that P antagonizes E2-mediated neurite
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outgrowth in vitro, but only when microglial cells were also present. P had no effect on neurite
outgrowth with only neurons and astrocyte cocultures (Wong et al., 2009). This line of research
culminated in several additional important findings. Firstly, that activating PGRMC1 induces
microglial activation to the same degree as stimulation from LPS, as indicated by CD11b protein
expression. Second, that when microglia are activated via P-binding to PGRMCI they inhibit
new neurite outgrowth, they inhibit neurites from growing further. Third, that P binding to
PGRMCI inhibits BDNF release from astrocytes, further hindering neuritogenesis. Fourth, that
PGRMCI1 knockdown stopped LPS and injury (in vitro scratch-wounding) induced microglia
activation (Bali, Morgan, & Finch, 2013; Bali, Arimoto, Morgan, & Finch, 2013). Together,
these findings suggest that PGRMC1 is critical for microglial activation, and that E2 and P may
be acting to antagonize one another, with E2 causing quiescence in microglia, but P activating
them.

This is of course counter-intuitive when considering P’s seeming neuroprotective effects
in the context of ischemia. Looking to P’s broader effects on inflammation could, perhaps, clear
these muddied waters.

P also has multiple anti-inflammatory effects in LPS-stimulated microglia in vitro, as
indicated by Lei and colleagues’ work (2014). LPS upregulated the pro-inflammatory cytokine
TNF-a, inducible nitric oxide synthase (iNOS), an enzyme precursor for the free radical nitric
oxide (NO), and cyclooxygenase-2 (COX-2), an enzyme precursor for prostaglandin. All of
which are upregulated during inflammation. P attenuated these LPS-induced increases in a dose-
dependent manner. Additionally, P decreased the LPS-induced phosphorylation of several other
kinases such as p38, c-Jun N-terminal kinase, and extracellular regulated kinase MAPKs.

Importantly, P decreased the LPS-induced activation of the protein complex nuclear factor
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kappa-light-chain-enhancer of activated B cells (NF-xB). NF-«B is a transcription factor which
controls the expression of various target genes, especially those involved in immune and
inflammatory responses (Lei et al., 2014). NF-kB and pro-inflammatory cytokines have a
bidirectional connection: NF-«B is activated by pro-inflammatory cytokines, and NF-«B directly
promotes pro-inflammatory cytokine production by binding to cytokine promoter regions in the
genome (Oeckinghaus & Ghosh, 2009). These pleiotropic effects of P, along with the PGRMC1
activational mechanism, all specific to microglia, demonstrate the relevance of understanding
how P, E2 and ketamine might interact with one another. Of course, much more comprehensive
research still needs to be done to understand the complexity of these phenomena.
Ketamine binds to ERa

It has been shown that estrogens act to mediate enhanced sensitivity to ketamine in
depression models using rodents (Carrier & Kabbaj, 2013; Franceschelli et al., 2015; Sarkar &
Kabbaj, 2016). Furthermore, both female mice (Zanos et al., 2016) and humans (Zarate et al.,
2012) metabolize ketamine to produce higher levels of the crucially important ketamine
metabolites 2R-6R/2S-6S HNK than males. It is thought that this occurs due to women having
higher levels of the CYP2A6 and CYP2B6 enzymes, responsible for ketamine’s metabolism (Ho
et al., 2018). E2 and P are capable of inducing these enzymes
(Choi, Koh, Jeong, 2013), with E2 doing so via ERa (Higashi et al., 2007). ERa is therefore
critical in understanding how ketamine and ovarian hormones might interact. In most tissues,
including the CNS, E2 binding to ERs precipitates an upregulation of PRs (Graham & Clarke,
1997). Thanks to work by Alves et al., (2000) it is known that this occurs via E2 binding to ERa

receptors in the hippocampus of wild-type mice (Vasudevan & Pfaff, 2008). Both E2 and P lead
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to the induction of PGRMCI in female OVXd rat hippocampal neurons in the CA1, CA3, and
DG (Bali et al., 2012), although it is unclear which ER/PR-binding mechanisms cause this.

Evidence that ketamine binds to ERa, was provided by Ho and colleagues (2018).
Radioligand binding assays, coupled with surface plasmon resonance, demonstrated that E2,
ketamine, and 2R-6R/2S-6S HNK bind to ERa receptors in cultured astrocytes. They also found
that the same compounds act in an additive manner to induce AMPA receptor subunits, again in
vitro. This is thought to be crucial for ketamine’s antidepressant effects, as previously discussed,
and this effect was ablated by ERa knockdown. Given that all three compounds also lead to ERa
trafficking to the nucleus, it follows that the authors hypothesized a potential positive feedback
loop. Namely, when ERa binds to estrogen-response elements, CYP2A6, CYP2B6, and AMPA
subunit transcription is induced, leading to more ketamine metabolism and more AMPA
receptors (Ho et al., 2018). Research has yet to be conducted to determine how PRs might be
impacted by these processes but it is likely that, via ERa binding, ketamine and its metabolites
cause PR upregulation. Virtually nothing is known of ketamine’s ability to impact PGRMCI1.
How this might be manifested behaviorally is an even greater mystery.
Hippocampus as a candidate for ketamine-hormone interactions

Depression involves multiple brain regions. The HPC is perhaps the most well studied
brain region in regards to MDD. A meta-analysis of MRI results yielded an average reduction of
8-10% in HPC volume among individuals with unipolar depression (Videbech & Ravnkilde,
2004). The HPC is also a site of continuous neurogenesis as documented in adult macaques
(Kornack & Rakic, 1999). That is, while depression may decrease HPC volume, this change may
not necessarily be permanent. Outside the context of antidepressant research, it is worth noting

that HPC volume declines naturally with age, and that there exists an interactive effect of gender
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and age on HPC volume decline. As we age, HPC volume declines linearly among men, whereas
there is no such correlation among women (Pruessner, Collins, Pruessner, & Evans, 2001).

Morphological changes in the HPC such as neurogenesis and synaptogenesis are, in part,
mediated by BDNF (Liu, Diorio, Day, Francis, & Meaney, 2000; Chen, Dowlatshahi,
MacQueen, Wang, & Young, 2001; Vaynman, Ying, & Gomez-Pinilla, 2004). What’s more,
researchers have shown that peripheral BDNF leads to both hippocampal neurogenesis among
adult mice, as well as antidepressant-like effects in the forced swim test (FST; Schmidt &
Duman, 2010). Ketamine is well documented to both increase hippocampal BDNF, and produce
antidepressant-like effects in the FST in male rodents (Garcia et al., 2008; Reus et al., 2011;
Yang, Hu, Zhou, Zhang, & Yang, 2013; Choi, Lee, Park, Kim, & Son, 2017). Furthermore, it is
likely that the neuroprotective effects of E2 are partly due to BDNF upregulation (Sato et a.,
2007;). Some speculate that the BDNF gene contains an estrogen response element such that E2
could upregulate BDNF directly (Scharfman & MacLusky, 2006). Others have shown that
estrogen receptors are found on BDNF-expressing neurons (Sohrabji & Lewis, 2006; Miranda,
Sohrabji & Toran-Allerand, 1993). It is perhaps through this mechanism that E2 mediates
dendritic spine growth and synaptogenesis in the HPC, as previously discussed (Gould, Woolley,
Frankfurt & McEwen, 1990; Woolley & McEwen, 1993).

What makes the HPC particularly interesting in terms of ketamine’s effects is, as
previously discussed, that the HPC-PFC circuits are likely the most crucial for ketamine’s
antidepressant effect. Within this circuit ketamine selectively disinhibits GABA interneurons, as
per the glutamate burst hypothesis — see Figure 1. With regards to the neuroinflammatory

hypothesis, the HPC has been the focus of several research groups who found that ketamine
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generally suppresses glial inflammation in this area (Chen et al., 2017; Peters, Villasana, &
Schnell, 2018; Tan et al., 2017).
Conclusion

The etiology of major depressive disorder is complex, and there is no single explanation
for its manifestation. Likewise, it’s possible that there are many valid explanations as to why
women suffer from MDD more than men, but ovarian hormones are surely implicated. Despite
the discovery of ketamine’s antidepressant effects being relatively recent, there’s plenty of
evidence supporting the various hypotheses concerning its mechanism of action in the CNS.
However, evidence specific to the female sex is lacking. That which has been gathered only
demonstrates that well-researched theories do not generalize across the sexes. Considering the
neuroinflammatory hypothesis of depression may help shed light on ketamine’s mechanism of
action among females. Indeed, a massive body of literature supports the relevance of this
hypothesis, particularly the role of microglia, to novel antidepressants like ketamine. The
literature provides more than sufficient evidence to warrant the idea that circulating E2 and P
would interact with ketamine’s effect on the CNS. In believing some, one might suspect that the
three molecules would act additively to reduce depressive symptoms. Believing other lines of
research, one might expect E2 to act additively with ketamine, but that P would antagonize this
via acting on PGRMCI1 on microglia. Evidence which indicates P has neuroinflammatory effects
is contradicted by evidence which shows it has anti-inflammatory effects. /n vivo
experimentation looking specifically at the HPC is the next step in investigating these complex
phenomena, as much of the literature uses in vitro models. Exploring this is paramount to the
likely eventuality that ketamine, or a similar compound, will be administered to those seeking

treatment for MDD on a larger scale.
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The goal of this project was to elaborate on the interaction between ketamine and ovarian
hormones. Although the link between E2 and depression isn’t always easy to interpret, research
clearly shows that exogenous E2 produces antidepressant-like effects in the FST(Rocha,
Fleischer, Schaeffer, Rohrer, & Hickey, 2005; Rachman, Unnerstall, Pfaff, & Cohen, 1998),
much like ketamine. The role of progesterone in MDD has been less well elucidated.

Primary Manipulations & Hypotheses

Research on FST behavior very similar to the current work was conducted by Carrier &
Kabbaj (2013) using nearly identical hormonal manipulations. This research was used to
formulate some of the current hypotheses. The current project’s primary manipulations were
ketamine dose (five groups: 0, 2.5, 5, 10, & 20mg/kg), and hormone (three groups: Low E2, high
E2, & high E2 + P) resulting in a total of 15 groups. Rats were ovariectomized after two weeks
of handling in order to control for ovarian hormone levels experimentally. Rats were tested in the
forced swim test chamber before and after exposure to their respective drug-hormone conditions.
We also tested the rat’s locomotor activity before and after ketamine in order to ensure that any
effects observed in the forced swim test were not due to the motor side-effects of ketamine. We
hypothesized a dose-dependent response to ketamine such that rats would be less immobile in the
forced swim test. As per the results of Carrier & Kabbaj (2013), the current work hypothesized
that the effects of ketamine in the low E2 and high E2 groups would be similar, but that the
addition of P in the high E2 + P group would make rats more responsive to ketamine, pushing
levels of immobility down even further. A control experiment was conducted using two groups
of males, saline and 10mg/kg ketamine, of males. In the same direction as the females, we

hypothesized that ketamine would reduce immobility in the FST.
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Method
Animals & Surgeries

145 female and 20 male Wistar rats were used for this experiment, the equivalent of ten
per group. All were between two and three months of age and weighed approximately 250-270g.
Of the 145, 51 rats were obtained via a colony housed in the animal care facility at Concordia
University, Montreal, QC. The remainder were obtained via Charles River, Saint-Hyacinthe, QC.
All were pair-housed under a 12-hour reversed light-dark cycle (dark 2000 to 800) in shoe-box
cages (25.5 cm wide x 46.6 cm long x 21.6 cm high) and were provided with food and water ad
libitum. All activities were carried out in agreement with the Canadian Council on Animal Care
and were approved by the Concordia Animal Research Ethics Committee.

All females underwent OVX surgeries. Anesthesia was achieved via isoflurane gas
(Richmond, ON, Canada). Ovaries were removed and E2 capsules were implanted
subcutaneously via a unilateral lumbar incision. The antibiotic benzylpenicillin (0.1mL/rat, SC;
Rafter 8 Products, Calgary, AB, Canada) was administered before OVX and the analgesic
Anafen (0.4mL/kg, SC; Merial Canada Inc., Baie d’Urfé, QC, Canada) following OVX.

Drug & Hormone

A racemic mixture of R (—) and S (+) ketamine hydrochloride (Narketan, CDMV,
Lavaltrie, QC, Canada) dissolved in 0.9% NaCl was administered via intraperitoneal (IP)
injections 24 hours before the forced swim. The injection time was also exactly 48 hours before
the locomotor tests. The five doses administered were 0, 2.5, 5.0, 10.0, and 20.0 mg/kg.

As previously mentioned, female rats were further separated into hormonal groups. All
received E2 capsule implants made of Silastic tubing (1cm long, inner diameter 1.96mm). The

capsules contained a 5% concentration of E2 in cholesterol and released a chronic low dose of
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E2 (20 pg/mL serum concentration; Sigma-Aldrich, St. Louis, MO) from 8 to 24 days post-
implant. This level of E2 is similar to that seen during the diestrus phase in normally cycling
female rats (Almey, Hafez, Hanston, & Brake, 2013; Overpeck, Colson, Hohmann, Aplestine,
Reilly, 1978). Those in the high E2 and high E2 + P groups received E2 injections in addition to
the E2 capsules already implanted. The E2 (10ug/kg, SC; Sigma-Aldrich, St. Louis, MO)
dissolved in sesame oil was administered immediately after ketamine. This dose has previously
been shown in the Brake lab to produce levels of E2 at approximately 75-90pg/mL, thus
mimicking levels observed during the proestrus phase (Almey et al., 2013). Rats in the high E2 +
P group received a second injection of progesterone (500ng, SC; Sigma-Aldrich, St. Louis, MO)
dissolved in sesame oil four hours before the forced swim test session. This dose has been shown
to produce sexual receptivity in ovariectomized rats (Chesler & Juraska, 2000; Edwards, Whalen
& Nadler, 1968). Male rats received sesame oil SC injections in place of the E2 and P injections,
as well as saline, or 10mg/kg ketamine.

Competitive enzyme-linked immunosorbent assays (Enzo Life Sciences) were used to
assess if our hormonal manipulations produced the expected hormone levels. Blood was
collected the day after day three of testing — see Figure 2a. Blood was collected in ice cold vials
and then immediately fractionated via centrifuge to separate the plasma, which was stored at -
20°C. The E2 assay (ADI-901-1740) reports cross-reactivity levels for E2 at 100%, for estrone at

17.8%, and for estriol 0.9%. The P assay (ADI-900-011) reports no cross-reactivity levels.
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Apparatus

Forced Swim Test (FST) Chambers. Testing was conducted using a transparent glass
cylinder 23.5c¢m in diameter filled with water at 25+1°C to approximately 40cm high such that
the animal’s tail could not touch the bottom. Plexi-glass cylindrical inserts were placed inside the
top of the chambers in order to stop the rats from escaping. All sessions were recorded from a
horizontal point of view via webcam (Logitech HD 1080p). Videos were scored with the
behavioral recording software OdLog 2. As per Porsolt and colleagues (1977, 1978), immobility
was defined as the animal floating, making only those movements required to keep its head
above water. Rats were placed in the water for ten minutes during the initial habituation session
before exposure to drug and hormone treatments, and for five minutes during a second test
session 24 hours after the habituation session.

Locomotor activity chambers. Locomotor activity and animal position (center vs. edge)
were recorded for ten minutes in a plexiglass cubic chamber (40.7cm long x 41cm wide x
39.2cm high) via an 8 x 8 infrared beam matrix. The chamber was surrounded by Styrofoam
walls and cover such that the chamber is dark during recording. Rats were placed in the
chambers for ten minutes during each session; once 20 minutes before the FST habituation
session, and once 48 hours after ketamine and E2 administration — see Figure 3. Truscan
software (Truscan Activity Monitoring System; Coulbourn Instruments, Allentown, PA, USA)
provided the raw data in the form of distance travelled in the chamber.
Testing Protocol

After a handling period of two weeks, all female rats underwent OVX and E2 capsule
implantation. Female rats were then randomly assigned to one of the 15 groups, whereas the

males were separated into two groups. This was followed by a week-long recovery period, and
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then once-daily injections of saline for two days to habituate to the receiving of intraperitoneal
(IP) injections — see Figure 2a. Day one of testing consisted of three components. First, rats were
tested in the locomotor chambers for a period of ten minutes. Second, approximately 20 minutes
after the locomotor test, rats were tested in FST for a period of ten minutes, known as the
habituation session. Third, rats were injected with ketamine or saline, and subsequently E2 or
sesame oil. Injections were approximately two hours after the habituation session such that the
FST test session the following day was exactly 24 hours after both injections. Day two of testing
had two components. First, rats were injected with P or sesame oil. Second, exactly four hours
after the P injection, rats were placed in the FST for five minutes, known as the test session. Day
three of testing consisted of placing the rats in the locomotor test, again for ten minutes. This test
was timed to occur exactly 48 hours after the ketamine and E2 injections of testing day one. The
day after, all rats were euthanized — see Figure 2b. Male rats were subjected to the same testing

schedule, without surgery, and were administered sesame oil in place of hormones.
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Figure 2a. Experimental timeline for all rats. Each tick mark represents one day. OVX indicates
the time of ovariectomy.
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Figure 2b. Daily breakdown of testing protocol, separated by hormonal group for females. Each
tick mark represents one day. IP = intraperitoneal injection. SC = subcutaneous injection. E2 =

17B-estradiol. P = progesterone.
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Statistical Analysis

The design of the current research has two factors: hormone, and ketamine. The hormone
factor had three levels and the ketamine factor had five levels, resulting in 15 female groups in
total. The statistical analysis was therefore a two-way 3 x 5 ANOVA in terms of analyzing both
the forced swim and locomotor test data. Of primary interest was an interaction between the two
factors. However, a main effect of either factor would have been of interest as well due to the
exploratory nature of this research. Male rats were separated into two groups (n = 10 each):
saline and 10mg/kg. Results were analyzed via Welch’s T-test which assumes unequal variance
between the two groups.

A priori power analysis revealed that the design yielded a power of .779, based on an f
effect size of 0.25. The f effect size is the default of the statistical software used to perform the
power analysis and is analogous to partial eta-squared (77,°; Faul, Erdfelder, Lang, & Buchner,
2007; 2009; Lakens, 2013). The current work reports eta-squared (5°) as an effect size for several
reasons. In calculating various eta squared statistics in the same data set, one can compare them
to each other because they have the same denominator (SS7..1), making these values easier to
interpret (Kline, 2013). This is not the case for partial eta squared because the denominators
change across the different factors. Eta-squared is also in the original metric of the dependent
variables, making it directly comparable across studies employing similar paradigms (Lakens,

2013).
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Results

The ANOVA for the females revealed no statistically significant interaction effect
between the factors, as well as no main effects of both the hormone and ketamine factors — see
Appendix A. This was the case for both the locomotor and forced swim test data — see Figures 3
through 6. In the framework of null-hypothesis significance testing, the experimental hypotheses
are rejected based on the criteria of p < .05 — see Appendix A. Note that a lack of statistically
significant differences in the locomotor test reveals that ketamine did not impact locomotor
behavior — see Appendix C. Moreover, as can be seen in Figure 3, ketamine had the greatest
impact in reducing immobility, in terms of percent-change from the saline dose, in the high E2 +
P group. This effect became apparent when looking at the data broken down minute by minute —
see Figure 5. Effect sizes also revealed there was a strong effect of hormone alone on immobility
but in the opposite direction of these hypotheses, with the high E2 + P group being the most
immobile in the control ketamine group (17° = .25) — see Appendix B.

A Welch’s T-test revealed a significant decrease in immobility (p = .0005, d = 1.089),
and a near-significant increase in climbing (p = 0.0677, d = 0.846), among the 10mg/kg
ketamine-treated males compared to those given saline — see Figure 7.

As can be seen in Table 1, hormone levels were within acceptable ranges to properly
represent the appropriate phases of the estrus cycle of an intact female rat. Note that blood was
collected 3 days after E2 injection and 2 days after P injection, thus allowing for a significant

amount of metabolism and clearance.
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Hormone levels (pg/mL)
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n mean SEM
E2 capsule only 10 18.69 3.27
E2 capsule + injection 21 39.72 5.59
P injection 8 364.19 49.82

Table 1. ELISA results in picograms per milliliter of blood plasma separated by hormonal

treatment, i.e. animals in the E2 capsule + injection bar are from both the high E2 and the high

E2 + P group.
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ketamine control group (bottom) during the five-minute forced swim test among the females (n =

9-10 per group).
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— 10 per group). Rats in the high E2 + P condition responded to the 5 and 20mg/kg dose such

that immobility remained low throughout the entirety of the test.
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Discussion

The goal of this study was to analyze the behavioral effects of ketamine and ovarian
hormones in the forced swim test (FST). The primary research hypotheses, concerning the
female rats, were two-fold. First, that rats would respond to ketamine in a dose-dependent
manner, becoming less immobile in the FST as ketamine dosage increased. Second, that, with the
addition of P, in the high E2 + P group, rats would spend even less time immobile in the FST in
response to ketamine than those in the other hormone conditions. ELISAs confirmed that the
hormonal manipulations accurately represented the desired phase of the rat estrus cycle. The
female’s data revealed no statistically significant main effects nor an interaction effect. However,
as can be seen in figure 3, rats in the high E2 + P condition responded to ketamine in a near dose-
dependent manner where the 20mg/kg ketamine group spent the least time immobile across all
15 groups. This is in-line with previous work (Carrier & Kabbaj, 2013) who showed that OVXd
female rats only responded to ketamine in the FST when both estrogen benzoate (EB) and P were
on board, which will be discussed further.

Male rats responded to the 10mg/kg ketamine dose by spending significantly less time
immobile then those that received saline. This shows that the FST, in our hands, was sensitive to
the antidepressant-like effects of ketamine, as many have shown in the past (Garcia et al., 2008;
Réus et al., 2011; Yang et al., 2013)

Concordant & Discordant Findings

Using ovariectomized Sprague-Dawley female rats, Carrier & Kabbaj (2013) examined
the role of the ovarian hormones estrogen benzoate (EB) 24 hours and P four hours before the
FST, much like the current work. Rats were injected with either saline or 2.5mg/kg of ketamine

30 minutes before the FST. Their findings showed no effect of this small dose of ketamine on
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OVX rats treated with EB alone (2 or 10mg/kg), nor P alone (500ug). Only rats treated with
2mg/kg of EB in tandem with 500ug of P were responsive to this low dose of ketamine.
Although this somewhat agrees with the current work’s results, the design of Carrier & Kabbaj
(2013) was such that ketamine was still onboard during the time of the FST, whereas in the
current work it is not. The half-life of ketamine ranges from 2-3 hours (Clements & Nimmo,
1981; Grant, Nimmo & Clements 1981). It is possible that EB and P increased susceptibility to
ketamine at a pharmacological level, producing antidepressant-like effects.

In a separate experiment, Carrier & Kabbaj (2013) found that intact female rats
responded to ketamine as expected in the FST at all doses tested (2.5, 5, 10mg/kg) in comparison
to saline. Theoretically, the current work should have replicated these findings, especially at the
10mg/kg dose which is what the literature has consistently found to produce positive results
(Browne & Lucki, 2016; Burgdorf et al., 2013; Koike, lijima, & Chaki, 2013; Reus et al., 2011).
The fact that these results were not replicated in the current work could be due to a variety of
factors such as the strain of the animal, the experimental timeline, or the type of estrogen
administered. Browne & Lucki (2016) posit that Wistar rats are insensitive to ketamine at doses
of 2.5 and 5.0mg/kg in the FST following chronic treatment. There is also a dearth of studies
using females throughout the literature in general making it difficult to interpret our findings.
Moreover, the FST has been shown to be inconsistent in the literature in terms of success rates
and validity.

The forced swim test: consensus or controversy?

Due to the inclusion of hormone and ketamine administration as experimental factors,

each with multiple levels, the current work sought a high-throughput behavioral assay, the forced

swim test (FST) was chosen. The FST can be interpreted as a measurement of learned
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helplessness where animals are placed, typically exactly 24 hours after drug administration, in an
inescapable glass chamber filled with water. The degree to which the animal floats passively (i.e.
is not trying to escape) is then deemed indicative of depressive-like behavior (Slattery & Cyan,
2012). Since its establishment by Porsolt and colleagues (1977; 1978), the FST has been used to
assess antidepressant drug efficacy by thousands of researchers. However, as with many
behavioral models, the perception of the test’s validity is likely skewed to a more favorable one
by publication bias (a.k.a. the file drawer problem). The FST has largely failed to produce novel
antidepressants, has failed in some cases to produce statistically significant results using classical
antidepressants(Jin et al., 2017; Porsolt et al., 1979; Suman et al., 2018), and has been criticized
for having low construct validity for a plethora of reasons (Commons, Cholanians, Babb, &
Ehlinger, 2017; Yankelevitch-Yahav, Franko, Huly, & Doron, 2015). Moreover, the FST is
highly sensitive to species strain in both mice (Lucki, Dalvi, & Mayorga, 2001) and rats
(Bogdanova, Kanekar, D’ Anci, & Renshaw, 2013; Tejani-Butt, Kluczynski, & Paré¢, 2003).
Others have suggested that the FST is simply a model of adaptive behavior in the face of an
inescapable acute stressor, where immobility is merely a switch from active to passive behavior
(Molendijk & de Kloet, 2015). Indeed, Porsolt and colleages (2009) noted that the test has an
inherent flaw: the dependent variable of interest, immobility, is a product of the test itself and
does not exist outside the test’s context. The FST should therefore be seen as a simple test for
antidepressants, not a model of depression (Castagné, Moser, & Porsolt, 2009).

Originally, the FST was seen as a model of learned helplessness, such as the tail-
suspension test, or foot-shock paradigms. It was initially hypothesized that learned helplessness
is a state where an organism has learnt that its behavior (i.e. trying to escape an undesirable

environment or sensation) and the consequences of its behavior (i.e. escaping) are independent
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(Maier & Seligman, 1976). Today, it is understood that this is not the case. In fact, passive
behavior in response to extended periods of aversive stimuli is the default response, and
serotonergic signaling from the dorsal raphe inhibits escape. Whereas when animals learn that
aversive stimuli can be controlled, medial PFC activity inhibits the dorsal raphe (Maier &
Seligman, 2017). This represents a clear fundamental misunderstanding in interpreting the
various behaviors exhibited during the FST.

Fortunately, a large body of evidence supports the idea that the FST is, at the very least,
sensitive to both classical (Dulawa, Holick, Gundersen, & Hen, 2004; Jin et al., 2017; Lucki,
Dalvi, & Mayorga, 2001; Mezadri et al., 2011; Tejani-Butt, Kluczynski, & Paré, 2003) and more
novel antidepressant drugs, including ketamine (Burgdorf et al., 2013; Carrier & Kabbaj, 2013;
Garcia et al., 2008; Gigliucci et al., 2013; Koike, lijima, & Chaki, 2011; Koike, lijima, & Chaki,
2013; Muller et al., 2013; Salat et al., 2015; Wang et al., 2011) . However, as noted by Willner’s
review paper (1984) many non-antidepressant compounds also cause immobility in the FST due
to the suppression of overall locomotor activity. Therefore, for the sake of enhancing the FST’s
credibility, we also tested locomotor activity before and after the FST, as suggested by
Yankelevitch-Yahav and colleagues (2015). Still, there are multiple conceptual issues with the
test’s clinical relevance.

One theory to consider when assessing work employing the FST as a model of depression
is that it is perhaps a better model of anxiety. A paper recently published by Anyan & Amir
(2018) illustrates why this might be the case. Animal models which purportedly measure
depression-like and anxiety-like behaviors, such as the FST and the elevated plus maze,
respectively, have found both no, or a negative, association between the two, whereas the two

pathologies are highly comorbid in humans (Ho, Eichendorff, & Schwarting, 2002; Estanislau et
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al., 2011; Lamers et al., 2011). What’s more, antidepressants such as selective-serotonin reuptake
inhibitors (SSRIs) or tricyclic antidepressants (TCAs) typically take several weeks of chronic
administration to produce a therapeutic effect (Harmer, Goodwin, Cowen, 2009; Frazer,
Benmansour, 2002). Individuals can however experience the onset, or worsening, of anxiety for
a brief period soon after taking the antidepressant in question. This is especially true for SSRIs
(Gorman et al., 1987; Westernberg & den Boer, 1989; Marcinkiewcz, et al., 2016). Both the
classic and modified FST paradigms are designed in such a way that allows the researcher to
observe behavioral effects 24 hours after administering the drug of interest. It is therefore
possible that these findings are being misinterpreted as antidepressant-like where they should be
seen as anxiogenic-like. This is supported by research showing that anxiogenic agents, such as -
carboline-3-carboxylic acid ethyl ester, an inverse agonist at the benzodiazepine binding site of
GABA A receptors, have immobility-decreasing effects in the FST (Nishimura, Ida, Tsuda, &
Tanaka, 1989). Furthermore, the a-adrenoreceptor antagonist yohimbine, which has been shown
to have anxiogenic effects, also prolongs the effect of SSRIs on immobility in the FST (Dhir &
Kulkarni, 2007). It is therefore important to look to other experimental paradigms modeling
depression for future directions.
Limitations

It is possible that the design of this research induced order-effects that were uncontrolled
for. The initial locomotor chamber exposure and subsequent FST exposure 20 minutes later may
have produced unknown effects on FST behavior during the test session. Controlling for this
would have meant administering both drug and hormone at different time periods relative to all
the behavior test sessions, essentially conducting a separate experiment. There are also several

discrepancies between the human menstrual and rat estrus cycles that make the generalizability
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of these results difficult. Other evidence suggesting that rodent models are problematic are the
levels of differential sensitivity between the sexes. Female rodents have been reported as more
sensitive to lower doses of ketamine (Carrier & Kabbaj, 2013; Franceschelli et al., 2015; Sarkar
& Kabbaj 2016), whereas no such difference has been found among clinical trials, as previously
discussed (Coyle & Laws, 2015; Romeo, Choucha, Fossati & Rotge, 2015).

Future directions & Conclusion

Future studies should conduct parallel in vivo and in vitro experiments, for the sake of
establishing the relevance of the literature which much of the theoretical framework of ketamine
is based on. One could easily determine whether the addition of P to a high E2-treatment yields
greater microglial inflammatory activity. It may also be beneficial to attempt to replicate the
findings of the current work in other species, or strains of rat. Lastly, given that with P
replacement showed the greatest response to ketamine in the FST, it would be prudent to
elaborate on this and administer a moderate P dose (i.e. 250ug) to observe any potential dose-
dependent responses that might occur.

From a behavioral perspective, there are several models with more acceptable construct
validity than the FST. Anhedonia, defined as a lack of ability to feel pleasure or lesser desire to
engage in previously pleasurable activities, is a hallmark symptom of depression in the DSM-V
(American Psychiatric Association, 2013). Of the minimum five symptoms an individual must
have to be diagnosed with MDD, one must be either depressed mood or anhedonia (Tolentino &
Schmidt 2018). Importantly, anhedonia is relatively easy to observe in animals. On the other
hand, the FST been said to produce learned helplessness, as previously discussed, which does not
accurately mimic how depression presents itself in clinical populations. Anhedonia in animals is

much more translatable to depression in humans, although it of course only represents a single
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symptom of a complex disorder. Models ranging from the more complex, such as intracranial
self-stimulation, to those with higher throughput, such as the sucrose preference test (SPT),
should be employed in the future to assess the interactive effects between ovarian hormones and
ketamine.

Lastly, an important consideration for future experiments is to use tests like the FST or
SPT as assays to assess the effectiveness of manipulations meant to elicit depressive-like
behavior in the first place. Although it would have greatly increased the experimental timeline, it
may have been prudent to expose the rats daily to some form of stressor to elicit depressive-like
behavior, which could then be relieved by ketamine. Manipulations such as chronic
unpredictable mild stress, social isolation, or social defeat stress are often used before the
administration of an antidepressant manipulation (Donahue et al., 2014; Garcia et al., 2009;
Sarkar & Kabbaj, 2016). This serves to produce neurobiological and behavioral changes which
can be detected by behavioral assays like the FST and SPT, and then mitigated by ketamine.

In conclusion, there is a lack of research on the interaction between ketamine and ovarian
hormones. The current study did not find any statistically significant effects in terms of this
interaction. We showed that ketamine is most effective when P is on board, in agreement with
previous literature, and that the FST was sensitive to ketamine among males, as others have
shown in the past. Few pharmaceutical agents have been shown to have such robust effects in
ameliorating suicidal ideation and depressive mood. With ketamine, this can occur sometimes
within hours of administration (Berman et al., 2000; Zarate et al., 2006; Diazgranados et al.,
2010; Murrough et al., 2013), representing one of the largest breakthroughs in treatment for
depression in history. The consequences of developing a solid base of preclinical knowledge

with regards to ketamine-hormone interactions is critical to our understanding of its mechanism
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of action in females. It is critical because females will likely represent at least two thirds of
individuals who wind up being prescribed ketamine in the future. Due to ketamine’s lack of
patentability it is promising that the pharmaceutical industry is likely racing to understand
ketamine’s mechanisms of action to produce even more effective antidepressants. But without
understanding why these effects are taking place, our understanding regarding the nature of

major depressive disorder will remain too superficial to make these leaps in treatment.



50

References
Ahokas, A., Kaukoranta, J., Wahlbeck, K., & Aito, M. (2001). Estrogen deficiency in severe
postpartum depression: successful treatment with sublingual physiologic 17beta-

estradiol: a preliminary study. The Journal of Clinical Psychiatry, 62(5), 332-336. doi:
10.4088/jcp.v62n0504

Akhondzadeh, S., Nejatisafa, A. A., Amini, H., Mohammadi, M. R., Larijani, B., Kashani, L.,
Raisi, F., Kamalipour, A. (2003). Adjunctive estrogen treatment in women with chronic
schizophrenia: a double-blind, randomized, and placebo-controlled trial. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 27, 1007-1012. dot:
10.1016/S0278-5846(03)00161-1

Allitt, B. J., Johnstone, V. P. A., Richards, K., Yan, E. B., & Rajan, R. (2016). Progesterone
Exacerbates Short-Term Effects of Traumatic Brain Injury on Supragranular Responses
in Sensory Cortex and Over-Excites Infragranular Responses in the Long Term. Journal
of Neurotrauma, 33(4), 375-389. https://doi.org/10.1089/neu.2015.3946

Almey, A., Hafez, N. M., Hantson, A., & Brake, W. G. (2013). Deficits in latent inhibition
induced by estradiol replacement are ameliorated by haloperidol treatment. Frontiers in

Behavioral Neuroscience, 7. doi: 10.3389/fnbeh.2013.00136

Alves, S. E., McEwen, B. S., Hayashi, S., Korach, K. S., Pfaff, D. W., & Ogawa, S. (2000).
Estrogen-regulated progestin receptors are found in the midbrain raphe but not
hippocampus of estrogen receptor alpha (ER alpha) gene-disrupted mice. The Journal of
Comparative Neurology, 427(2), 185-195. https://doi.org/10.1002/1096-

9861(20001113)427:2<185::aid-cne2>3.0.co;2-g

American Psychiatric Association. (2013). Depressive Disorders. In Diagnostic and statistical



51

manual of mental disorders (5th ed.). doi: 10.1176/appi.books.9780890425596.dsm05

Anyan, J., & Amir, S. (2018). Too Depressed to Swim or Too Afraid to Stop? A Reinterpretation
of the Forced Swim Test as a Measure of Anxiety-Like Behavior.
Neuropsychopharmacology, 43, 931-933. doi: 10.1038/npp.2017.260

Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P., ... Monteggia, L. M.
(2011). NMDA receptor blockade at rest triggers rapid behavioural antidepressant
responses. Nature, 475, 91-95. doi: 10.1038/nature10130

Aydemir, O., Deveci, A., & Taneli, F. (2005). The effect of chronic antidepressant treatment on
serum brain-derived neurotrophic factor levels in depressed patients: a preliminary study.
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 29, 261-265. doi:
10.1016/j.pnpbp.2004.11.009

Aydemir, C., Yalcin, E. S., Aksaray, S., Kisa, C., Yildirim, S. G., Uzbay, T., & Goka, E. (2006).
Brain-derived neurotrophic factor (BDNF) changes in the serum of depressed women.
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 30(7), 1256—1260.
doi: 10.1016/j.pnpbp.2006.03.025

Bahrami, Z., Firouzi, M., Hashemi-Monfared, A., Zahednasab, H., & Harirchian, M. H. (2018).
The effect of minocycline on indolamine 2, 3 dioxygenase expression and the levels of
kynurenic acid and quinolinic acid in LPS-activated primary rat microglia. Cytokine, 107,
125-129. doi: 10.1016/j.cyt0.2017.12.013

Bali, N., Arimoto, J. M., Iwata, N., Lin, S. W., Zhao, L., Brinton, R. D., Morgan, T. E., & Finch,
C. E. (2012). Differential responses of progesterone receptor membrane component- 1

(Pgrmc1) and the classical progesterone receptor (Pgr) to 17p-estradiol and progesterone



52

in hippocampal subregions that support synaptic remodeling and neurogenesis.
Endocrinology, 153(2), 759-769. https://doi.org/10.1210/en.2011-1699

Bali, N., Arimoto, J. M., Morgan, T. E., & Finch, C. E. (2013). Progesterone Antagonism of
Neurite Outgrowth Depends on Microglial Activation via Pgrmc1/S2R. Endocrinology,
154(7), 2468-2480. doi: 10.1210/en.2012-2109

Bali, N., Morgan, T. E., & Finch, C. E. (2013). Pgrmc1: new roles in the microglial mediation of
progesterone-antagonism of estradiol-dependent neurite sprouting and in microglial
activation. Frontiers in Neuroscience, 7. https://doi.org/10.3389/tnins.2013.00157

Bebbington, P. E., Dunn, G., Jenkins, R., Lewis, G., Brugha, T., Farrell, M., & Meltzer, H.
(1998). The influence of age and sex on the prevalence of depressive conditions: report
from the National Survey of Psychiatric Morbidity. Psychological Medicine, 28(1), 9-19.
doi: 10.1017/s0033291797006077

Berman, R. M., Cappiello, A., Anand, A., Oren, D. A., Heninger, G. R., Charney, D. S., &
Krystal, J. H. (2000). Antidepressant effects of ketamine in depressed patients. Biological
Psychiatry, 47,351-354. doi: 10.1016/s0006-3223(99)00230-9

Bernier, L.-P., Bohlen, C.J., York, E.M., Choi, H.B., Kamyabi, A., Dissing-Olesen, L.,
Hefendehl, J.K., Collins, H.Y., Stevens, B., Barres, B.A., MacVicar, B.A. (2019).
Nanoscale Surveillance of the Brain by Microglia via cAMP-Regulated Filopodia. Cell
Reports, 27,2895-2908.e4. doi: 10.1016/j.celrep.2019.05.010

Bierhaus, A., Wolf, J., Andrassy, M., Rohleder, N., Humpert, P. M., Petrov, D., ... Nawroth, P.
P. (2003). A mechanism converting psychosocial stress into mononuclear cell activation.
Proceedings of the National Academy of Sciences of the United States of America, 10,

1920-1925. Doi: 10.1073/pnas.0438019100


https://doi.org/10.1210/en.2012-2109

53

Bloch, M., Schmidt, P. J., Danaceau, M., Murphy, J., Nieman, L., & Rubinow, D. R. (2000).
Effects of gonadal steroids in women with a history of postpartum depression. The
American Journal of Psychiatry, 157(6), 924-930. doi: 10.1176/appi.ajp.157.6.924

Bogdanova, O. V., Kanekar, S., D’Anci, K. E., & Renshaw, P. F. (2013). Factors influencing
behavior in the forced swim test. Physiology & Behavior, 118, 227-239. doi:
10.1016/j.physbeh.2013.05.012

Breier, A., Malhotra, A. K., Pinals, D. A., Weisenfeld, N. 1., & Pickar, D. (1997). Association of
ketamine-induced psychosis with focal activation of the prefrontal cortex in healthy
volunteers. The American Journal of Psychiatry, 154(6), 805-811. doi:
10.1176/ajp.154.6.805

Brown, G. C., & Neher, J. J. (2012). Eaten alive! Cell death by primary phagocytosis:
“phagoptosis.” Trends in Biochemical Sciences, 37, 325-332. doi:
10.1016/j.tibs.2012.05.002

Browne, C. A., & Lucki, I. (2013). Antidepressant effects of ketamine: mechanisms underlying
fast-acting novel antidepressants. Frontiers in Pharmacology, 4. doi:
10.3389/fphar.2013.00161

Bruce-Keller, A. J., Keeling, J. L., Keller, J. N., Huang, F. F., Camondola, S., & Mattson, M. P.
(2000). Antiinflammatory effects of estrogen on microglial activation. Endocrinology,
141(10), 3646-3656. doi: 10.1210/endo.141.10.7693

Buchanan, C. M., Eccles, J. S., & Becker, J. B. (1992). Are adolescents the victims of raging
hormones: evidence for activational effects of hormones on moods and behavior at
adolescence. Psychological Bulletin, 111(1), 62—-107.

Burgdorf, J., Zhang, X., Nicholson, K. L., Balster, R. L., David Leander, J., Stanton, P. K.,



54

Gross, A., Kroes, R. A., Moskal, J. R. (2013). GLYX-13, a NMDA Receptor Glycine-
Site Functional Partial Agonist, Induces Antidepressant-Like Effects Without Ketamine-
Like Side Effects. Neuropsychopharmacology, 38, 729—742. Doi: 10.1038/npp.2012.246

Capuron, L., & Miller, A. H. (2004). Cytokines and psychopathology: lessons from interferon-
alpha. Biological Psychiatry, 56, 819—824. doi: 10.1016/j.biopsych.2004.02.009

Carrier, N., & Kabbaj, M. (2013). Sex differences in the antidepressant-like effects of ketamine.
Neuropharmacology, 70, 27-34. doi: 10.1016/j.neuropharm.2012.12.009

Castagné, V., Moser, P., & Porsolt, R. D. (2009). Behavioral Assessment of Antidepressant
Activity in Rodents. In J. J. Buccafusco (Ed.), Methods of Behavior Analysis in
Neuroscience (2nd ed.). CRC Press/Taylor & Francis.
http://www.ncbi.nlm.nih.gov/books/NBK 5222/

Cervantes, M., Gonzalez-Vidal, M. D., Ruelas, R., Escobar, A., & Morali, G. (2002).
Neuroprotective effects of progesterone on damage elicited by acute global cerebral
ischemia in neurons of the caudate nucleus. Archives of Medical Research, 33(1), 6-14.
doi: 10.1016/50188-4409(01)00347-2

Chang, Y., Lee, J.-J., Hsieh, C.-Y., Hsiao, G., Chou, D.-S., & Sheu, J.-R. (2009). Inhibitory
Effects of Ketamine on Lipopolysaccharide-Induced Microglial Activation. Mediators of
Inflammation, 2009. doi: 10.1155/2009/705379

Chao, C. C., Hu, S., Ehrlich, L., & Peterson, P. K. (1995). Interleukin-1 and tumor necrosis
factor-alpha synergistically mediate neurotoxicity: involvement of nitric oxide and of N-
methyl-D-aspartate receptors. Brain, Behavior, and Immunity, 9(4), 355-365. do:
10.1006/brbi.1995.1033

Chekeni, F. B., Elliott, M. R., Sandilos, J. K., Walk, S. F., Kinchen, J. M., Lazarowski, E. R., ...


https://doi.org/10.1155/2009/705379

55

Ravichandran, K. S. (2010). Pannexin 1 channels mediate “find-me” signal release and
membrane permeability during apoptosis. Nature, 467(7317), 863—867. doi:
10.1038/nature09413

Chen, B., Dowlatshahi, D., MacQueen, G. M., Wang, J. F., & Young, L. T. (2001). Increased
hippocampal BDNF immunoreactivity in subjects treated with antidepressant medication.
Biological Psychiatry, 50(4), 260-265.

Chen, J., Chopp, M., & Li, Y. (1999). Neuroprotective effects of progesterone after transient
middle cerebral artery occlusion in rat. Journal of the Neurological Sciences, 171(1), 24—
30. doi: 10.1016/s0022-510x(99)00247-6

Chen, Q., Feng, J., Liu, L., Wang, X., Wan, Y., Li, M., ... Zhang, C. (2017). The effect of
ketamine on microglia and proinflammatory cytokines in the hippocampus of depression-
like rat. Neuropsychiatry, 7(2), 77-85. doi: 10.4172/Neuropsychiatry.1000183

Chen, Z., Zhong, D., & Li, G. (2019). The role of microglia in viral encephalitis: a review.
Journal of Neuroinflammation, 16, 76. doi: 10.1186/s12974-019-1443-2

Chesler, E. J., & Juraska, J. M. (2000). Acute administration of estrogen and progesterone
impairs the acquisition of the spatial morris water maze in ovariectomized rats.
Hormones and Behavior, 38, 234-242. doi: 10.1006/hbeh.2000.1626

Choi, S.-Y., Koh, K. H., & Jeong, H. (2013). Isoform-specific regulation of cytochromes P450
expression by estradiol and progesterone. Drug Metabolism and Disposition: The
Biological Fate of Chemicals, 41(2), 263-269. doi: 10.1124/dmd.112.046276

Choi, M., Lee, S. H., Park, M. H., Kim, Y.-S., & Son, H. (2017). Ketamine induces brain-derived



56

neurotrophic factor expression via phosphorylation of histone deacetylase 5 in rats.
Biochemical and Biophysical Research Communications, 489(4), 420—425. doi:
10.1016/5.bbrc.2017.05.157

Chowdhury, G. M. 1, Behar, K. L., Cho, W., Thomas, M. A., Rothman, D. L., & Sanacora, G.
(2012). '"H-[*C]-nuclear magnetic resonance spectroscopy measures of ketamine’s effect
on amino acid neurotransmitter metabolism. Biological Psychiatry, 71(11), 1022—1025.
Doi: 10.1016/j.biopsych.2011.11.006

Clements, J. A., & Nimmo, W. S. (1981). Pharmacokinetics and analgesic effect of ketamine in
man. British Journal of Anaesthesia, 53, 27-30.

Commons, K. G., Cholanians, A. B., Babb, J. A., & Ehlinger, D. G. (2017). The Rodent Forced
Swim Test Measures Stress-Coping Strategy, Not Depression-like Behavior. ACS
Chemical Neuroscience, 8(5), 955-960. doi: 10.1021/acschemneuro.7b00042

Confavreux, C., Hutchinson, M., Hours, M. M., Cortinovis-Tourniaire, P., & Moreau, T. (1998).
Rate of pregnancy-related relapse in multiple sclerosis. Pregnancy in Multiple Sclerosis
Group. The New England Journal of Medicine, 339(5), 285-291. doi:
10.1056/NEJM199807303390501

Cowley, S. M., Hoare, S., Mosselman, S., & Parker, M. G. (1997). Estrogen receptors alpha and
beta form heterodimers on DNA. The Journal of Biological Chemistry, 272(32), 19858—
19862. doi: 10.1074/jbc.272.32.19858

Coyle, C. M., & Laws, K. R. (2015). The use of ketamine as an antidepressant: a systematic
review and meta-analysis. Human Psychopharmacology: Clinical and Experimental,
30(3), 152—-163. doi: 10.1002/hup.2475

Dahl, J., Ormstad, H., Aass, H. C. D., Malt, U. F., Bendz, L. T., Sandvik, L., ... Andreassen, O.



57

A. (2014). The plasma levels of various cytokines are increased during ongoing
depression and are reduced to normal levels after recovery.
Psychoneuroendocrinology, 45, 77-86. doi: 0.1016/j.psyneuen.2014.03.019

Dang, J., Mitkari, B., Kipp, M., & Beyer, C. (2011). Gonadal steroids prevent cell damage and
stimulate behavioral recovery after transient middle cerebral artery occlusion in male and
female rats. Brain, Behavior, and Immunity, 25(4), 715-726. doi:
10.1016/5.bbi.2011.01.013

Dantzer, R. (2009). Cytokine, Sickness Behavior, and Depression. /mmunology and Allergy
Clinics of North America, 29, 247-264. doi: 10.1016/j.1ac.2009.02.002

Dantzer, R., O’Connor, J. C., Lawson, M. A., & Kelley, K. W. (2011). Inflammation-Associated

Depression: From Serotonin to Kynurenine. Psychoneuroendocrinology, 36(3), 426—436.

doi: 10.1016/j.psyneuen.2010.09.012

Davalos, D., Grutzendler, J., Yang, G., Kim, J. V., Zuo, Y., Jung, S., ... Gan, W.-B. (2005). ATP
mediates rapid microglial response to local brain injury in vivo. Nature Neuroscience,

8(6), 752-758. https://doi.org/10.1038/nn1472

Dhir, A., & Kulkarni, S. K. (2007). Effect of addition of yohimbine (alpha-2-receptor antagonist)
to the antidepressant activity of fluoxetine or venlafaxine in the mouse forced swim test.

Pharmacology, 80, 239-243. doi:10.1159/000104877

Diazgranados, N., Ibrahim, L., Brutsche, N.E., Newberg, A., Kronstein, P., Khalife, S.,

Kammerer, W.A., Quezado, Z., Luckenbaugh, D.A., Salvadore, G., Machado-Vieira, R.,

Manji, H.K., Zarate, C.A. (2010). A Randomized Add-on Trial of an N-methyl-d-

aspartate Antagonist in Treatment-Resistant Bipolar Depression. Archives of General

Psychiatry, 67(8), 793—-802. doi: 10.1001/archgenpsychiatry.2010.90



58
Dieperink, E., Ho, S. B., Tetrick, L., Thuras, P., Dua, K., & Willenbring, M. L. (2004). Suicidal
ideation during interferon-alpha2b and ribavirin treatment of patients with chronic
hepatitis C. General Hospital Psychiatry, 26(3), 237-240. doi:
10.1016/j.genhosppsych.2004.01.003
Dissing-Olesen, L., LeDue, J. M., Rungta, R. L., Hefendehl, J. K., Choi, H. B., & MacVicar, B
A. (2014). Activation of Neuronal NMDA Receptors Triggers Transient ATP-Mediated
Microglial Process Outgrowth. Journal of Neuroscience, 34(32), 10511-10527. doi:
10.1523/INEUROSCI.0405-14.2014
Domino, E. F. (2010). Taming the ketamine tiger. Anesthesiology: The Journal of the American
Society of Anesthesiologists, 113, 678—684. doi: 10.1097/ALN.0b013e3181ed09a2
Dong, S., Zhang, Q., Kong, D., Zhou, C., Zhou, J., Han, J., Zhou, Y., Jin, G., Hua, X., Wang, J.,
& Hua, F. (2018). Gender difference in the effect of progesterone on neonatal
hypoxic/ischemic brain injury in mouse. Experimental Neurology, 306, 190—198.
https://doi.org/10.1016/j.expneurol.2018.05.013
Douma, S. L., Husband, C., O’Donnell, M. E., Barwin, B. N., & Woodend, A. K. (2005).
Estrogen-related mood disorders: reproductive life cycle factors. ANS. Advances in
Nursing Science, 28, 364-375.
Duman, R.S., Monteggia, L.M. (2006). A neurotrophic model for stress-related mood disorders.
Biological Psychiatry, 1116—1127. doi: 10.1016/j.biopsych.2006.02.013
Dwivedi, Y., Rizavi, H. S., Conley, R. R., Roberts, R. C., Tamminga, C. A., & Pandey, G. N.
(2003). Altered gene expression of brain-derived neurotrophic factor and receptor

tyrosine kinase B in postmortem brain of suicide subjects. Archives of General

Psychiatry, 60(8), 804—815. doi: 10.1001/archpsyc.60.8.804



59

Edwards, D. A., Whalen, R. E., & Nadler, R. D. (1968). Induction of estrus: Estrogen-
progesterone interactions. Physiology & Behavior, 3(1), 29-33. doi:
10.1016/0018506x(70)90022-x

Ekdahl, C. T., Claasen, J.-H., Bonde, S., Kokaia, Z., & Lindvall, O. (2003). Inflammation is
detrimental for neurogenesis in adult brain. Proceedings of the National Academy of
Sciences of the United States of America, 100(23), 13632—13637. doi:
10.1073/pnas.2234031100

Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk, S. F., ...
Ravichandran, K. S. (2009). Nucleotides released by apoptotic cells act as a find-me
signal to promote phagocytic clearance. Nature, 461(7261), 282-286. doi:
10.1038/nature08296

Ellmann, S., Sticht, H., Thiel, F., Beckmann, M. W., Strick, R., & Strissel, P. L. (2009). Estrogen
and progesterone receptors: from molecular structures to clinical targets. Cellular and
Molecular Life Sciences: CMLS, 66(15), 2405-2426. https://doi.org/10.1007/s00018-009-
0017-3

Estanislau, C., Ramos, A.C., Ferraresi, P.D., Costa, N.F., de Carvalho, HM.C.P., Batistela, S.,
2011. Individual differences in the elevated plus-maze and the forced swim test.
Behavioural Processes, 86, 46-51. doi: 10.1016/j.beproc.2010.08.008

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 3: A flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behavior
Research Methods, 39, 175-191. doi: 10.3758/bf03193146

Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical power analyses using



60

G*Power 3.1: Tests for correlation and regression analyses. Behavior Research
Methods, 41, 1149-1160. doi: 10.3758/brm.41.4.1149

Fava, M., Pedrazzi, F., Guaraldi, G. P., Romano, G., Genazzani, A. R., & Facchinetti, F. (1992).
Comorbid anxiety and depression among patients with late luteal phase dysphoric
disorder. Journal of Anxiety Disorders, 6, 325-335. doi: 10.1016/0887-6185(92)90004-Q

Fava, M. (2003). Diagnosis and definition of treatment-resistant depression. Biological
Psychiatry, 53, 649—659. doi: 10.1016/S0006-3223(03)00231-2

Fernandez-Arjona, M. D. M., Grondona, J. M., Granados-Duran, P., Fernandez-Llebrez, P., &
Lopez-Avalos, M. D. (2017). Microglia Morphological Categorization in a Rat Model of
Neuroinflammation by Hierarchical Cluster and Principal Components Analysis.
Frontiers in Cellular Neuroscience, 11, 235. doi: 10.3389/fncel.2017.00235

Fernandez-Lizarbe, S., Pascual, M., & Guerri, C. (2009). Critical role of TLR4 response in the
activation of microglia induced by ethanol. Journal of Immunology, 183, 4733-4744. doi:
10.4049/jimmunol.0803590

Fernstrom, J. D. (1983). Role of precursor availability in control of monoamine biosynthesis in
brain. Physiological Reviews, 63(2), 484—546. doi: 10.1152/physrev.1983.63.2.484

Fillit, H., Weinreb, H., Cholst, 1., Luine, V., McEwen, B., Amador, R., & Zabriskie, J. (1986).
Observations in a preliminary open trial of estradiol therapy for senile dementia-
Alzheimer’s type. Psychoneuroendocrinology, 11(3), 337-345. doi: 10.1016/0306-
4530(86)90019-3

Fourcade, E. W., & Lapidus, K. A. B. (2016). The basic and clinical pharmacology of ketamine.
In Sanjay, M. J., & Zarate C. A. Jr., Ketamine for Treatment-Resistant Depression: The

First Decade of Progress (pp. 13-31). Switzerland: Springer International Publishing.



61

Franceschelli, A., Sens, J., Herchick, S., Thelen, C., & Pitychoutis, P. M. (2015). Sex differences
in the rapid and the sustained antidepressant-like effects of ketamine in stress-naive and
“depressed” mice exposed to chronic mild stress. Neuroscience, 290, 49—60. doi:
10.1016/j.neuroscience.2015.01.008

Fragoso, Y. D., Frota, E. R. C., Lopes, J. S., Noal, J. S., Giacomo, M. C., Gomes, S., ...
Finkelsztejn, A. (2010). Severe depression, suicide attempts, and ideation during the use
of interferon beta by patients with multiple sclerosis. Clinical Neuropharmacology,
33(6), 312-316. doi: 10.1097/WNF.0b013e318118d513

Frazer, A., Benmansour, S., 2002. Delayed pharmacological effects of antidepressants.
Molecular Psychiatry, 7 Suppl 1, S23-28. doi: 10.1038/sj.mp.4001015

Fu, R., Shen, Q., Xu, P., Luo, J. J., & Tang, Y. (2014). Phagocytosis of Microglia in the Central
Nervous System Diseases. Molecular Neurobiology, 49, 1422—1434. Doi:
10.1007/s12035-013-8620-6

Garcia, L. S. B., Comim, C. M., Valvassori, S. S., Réus, G. Z., Barbosa, L. M., Andreazza, A. C.,
Stertz, L., Fries, G. R., Gavioli, E. C., Kapczinski, F., & Quevedo, J. (2008). Acute
administration of ketamine induces antidepressant-like effects in the forced swimming
test and increases BDNF levels in the rat hippocampus. Progress in Neuro-
Psychopharmacology & Biological Psychiatry, 32(1), 140—144. doi:
10.1016/5.pnpbp.2007.07.027

Garcia, L. S. B., Comim, C. M., Valvassori, S. S., Réus, G. Z., Stertz, L., Kapczinski, F.,
Gavioli, E. C., & Quevedo, J. (2009). Ketamine treatment reverses behavioral and

physiological alterations induced by chronic mild stress in rats. Progress in Neuro-


https://doi.org/10.1016/j.pnpbp.2007.07.027
https://doi.org/10.1016/j.pnpbp.2007.07.027

62

Psychopharmacology & Biological Psychiatry, 33(3), 450—455. doi:
10.1016/5.pnpbp.2009.01.004

Garrison, A. M., Parrott, J. M., Tufion, A., Delgado, J., Redus, L., & O’Connor, J. C. (2018).
Kynurenine pathway metabolic balance influences microglia activity: Targeting
kynurenine monooxygenase to dampen neuroinflammation. Psychoneuroendocrinology,
94, 1-10. https://doi.org/10.1016/j.psyneuen.2018.04.019

Gentleman, S. M., Leclercq, P. D., Moyes, L., Graham, D. 1., Smith, C., Griffin, W.S. T., &
Nicoll, J. a. R. (2004). Long-term intracerebral inflammatory response after traumatic
brain injury. Forensic Science International, 146, 97-104. doi:
10.1016/j.forsciint.2004.06.027

Gebicke-Haerter, P. J. (2001). Microglia in neurodegeneration: molecular aspects. Microscopy
Research and Technique, 54(1), 47-58. doi: 10.1002/jemt.1120

Gellersen, B., Fernandes, M. S., & Brosens, J. J. (2009). Non-genomic progesterone actions in
female reproduction. Human Reproduction Update, 15(1), 119-138.
https://doi.org/10.1093/humupd/dmn044

Gerhard, D. M., Wohleb, E. S., & Duman, R. S. (2016). Emerging Treatment Mechanisms for
Depression: Focus on Glutamate and Synaptic Plasticity. Drug Discovery Today, 21(3),
454-464. Doi: 10.1016/j.drudis.2016.01.016

Gervasoni, N., Aubry, J.-M., Bondolfi, G., Osiek, C., Schwald, M., Bertschy, G., & Karege, F.
(2005). Partial normalization of serum brain-derived neurotrophic factor in remitted
patients after a major depressive episode. Neuropsychobiology, 51(4), 234-238. doi:
10.1159/000085725

Gibson, C. L., Constantin, D., Prior, M. J. W_, Bath, P. M. W., & Murphy, S. P. (2005).



63

Progesterone suppresses the inflammatory response and nitric oxide synthase-2
expression following cerebral ischemia. Experimental Neurology, 193(2), 522-530. doi:
10.1016/j.expneurol.2005.01.009

Gibson, C. L., Coomber, B., & Murphy, S. P. (2011). Progesterone is neuroprotective following
cerebral ischaemia in reproductively ageing female mice. Brain: A Journal of Neurology,
134(Pt 7),2125-2133. doi: 10.1093/brain/awr132

Gigliucci, V., O’Dowd, G., Casey, S., Egan, D., Gibney, S., & Harkin, A. (2013). Ketamine
elicits sustained antidepressant-like activity via a serotonin-dependent mechanism.
Psychopharmacology, 228(1), 157-166. doi: 10.1007/s00213-013-3024-x

Glasgow, N. G., Wilcox, M. R., & Johnson, J. W. (2018). Effects of Mg2+ on recovery of
NMDA receptors from inhibition by memantine and ketamine reveal properties of a
second site. Neuropharmacology, 137, 344-358. doi: 10.1016/j.neuropharm.2018.05.017

Gold, E. B., Bromberger, J., Crawford, S., Samuels, S., Greendale, G. A., Harlow, S. D., &
Skurnick, J. (2001). Factors Associated with Age at Natural Menopause in a Multiethnic
Sample of Midlife Women. American Journal of Epidemiology, 153, 865-874. doi:
10.1093/aje/153.9.865

Gold, S. M., & Voskuhl, R. R. (2009). Estrogen Treatment in Multiple Sclerosis. Journal of the
Neurological Sciences, 286(1-2), 99—103. doi: 10.1016/j.jns.2009.05.028

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., ...
Rodewald, H.-R. (2015). Tissue-resident macrophages originate from yolk-sac-derived
erythro-myeloid progenitors. Nature, 518, 547-551. doi: 10.1038/nature13989

Graham, J. D., & Clarke, C. L. (1997). Physiological action of progesterone in target tissues.

Endocrine Reviews, 18(4), 502—519. https://doi.org/10.1210/edrv.18.4.0308


https://doi.org/10.1016/j.expneurol.2005.01.009
https://doi.org/10.1016/j.expneurol.2005.01.009
https://doi.org/10.1093/brain/awr132

64

Gonul, A. S., Akdeniz, F., Taneli, F., Donat, O., Eker, C., & Vahip, S. (2005). Effect of
treatment on serum brain-derived neurotrophic factor levels in depressed patients.
European Archives of Psychiatry and Clinical Neuroscience, 255, 381-386. doi:
10.1007/s00406-005-0578-6

Gonzélez-Orozco, J. C., & Camacho-Arroyo, I. (2019). Progesterone Actions During Central
Nervous System Development. Frontiers in Neuroscience, 13. doi:
10.3389/tnins.2019.00503

Gonzalez-Vidal, M. D., Cervera-Gaviria, M., Ruelas, R., Escobar, A., Morali, G., & Cervantes,
M. (1998). Progesterone: protective effects on the cat hippocampal neuronal damage due
to acute global cerebral ischemia. Archives of Medical Research, 29(2), 117-124.

Gorman, J.M., Liebowitz, M.R., Fyer, A.J., Goetz, D., Campeas, R.B., Fyer, M.R., Davies, S.O.,
Klein, D.F. (1987). An open trial of fluoxetine in the treatment of panic attacks. Journal
of Clinical Psychopharmacology, 7, 329-332. doi: 10.1097/00004714-198710000-00007

Gould, E., Woolley, C. S., Frankfurt, M., & McEwen, B. S. (1990). Gonadal steroids regulate
dendritic spine density in hippocampal pyramidal cells in adulthood. The Journal of
Neuroscience: The Olfficial Journal of the Society for Neuroscience, 10, 1286—1291.

Grant, I. S., Nimmo, W. S., & Clements, J. A. (1981). Pharmacokinetics and analgesic effects of
i.m. and oral ketamine. British Journal of Anaesthesia, 53(8), 805-810.

Guillemin, G. J. (2012). Quinolinic acid, the inescapable neurotoxin. The FEBS Journal, 279(8),
1356-1365. doi: 10.1111/1.1742-4658.2012.08485.x

Guillemin, G. J., Smith, D. G., Smythe, G. A., Armati, P. J., & Brew, B. J. (2003). Expression of
the kynurenine pathway enzymes in human microglia and macrophages. Advances in

Experimental Medicine and Biology, 527, 105-112.



65

Gurvits, T.V., Shenton, M.E., Hokama, H., Ohta, H., Lasko, N.B., Gilbertson, M.W., Orr, S.P.,
Kikinis, R., Jolesz, F.A., McCarley, R.W., Pitman, R.K. (1996). Magnetic Resonance
Imaging Study of Hippocampal Volume in Chronic, Combat-Related Posttraumatic
Stress Disorder. Biological Psychiatry, 40(11), 1091-1099. doi: 10.1016/S0006-
3223(96)00229-6

Halaris, A., Myint, A.-M., Savant, V., Meresh, E., Lim, E., Guillemin, G., ... Sinacore, J. (2015).
Does escitalopram reduce neurotoxicity in major depression? Journal of Psychiatric
Research, 66—67, 118—126. https://doi.org/10.1016/j.jpsychires.2015.04.026

Hanisch, U.-K. (2002). Microglia as a source and target of cytokines. Glia, 40(2), 140-155.
doi: 10.1002/glia.10161

Hantsoo, L., & Epperson, C. N. (2015). Premenstrual Dysphoric Disorder: Epidemiology and
Treatment. Current Psychiatry Reports, 17, 87. doi: 10.1007/s11920-015-0628-3

Harmer, C.J., Goodwin, G.M., Cowen, P.J., 2009. Why do antidepressants take so long to work?
A cognitive neuropsychological model of antidepressant drug action. The British Journal
of Psychiatry: The Journal of Mental Science, 195, 102—108. doi:
10.1192/bjp.bp.108.051193

Heldring, N., Pike, A., Andersson, S., Matthews, J., Cheng, G., Hartman, J., Tujague, M., Strém,
A., Treuter, E., Warner, M., Gustafsson, J.-A. (2007). Estrogen Receptors: How Do They
Signal and What Are Their Targets. Physiological Reviews, 87, 905-931. doi:
10.1152/physrev.00026.2006

Herbert, T. B., & Cohen, S. (1993). Depression and immunity: a meta-analytic review.
Psychological Bulletin, 113, 472—486. doi: 10.1037/0033-2909.113.3.472

Higashi, E., Fukami, T., Itoh, M., Kyo, S., Inoue, M., Yokoi, T., & Nakajima, M. (2007). Human



66

CYP2AG6 is induced by estrogen via estrogen receptor. Drug Metabolism and
Disposition: The Biological Fate of Chemicals, 35(10), 1935-1941. doi:
10.1124/dmd.107.016568

Hirschfeld, R. M. (2000). History and evolution of the monoamine hypothesis of depression. The
Journal of Clinical Psychiatry, 61, 4—6.

Ho, M.-F., Correia, C., Ingle, J. N., Kaddurah-Daouk, R., Wang, L., Kaufmann, S. H., &
Weinshilboum, R. M. (2018). Ketamine and ketamine metabolites as novel estrogen
receptor ligands: Induction of cytochrome P450 and AMPA glutamate receptor gene
expression. Biochemical Pharmacology, 152, 279-292. doi: 10.1016/j.bcp.2018.03.032

Ho, Y.-J., Eichendorft, J., & Schwarting, R. K. W. (2002). Individual response profiles of male
Wistar rats in animal models for anxiety and depression. Behavioural Brain Research,
136(1), 1-12.

Homayoun, H., & Moghaddam, B. (2007). NMDA receptor hypofunction produces opposite
effects on prefrontal cortex interneurons and pyramidal neurons. The Journal of
Neuroscience: The Olfficial Journal of the Society for Neuroscience, 27(43), 11496—
11500. soi: 10.1523/JNEUROSCI.2213-07.2007

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan, S., ...
Stevens, B. (2016). Complement and microglia mediate early synapse loss in Alzheimer
mouse models. Science (New York, N.Y.), 352(6286), 712—716. doi:
10.1126/science.aad8373

Howren, M. B., Lamkin, D. M., & Suls, J. (2009). Associations of depression with C-reactive
protein, IL-1, and IL-6: a meta-analysis. Psychosomatic Medicine, 71(2), 171-186. doi:

10.1097/PSY.0b013e3181907c1b



67

Huang, T.-L., Lee, C.-T., & Liu, Y.-L. (2008). Serum brain-derived neurotrophic factor levels in
patients with major depression: effects of antidepressants. Journal of Psychiatric
Research, 42, 521-525. doi: 10.1016/j.jpsychires.2007.05.007

Ioannidis, J. P. (2008). Effectiveness of antidepressants: an evidence myth constructed from a
thousand randomized trials? Philosophy, Ethics, and Humanities in Medicine, 3, 14. doi:
10.1186/1747-5341-3-14

Ishrat, T., Sayeed, L., Atif, F., & Stein, D. G. (2009). Effects of progesterone administration on
infarct volume and functional deficits following permanent focal cerebral ischemia in
rats. Brain Research, 1257, 94-101. doi: 10.1016/j.brainres.2008.12.048

James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., Abbastabar, H.,
Abd-Allah, F., Abdela, J., Abdelalim, A., Abdollahpour, I., Abdulkader, R. S., Abebe, Z.,
Abera, S. F., Abil, O. Z., Abraha, H. N., Abu-Raddad, L. J., Abu-Rmeileh, N. M. E.,
Accrombessi, M. M. K., ... Murray, C. J. L. (2018). Global, regional, and national
incidence, prevalence, and years lived with disability for 354 diseases and injuries for
195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of
Disease Study 2017. The Lancet, 392(10159), 1789-1858. doi: 10.1016/S0140-
6736(18)32279-7

Jin, Z., Chen, X.-F., Ran, Y., Li, X., Xiong, J., Zheng, Y., Gao, N., & Li, Y.-F. (2017). Mouse
strain differences in SSRI sensitivity correlate with serotonin transporter binding and
function. Scientific Reports, 7(1), 1-10. https://doi.org/10.1038/s41598-017-08953-4

Jodhka, P. K., Kaur, P., Underwood, W., Lydon, J. P., & Singh, M. (2009). The Differences in


https://doi.org/10.1016/j.brainres.2008.12.048

68

Neuroprotective Efficacy of Progesterone and Medroxyprogesterone Acetate Correlate
with Their Effects on Brain-Derived Neurotrophic Factor Expression. Endocrinology,
150(7), 3162-3168. doi: 10.1210/en.2008-1247

Kaindl, A. M., Degos, V., Peineau, S., Gouadon, E., Chhor, V., Loron, G., ... Gressens, P.
(2012). Activation of microglial N-methyl-D-aspartate receptors triggers inflammation
and neuronal cell death in the developing and mature brain. Annals of Neurology, 72(4),
536-549. doi: 10.1002/ana.23626

Karege, F., Perret, G., Bondolfi, G., Schwald, M., Bertschy, G., & Aubry, J.-M. (2002).
Decreased serum brain-derived neurotrophic factor levels in major depressed patients.
Psychiatry Research, 109, 143—148. doi: 10.1016/s0165-1781(02)00005-7

Karege, F., Vaudan, G., Schwald, M., Perroud, N., & La Harpe, R. (2005). Neurotrophin levels
in postmortem brains of suicide victims and the effects of antemortem diagnosis and
psychotropic drugs. Brain Research. Molecular Brain Research, 136,29-37. doi:
10.1016/j.molbrainres.2004.12.020

Kavalali, E. T., & Monteggia, L. M. (2012). Synaptic mechanisms underlying rapid
antidepressant action of ketamine. The American Journal of Psychiatry, 169, 1150-1156.
doi: 10.1176/appi.ajp.2012.12040531

Kawas, C., Resnick, S., Morrison, A., Brookmeyer, R., Corrada, M., Zonderman, A., ... Metter,
E. (1997). A prospective study of estrogen replacement therapy and the risk of
developing Alzheimer’s disease: the Baltimore Longitudinal Study of Aging. Neurology,
48(6), 1517-1521.

Keating, N. L., Cleary, P. D., Rossi, A. S., Zaslavsky, A. M., & Ayanian, J. Z. (1999). Use of



69

hormone replacement therapy by postmenopausal women in the United States. Annals of
Internal Medicine, 130, 545-553. doi: 10.7326/0003-4819-130-7-199904060-00002

Keator, C. S., Mah, K., & Slayden, O. D. (2012). Alterations in progesterone receptor membrane
component 2 (PGRMC2) in the endometrium of macaques afflicted with advanced
endometriosis. Molecular Human Reproduction, 18(6), 308-319. doi:
10.1093/molehr/gas006

Kessler, R. C., McGonagle, K. A., Swartz, M., Blazer, D. G., & Nelson, C. B. (1993). Sex and
depression in the National Comorbidity Survey. I: Lifetime prevalence, chronicity and
recurrence. Journal of Affective Disorders, 29, 85-96. doi: 10.1016/0165-
0327(93)90026-g

Kim, Y.-K., Lee, H.-P., Won, S.-D., Park, E.-Y., Lee, H.-Y., Lee, B.-H., ... Choi, S.-H. (2007).
Low plasma BDNF is associated with suicidal behavior in major depression. Progress in
Neuro-Psychopharmacology & Biological Psychiatry, 31, 78-85. doi:
10.1016/5.pnpbp.2006.06.024

Kindler, J., Lim, C. K., Weickert, C. S., Boerrigter, D., Galletly, C., Liu, D., ... Weickert, T. W.
(2019). Dysregulation of kynurenine metabolism is related to proinflammatory cytokines,
attention, and prefrontal cortex volume in schizophrenia. Molecular Psychiatry. doi:
10.1038/s41380-019-0401-9

Kirsch, I. (2014). Antidepressants and the Placebo Effect. Zeitschrift Fur Psychologie, 222(3),
128—134. https://doi.org/10.1027/2151-2604/a000176

Kline, R. B. (2013). Continuous outcomes. In R. B. Kline, Beyond significance testing: Statistics
reform in the behavioral sciences (pp. 139). Washington, DC, US: American

Psychological Association. doi: 10.1037/14136-008



70

Koike, H., [ijima, M., & Chaki, S. (2011). Involvement of AMPA receptor in both the rapid and
sustained antidepressant-like effects of ketamine in animal models of depression.
Behavioural Brain Research, 224(1), 107—111. doi: 10.1016/5.bbr.2011.05.035

Koike, H., [ijima, M., & Chaki, S. (2013). Effects of ketamine and LY341495 on the depressive-
like behavior of repeated corticosterone-injected rats. Pharmacology, Biochemistry, and
Behavior, 107, 20-23. doi: 10.1016/j.pbb.2013.03.017

Kornack, D. R., & Rakic, P. (1999). Continuation of neurogenesis in the hippocampus of the
adult macaque monkey. Proceedings of the National Academy of Sciences of the United
States of America, 96(10), 5768-5773.

Kulkarni, J., Riedel, A., de Castella, A. R., Fitzgerald, P. B., Rolfe, T. J., Taffe, J., & Burger, H.
(2002). A clinical trial of adjunctive oestrogen treatment in women with schizophrenia.
Archives of Women’s Mental Health, 5, 99—104. doi: 10.1007/s00737-002-0001-5

Kumar, A., Alvarez-Croda, D.-M., Stoica, B. A., Faden, A. 1., & Loane, D. J. (2016).
Microglial/Macrophage Polarization Dynamics following Traumatic Brain Injury.
Journal of Neurotrauma, 33, 1732—1750. doi: 10.1089/neu.2015.4268

Kumon, Y., Kim, S. C., Tompkins, P., Stevens, A., Sakaki, S., & Loftus, C. M. (2000).
Neuroprotective effect of postischemic administration of progesterone in spontaneously
hypertensive rats with focal cerebral ischemia. Journal of Neurosurgery, 92(5), 848—-852.
https://doi.org/10.3171/jns.2000.92.5.0848

Kuo, Y.-C., Huang, K.-Y., Yang, C.-H., Yang, Y.-S., Lee, W.-Y., & Chiang, C.-W. (2008).
Regulation of phosphorylation of Thr-308 of Akt, cell proliferation, and survival by the
B55alpha regulatory subunit targeting of the protein phosphatase 2A holoenzyme to Akt.

The Journal of Biological Chemistry, 283(4), 1882—1892. doi: 10.1074/jbc.M709585200


https://doi.org/10.1007/s00737-002-
https://doi.org/10.1074/jbc.M709585200

71

Labombarda, F., Gonzalez, S. L., Gonzalez Deniselle, M. C., Vinson, G. P., Schumacher, M., De
Nicola, A. F., & Guennoun, R. (2003). Effects of injury and progesterone treatment on
progesterone receptor and progesterone binding protein 25-Dx expression in the rat spinal
cord. Journal of Neurochemistry, 87, 902-913. doi: 10.1046/;.1471-4159.2003.02055.x

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: a
practical primer for t-tests and ANOV As. Frontiers in Psychology, 4. doi:
10.3389/fpsyg.2013.00863.

Lamers, F., van Oppen, P., Comijs, H.C., Smit, J.H., Spinhoven, P., van Balkom, A.J.L.M.,
Nolen, W.A., Zitman, F.G., Beekman, A.T.F., Penninx, B.W.J.H. (2011). Comorbidity
patterns of anxiety and depressive disorders in a large cohort study: the Netherlands
Study of Depression and Anxiety (NESDA). The Journal of Clinical Psychiatry, 72(3),
341-348. doi: 10.4088/JCP.10m06176blu

Lawlor, M. A., & Alessi, D. R. (2001). PKB/Akt: a key mediator of cell proliferation, survival
and insulin responses? Journal of Cell Science, 114(Pt 16), 2903-2910.

Lei, B., Mace, B., Dawson, H. N., Warner, D. S., Laskowitz, D. T., & James, M. L. (2014). Anti-
inflammatory effects of progesterone in lipopolysaccharide-stimulated BV-2 microglia.
PloS One, 9(7), €103969. doi: 10.1371/journal.pone.0103969

Lin, C., He, H,, Li, Z., Liu, Y., Chao, H., Ji, J., & Liu, N. (2015). Efficacy of progesterone for
moderate to severe traumatic brain injury: a meta-analysis of randomized clinical trials.
Scientific Reports, 5. https://doi.org/10.1038/srep 13442

Lindqvist, D., Janelidze, S., Hagell, P., Erhardt, S., Samuelsson, M., Minthon, L., ... Brundin, L.


https://doi.org/10.4088/JCP.10m06176blu

72

(2009). Interleukin-6 is elevated in the cerebrospinal fluid of suicide attempters and
related to symptom severity. Biological Psychiatry, 66(3), 287-292. doi:
10.1016/j.biopsych.2009.01.030

Liu, D., Diorio, J., Day, J. C., Francis, D. D., & Meaney, M. J. (2000). Maternal care,
hippocampal synaptogenesis and cognitive development in rats. Nature Neuroscience, 3,
799-806. doi: 10.1038/77702

Liu, Y., Ho, R. C.-M., & Mak, A. (2012). Interleukin (IL)-6, tumour necrosis factor alpha (TNF-
o) and soluble interleukin-2 receptors (sIL-2R) are elevated in patients with major
depressive disorder: a meta-analysis and meta-regression. Journal of Affective Disorders,
139, 230-239. doi: 10.1016/j.jad.2011.08.003

Liu, Y., Wong, T. P., Aarts, M., Rooyakkers, A., Liu, L., Lai, T. W., Wu, D. C., Ly, J.,
Tymianski, M., Craig, A. M., & Wang, Y. T. (2007). NMDA Receptor Subunits Have
Differential Roles in Mediating Excitotoxic Neuronal Death Both In Vitro and In Vivo.
Journal of Neuroscience, 27(11), 2846-2857. doi: 10.1523/JNEUROSCI.0116-07.2007

Lively, S., & Schlichter, L. C. (2018). Microglia Responses to Pro-inflammatory Stimuli (LPS,
IFNy+TNFa) and Reprogramming by Resolving Cytokines (IL-4, IL-10). Frontiers in
Cellular Neuroscience, 12. doi: 10.3389/fncel.2018.00215

Lucas, S.-M., Rothwell, N. J., & Gibson, R. M. (2006). The role of inflammation in CNS injury
and disease. British Journal of Pharmacology, 147, S232-S240. doi:
10.1038/sj.bjp.0706400

Lucki, I, Dalvi, A., & Mayorga, A. J. (2001). Sensitivity to the effects of pharmacologically
selective antidepressants in different strains of mice. Psychopharmacology, 155(3), 315—

322. https://doi.org/10.1007/s002130100694d0073s



73

Ma, K., Zhang, H., & Baloch, Z. (2016). Pathogenetic and Therapeutic Applications of Tumor
Necrosis Factor-a (TNF-a) in Major Depressive Disorder: A Systematic Review.
International Journal of Molecular Sciences, 17. doi: 10.3390/ijms17050733

Maeng, S., & Zarate, C. A. (2007). The role of glutamate in mood disorders: results from the
ketamine in major depression study and the presumed cellular mechanism underlying its
antidepressant effects. Current Psychiatry Reports, 9(6), 467—474. doi: 10.1007/s11920-
007-0063-1

Maes, M., Leonard, B. E., Myint, A. M., Kubera, M., & Verkerk, R. (2011). The new “5-HT”
hypothesis of depression: cell-mediated immune activation induces indoleamine 2,3-
dioxygenase, which leads to lower plasma tryptophan and an increased synthesis of
detrimental tryptophan catabolites (TRYCATSs), both of which contribute to the onset of
depression. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 35(3),
702—721. doi: 10.1016/j.pnpbp.2010.12.017

Maes, M., Yirmyia, R., Noraberg, J., Brene, S., Hibbeln, J., Perini, G., ... Maj, M. (2009). The
inflammatory & neurodegenerative (I&ND) hypothesis of depression: leads for future
research and new drug developments in depression. Metabolic Brain Disease, 24(1), 27—
53. doi: 10.1007/s11011-008-9118-1

Maggiolini, M., & Picard, D. (2010). The unfolding stories of GPR30, a new membrane-bound
estrogen receptor. The Journal of Endocrinology, 204(2), 105-114. doi: 10.1677/JOE-09-
0242

Maier, S. F., & Seligman, M. E. (1976). Learned helplessness: Theory and evidence. Journal of
Experimental Psychology: General, 105(1), 3—46. doi: 10.1037/0096-3445.105.1.3

Maier, S. F., & Seligman, M. E. (2016). Learned Helplessness at Fifty: Insights from


https://psycnet.apa.org/doi/10.1037/0096-3445.105.1.3

74

Neuroscience. Psychological Review, 123(4), 349-367. doi: 10.1037/rev0000033

Marcinkiewcz, C.A., Mazzone, C.M., D’Agostino, G., Halladay, L.R., Hardaway, J.A., DiBerto,
J.F., Navarro, M., Burnham, N., Cristiano, C., Dorrier, C.E., Tipton, G.J., Ramakrishnan,
C., Kozicz, T., Deisseroth, K., Thiele, T.E., McElligott, Z.A., Holmes, A., Heisler, L.K.,
Kash, T.L., 2016. Serotonin engages an anxiety and fear-promoting circuit in the
extended amygdala. Nature, 537, 97-101. doi: 10.1038/nature19318

Matcovitch-Natan, O., Winter, D.R., Giladi, A., Vargas Aguilar, S., Spinrad, A., Sarrazin, S.,
Ben-Yehuda, H., David, E., Zelada Gonzalez, F., Perrin, P., Keren-Shaul, H., Gury, M.,
Lara-Astaiso, D., Thaiss, C.A., Cohen, M., Bahar Halpern, K., Baruch, K., Deczkowska,
A., Lorenzo-Vivas, E., Itzkovitz, S., Elinav, E., Sieweke, M.H., Schwartz, M., Amit, 1.
(2016). Microglia development follows a stepwise program to regulate brain homeostasis.
Science, 353, aad8670. doi: 10.1126/science.aad8670

Mayberg, H. S., Silva, J. A., Brannan, S. K., Tekell, J. L., Mahurin, R. K., McGinnis, S., &
Jerabek, P. A. (2002). The functional neuroanatomy of the placebo effect. The American
Journal of Psychiatry, 159, 728-737. doi: 10.1176/appi.ajp.159.5.728

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annual Review of Neuroscience, 22,
105-122. doi: 10.1146/annurev.neuro.22.1.105

McEwen, B. S. (2000). The neurobiology of stress: from serendipity to clinical relevance. Brain
Research, 886(1-2), 172—-189. doi: 10.1016/s0006-8993(00)02950-4

Mezadri, T. J., Batista, G. M., Portes, A. C., Marino-Neto, J., & Lino-de-Oliveira, C. (2011).
Repeated rat-forced swim test: reducing the number of animals to evaluate gradual effects
of antidepressants. Journal of Neuroscience Methods, 195(2), 200-205. doi:

10.1016/j.jneumeth.2010.12.015



75

Michel, U., Gerber, J., E O’Connor, A., Bunkowski, S., Briick, W., Nau, R., & Phillips, D. J.
(2003). Increased activin levels in cerebrospinal fluid of rabbits with bacterial meningitis
are associated with activation of microglia. Journal of Neurochemistry, 86, 238-245. doi:
10.1046/j.1471-4159.2003.01834.x

Milaneschi, Y., Corsi, A. M., Penninx, B. W., Bandinelli, S., Guralnik, J. M., & Ferrucci, L.
(2009). Interleukin-1 receptor antagonist and incident depressive symptoms over 6 years
in older persons: the INCHIANTI study. Biological Psychiatry, 65(11), 973-978. doi:
10.1016/j.biopsych.2008.11.011

Miller, A. H. (2013). Conceptual confluence: the kynurenine pathway as a common target for
ketamine and the convergence of the inflammation and glutamate hypotheses of
depression. Neuropsychopharmacology: Official Publication of the American College of
Neuropsychopharmacology, 38(9), 1607-1608. doi: 10.1038/npp.2013.140

Miller, A. H., Maletic, V., & Raison, C. L. (2009). Inflammation and its discontents: the role of
cytokines in the pathophysiology of major depression. Biological Psychiatry, 65(9), 732—
741. doi: 10.1016/j.biopsych.2008.11.029

Miller, A. H., & Raison, C. L. (2016). The role of inflammation in depression: from evolutionary
imperative to modern treatment target. Nature Reviews. Immunology, 16(1), 22-34. doi:
10.1038/nri.2015.5

Miranda, R. C., Sohrabji, F., & Toran-Allerand, C. D. (1993). Neuronal colocalization of
mRNAs for neurotrophins and their receptors in the developing central nervous system
suggests a potential for autocrine interactions. Proceedings of the National Academy of
Sciences of the United States of America, 90, 6439-6443. doi: 10.1073/pnas.90.14.6439

Moaddel, R., Abdrakhmanova, G., Kozak, J., Jozwiak, K., Toll, L., Jimenez, L., Rosenberg, A.,



76

Tran, T., Xiao, Y., Zarate, C.A., Wainer, [.LW. (2013). Sub-anesthetic concentrations of
(R,S)-ketamine metabolites inhibit acetylcholine-evoked currents in a7 nicotinic
acetylcholine receptors. European Journal of Pharmacology, 698(1-3), 228-234.
https://doi.org/10.1016/j.ejphar.2012.11.023

Moghaddam, B., Adams, B., Verma, A., & Daly, D. (1997). Activation of glutamatergic
neurotransmission by ketamine: a novel step in the pathway from NMDA receptor
blockade to dopaminergic and cognitive disruptions associated with the prefrontal cortex.
The Journal of Neuroscience: The Olfficial Journal of the Society for Neuroscience, 17(8),
2921-2927.

Monje, M. L., Toda, H., & Palmer, T. D. (2003). Inflammatory blockade restores adult
hippocampal neurogenesis. Science (New York, N.Y.), 302(5651), 1760-1765. doi:
10.1126/science.1088417

Moses-Kolko, E. L., Berga, S. L., Kalro, B., Sit, D. K. Y., & Wisner, K. L. (2009). Transdermal
estradiol for postpartum depression: A promising treatment option. Clinical Obstetrics
and Gynecology, 52, 516-529. doi: 10.1097/GRF.0b013e3181b5a395

Morali, G., Letechipia-Vallejo, G., Lopez-Loeza, E., Montes, P., Herndndez-Morales, L., &
Cervantes, M. (2005). Post-ischemic administration of progesterone in rats exerts
neuroprotective effects on the hippocampus. Neuroscience Letters, 382(3), 286—290.
https://doi.org/10.1016/j.neulet.2005.03.066

Mossner, R., Mikova, O., Koutsilieri, E., Saoud, M., Ehlis, A.-C., Miiller, N., ... Riederer, P.
(2007). Consensus paper of the WFSBP Task Force on Biological Markers: biological

markers in depression. The World Journal of Biological Psychiatry: The Official Journal



77

of the World Federation of Societies of Biological Psychiatry, 8(3), 141-174. doi:
10.1080/15622970701263303

Miiller, H. K., Wegener, G., Liebenberg, N., Zarate, C. A., Popoli, M., & Elfving, B. (2013).
Ketamine regulates the presynaptic release machinery in the hippocampus. Journal of
Psychiatric Research, 47(7), 892—899. doi: 10.1016/j.jpsychires.2013.03.008

Murrough, J.W., losifescu, D.V., Chang, L.C., Al Jurdi, R.K., Green, C.E., Perez, A.M., Igbal,
S., Pillemer, S., Foulkes, A., Shah, A., Charney, D.S., Mathew, S.J. (2013).
Antidepressant efficacy of ketamine in treatment-resistant major depression: a two-site
randomized controlled trial. The American Journal of Psychiatry, 170(10), 1134—1142.
doi: 10.1176/appi.ajp.2013.13030392

Myint, A. M. (2012). Kynurenines: from the perspective of major psychiatric disorders. The
FEBS Journal, 279(8), 1375-1385. doi: 10.1111/5.1742-4658.2012.08551.x

Myint, A.-M., Schwarz, M. J., & Miiller, N. (2012). The role of the kynurenine metabolism in
major depression. Journal of Neural Transmission (Vienna, Austria: 1996), 119(2), 245—
251. doi: 10.1007/s00702-011-0741-3

Nakanishi, N., Tu, S., Shin, Y., Cui, J., Kurokawa, T., Zhang, D., Chen, H.-S. V., Tong, G., &
Lipton, S. A. (2009). Neuroprotection by the NR3A Subunit of the NMDA Receptor. The
Journal of Neuroscience, 29(16), 5260-5265. https://doi.org/10.1523/JNEUROSCI.1067-
09.2009

National Institute of Mental Health (2017). Neuropharmacologic Imaging and Biomarker
Assessments of Response to Acute and Repeated-Dosed Ketamine Infusions in Major
Depressive Disorder . Retrieved November 11, 2019 from

https://www.clinicaltrials.gov/ct2/show/NCT03065335



https://www.clinicaltrials.gov/ct2/show/NCT03065335

78

Nelson, H. D., Humphrey, L. L., Nygren, P., Teutsch, S. M., & Allan, J. D. (2002).
Postmenopausal Hormone Replacement Therapy: Scientific Review. JAMA, 288, 872—
881. doi: 10.1001/jama.288.7.872

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., & Monteggia, L. M. (2002).
Neurobiology of depression. Neuron, 34(1), 13-25.

Nibuya, M., Morinobu, S., & Duman, R. S. (1995). Regulation of BDNF and trkB mRNA in rat
brain by chronic electroconvulsive seizure and antidepressant drug treatments. The
Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 15, 7539—
7547.

Nibuya, M., Nestler, E. J., & Duman, R. S. (1996). Chronic antidepressant administration
increases the expression of cAMP response element binding protein (CREB) in rat
hippocampus. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 16, 2365-2372.

Nishimura, H., Ida, Y., Tsuda, A., & Tanaka, M. (1989). Opposite effects of diazepam and beta-
CCE on immobility and straw-climbing behavior of rats in a modified forced-swim test.
Pharmacology, Biochemistry, and Behavior, 33,227-231. doi: 10.1016/0091-
3057(89)90454-1

Nosyreva, E., Szabla, K., Autry, A. E., Ryazanov, A. G., Monteggia, L. M., & Kavalali, E. T.
(2013). Acute suppression of spontaneous neurotransmission drives synaptic potentiation.
The Journal of Neuroscience: The Olfficial Journal of the Society for Neuroscience, 33,
6990-7002. doi: 10.1523/JNEUROSCI.4998-12.2013

Nutt, D. J. (2008). Relationship of neurotransmitters to the symptoms of major depressive

disorder. The Journal of Clinical Psychiatry, 69 Suppl E1, 4-7.



79

O’Connor, J. C., Andr¢, C., Wang, Y., Lawson, M. A., Szegedi, S. S., Lestage, J., ... Dantzer, R.
(2009). Interferon-gamma and tumor necrosis factor-alpha mediate the upregulation of
indoleamine 2,3-dioxygenase and the induction of depressive-like behavior in mice in
response to bacillus Calmette-Guerin. The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, 29(13), 4200-4209. doi: 10.1523/JINEUROSCI.5032-
08.2009

Oeckinghaus, A., & Ghosh, S. (2009). The NF-xB Family of Transcription Factors and Its
Regulation. Cold Spring Harbor Perspectives in Biology, 1(4). do:
10.1101/cshperspect.a000034

Olson, J. K., & Miller, S. D. (2004). Microglia initiate central nervous system innate and
adaptive immune responses through multiple TLRs. Journal of Immunology, 173, 3916—
3924. doi: 10.4049/jimmunol.173.6.3916

Oquendo, M. A., Ellis, S. P., Greenwald, S., Malone, K. M., Weissman, M. M., & Mann, J. J.
(2001). Ethnic and sex differences in suicide rates relative to major depression in the
United States. American Journal of Psychiatry, 158, 1652—1658. doi:
10.1176/appi.ajp.158.10.1652

Osborn, M. J., Gander, J. E., Parisi, E., & Carson, J. (1972). Mechanism of assembly of the outer
membrane of Salmonella typhimurium. Isolation and characterization of cytoplasmic and
outer membrane. The Journal of Biological Chemistry, 247(12), 3962-3972.

Oxenkrug, G. (2013). Serotonin-kynurenine hypothesis of depression: historical overview and
recent developments. Current Drug Targets, 14(5), 514-521. doi:
10.2174/1389450111314050002

Pace, P., Taylor, J., Suntharalingam, S., Coombes, R. C., & Ali, S. (1997). Human estrogen



80

receptor beta binds DNA in a manner similar to and dimerizes with estrogen receptor
alpha. The Journal of Biological Chemistry, 272(41), 25832-25838.
https://doi.org/10.1074/jbc.272.41.25832

Paganini-Hill, A., & Henderson, V. W. (1994). Estrogen Deficiency and Risk of Alzheimer’s
Disease in Women. American Journal of Epidemiology, 140(3), 256-261. doi:
10.1093/oxfordjournals.aje.al 17244

Pap, M., & Cooper, G. M. (1998). Role of glycogen synthase kinase-3 in the
phosphatidylinositol 3-Kinase/Akt cell survival pathway. The Journal of Biological
Chemistry, 273(32), 19929—-19932. https://doi.org/10.1074/jbc.273.32.19929

Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto, M.,
Ferreira, T.A., Guiducci, E., Dumas, L., Ragozzino, D., Gross, C.T. (2011). Synaptic
pruning by microglia is necessary for normal brain development. Science, 333, 1456—
1458. doi: 10.1126/science.1202529

Pascual, O., Ben Achour, S., Rostaing, P., Triller, A., & Bessis, A. (2012). Microglia activation
triggers astrocyte-mediated modulation of excitatory neurotransmission. Proceedings of
the National Academy of Sciences of the United States of America, 109, E197-205. doi:
10.1073/pnas.1111098109

Pearlstein, T. B. (1995). Hormones and depression: What are the facts about premenstrual
syndrome, menopause, and hormone replacement therapy? American Journal of
Obstetrics and Gynecology, 173, 646—653. doi: 10.1016/0002-9378(95)90297-X

Pecina, M., Bohnert, A. S. B., Sikora, M., Avery, E. T., Langenecker, S. A., Mickey, B. J., &
Zubieta, J.-K. (2015). Placebo-Activated Neural Systems are Linked to Antidepressant

Responses. JAMA Psychiatry, 72, 1087-1094. doi: 10.1001/jamapsychiatry.2015.1335



81

Perszyk, R. E., DiRaddo, J. O., Strong, K. L., Low, C.-M., Ogden, K. K., Khatri, A., Vargish, G.
A., Pelkey, K. A., Tricoire, L., Liotta, D. C., Smith, Y., McBain, C. J., & Traynelis, S. F.
(2016). GluN2D-Containing N-methyl-d-Aspartate Receptors Mediate Synaptic
Transmission in Hippocampal Interneurons and Regulate Interneuron Activity. Molecular
Pharmacology, 90(6), 689—702. doi: 10.1124/mol.116.105130

Pettus, E. H., Wright, D. W., Stein, D. G., & Hoffman, S. W. (2005). Progesterone treatment
inhibits the inflammatory agents that accompany traumatic brain injury. Brain Research,
1049(1), 112—119. doi: 10.1016/j.brainres.2005.05.004

Piel, R. B., Shiferaw, M. T., Vashisht, A. A., Marcero, J., Praissman, J., Phillips, J. D.,
Wohlschlegel, J. A., & Medlock, A. E. (2016). A Novel Role for Progesterone Receptor
Membrane Component 1 (PGRMC1): A Partner and Regulator of Ferrochelatase.
Biochemistry, 55(37), 5204-5217. doi: 10.1021/acs.biochem.6b00756

Porsolt, R. D., Anton, G., Blavet, N., & Jalfre, M. (1978). Behavioural despair in rats: a new
model sensitive to antidepressant treatments. European Journal of Pharmacology, 47,
379-391. doi: 10.1016/0014-2999(78)90118-8

Porsolt, R. D., Bertin, A., Blavet, N., Deniel, M., & Jalfre, M. (1979). Immobility induced by
forced swimming in rats: effects of agents which modify central catecholamine and
serotonin activity. European Journal of Pharmacology, 57(2-3), 201-210.
https://doi.org/10.1016/0014-2999(79)90366-2

Porsolt, R. D., Le Pichon, M., & Jalfre, M. (1977). Depression: a new animal model sensitive to
antidepressant treatments. Nature, 266, 730-732. doi: 10.1038/266730a0

Prossnitz, E. R., Arterburn, J. B., Smith, H. O., Oprea, T. I, Sklar, L. A., & Hathaway, H. J.


https://doi.org/10.1016/j.brainres.2005.05.004

82

(2008). Estrogen signaling through the transmembrane G protein-coupled receptor
GPR30. Annual Review of Physiology, 70, 165—190. doi:
10.1146/annurev.physiol.70.113006.100518

Pruessner, J. C., Collins, D. L., Pruessner, M., & Evans, A. C. (2001). Age and gender predict
volume decline in the anterior and posterior hippocampus in early adulthood. The Journal
of Neuroscience: The Official Journal of the Society for Neuroscience, 21(1), 194-200.
doi: 10.1523/jneurosci.21-01-00194.2001

Rachman, I. M., Unnerstall, J. R., Pfaff, D. W., & Cohen, R. S. (1998). Estrogen alters behavior
and forebrain c-fos expression in ovariectomized rats subjected to the forced swim test.
Proceedings of the National Academy of Sciences, 95(23), 13941-13946. doi:
10.1073/pnas.95.23.13941

Raison, C. L., Capuron, L., & Miller, A. H. (2006). Cytokines sing the blues: inflammation and
the pathogenesis of depression. Trends in Immunology, 27, 24-31. doi:
10.1016/;.1t.2005.11.006

Rapkin, A. J., & Lewis, E. I. (2013). Treatment of Premenstrual Dysphoric Disorder. Women's
Health, 9, 537-556. doi: 10.2217/WHE.13.62

Réus, G. Z., Stringari, R. B., Ribeiro, K. F., Ferraro, A. K., Vitto, M. F., Cesconetto, P., Souza,
C. T., Quevedo, J. (2011). Ketamine plus imipramine treatment induces antidepressant-
like behavior and increases CREB and BDNF protein levels and PKA and PKC
phosphorylation in rat brain. Behavioural Brain Research, 221(1), 166—171. doi:
10.1016/5.bbr.2011.02.024

Revankar, C. M., Cimino, D. F., Sklar, L. A., Arterburn, J. B., & Prossnitz, E. R. (2005). A



83

transmembrane intracellular estrogen receptor mediates rapid cell signaling. Science
(New York, N.Y.), 307(5715), 1625-1630. doi: 10.1126/science.1106943

Rocha, B. A., Fleischer, R., Schaeffer, J. M., Rohrer, S. P., & Hickey, G. J. (2005). 17 Beta-
estradiol-induced antidepressant-like effect in the forced swim test is absent in estrogen
receptor-beta knockout (BERKO) mice. Psychopharmacology, 179(3), 637-643. doi:
10.1007/s00213-004-2078-1

Rodrigues, F. T. S., de Souza, M. R. M., Lima, C. N. de C., da Silva, F. E. R., Costa, D. V. da S.,
Dos Santos, C. C., ... Macedo, D. (2018). Major depression model induced by repeated
and intermittent lipopolysaccharide administration: Long-lasting behavioral,
neuroimmune and neuroprogressive alterations. Journal of Psychiatric Research, 107,
57-67. doi: 10.1016/].jpsychires.2018.10.003

Romeo, B., Choucha, W., Fossati, P., & Rotge, J.-Y. (2015). Meta-analysis of short- and mid-
term efficacy of ketamine in unipolar and bipolar depression. Psychiatry Research,
230(2), 682—688. doi: 10.1016/j.psychres.2015.10.032

Roof, R. L., Duvdevani, R., Heyburn, J. W., & Stein, D. G. (1996). Progesterone rapidly
decreases brain edema: treatment delayed up to 24 hours is still effective. Experimental
Neurology, 138(2), 246-251. doi: 10.1006/exnr.1996.0063

Roof, R. L., Hoffman, S. W., & Stein, D. G. (1997). Progesterone protects against lipid
peroxidation following traumatic brain injury in rats. Molecular and Chemical
Neuropathology, 31(1), 1-11. https://doi.org/10.1007/bf02815156

Ruhé, H. G., Mason, N. S., & Schene, A. H. (2007). Mood is indirectly related to serotonin,
norepinephrine and dopamine levels in humans: a meta-analysis of monoamine depletion

studies. Molecular Psychiatry, 12,331-359. Doi: 10.1038/sj.mp.4001949



84

Sakamoto, H., Ukena, K., Takemori, H., Okamoto, M., Kawata, M., & Tsutsui, K. (2004).
Expression and localization of 25-Dx, a membrane-associated putative progesterone-
binding protein, in the developing Purkinje cell. Neuroscience, 126(2), 325-334. doi:
10.1016/j.neuroscience.2004.04.003

Satat, K., Siwek, A., Starowicz, G., Librowski, T., Nowak, G., Drabik, U., Gajdosz, R., & Popik,
P. (2015). Antidepressant-like effects of ketamine, norketamine and dehydronorketamine
in forced swim test: Role of activity at NMDA receptor. Neuropharmacology, 99, 301—
307. doi: 10.1016/j.neuropharm.2015.07.037

Salter, M. W., & Stevens, B. (2017). Microglia emerge as central players in brain disease. Nature
Medicine, 23(9), 1018—1027. doi: 10.1038/nm.4397

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub, N., Lee, J.,
Duman, R., Arancio, O., Belzung, C., Hen, R. (2003). Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants. Science (New York, N.Y.),
301(5634), 805-809. doi: 10.1126/science.1083328

Sapolsky, R. M., Krey, L. C., & McEwen, B. S. (1985). Prolonged glucocorticoid exposure
reduces hippocampal neuron number: implications for aging. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 5, 1222—1227.

Sarkar, A., & Kabbaj, M. (2016). Sex Differences in Effects of Ketamine on Behavior, Spine
Density, and Synaptic Proteins in Socially Isolated Rats. Biological Psychiatry, 80(6),
448-456. doi: 10.1016/j.biopsych.2015.12.025

Sato, K., Akaishi, T., Matsuki, N., Ohno, Y., & Nakazawa, K. (2007). B-Estradiol induces


https://doi.org/10.1126/science.1083328

85

synaptogenesis in the hippocampus by enhancing brain-derived neurotrophic factor
release from dentate gyrus granule cells. Brain Research, 1150, 108—120. doi:
10.1016/j.brainres.2007.02.093

Schaechter, J. D., & Wurtman, R. J. (1990). Serotonin release varies with brain tryptophan
levels. Brain Research, 532(1-2), 203-210. doi: 10.1016/0006-8993(90)91761-5

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R., Yamasaki, R.,
... Stevens, B. (2012). Microglia Sculpt Postnatal Neural Circuits in an Activity and
Complement-Dependent Manner. Neuron, 74, 691-705. Doi:
10.1016/j.neuron.2012.03.026

Schiepers, O. J. G., Wichers, M. C., & Maes, M. (2005). Cytokines and major depression.
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 29,201-217. doi:
10.1016/j.pnpbp.2004.11.003

Schmidt, H. D., & Duman, R. S. (2010). Peripheral BDNF Produces Antidepressant-Like Effects
in Cellular and Behavioral Models. Neuropsychopharmacology, 35(, 2378-2391. doi:
0.1038/npp.2010.114

Schwarcz, R., Bruno, J. P., Muchowski, P. J., & Wu, H.-Q. (2012). Kynurenines in the
mammalian brain: When physiology meets pathology. Nature Reviews. Neuroscience,
13(7),465-477. doi: 10.1038/nrn3257

Seeman, M. V. (1997). Psychopathology in Women and Men: Focus on Female Hormones.
American Journal of Psychiatry, 154, 1641-1647. doi: 10.1176/ajp.154.12.1641

Sharot, T., Riccardi, Al. M., Raio, C. M., & Phelps, E. A. (2007). Neural mechanisms mediating
optimism bias. Nature, 450, 102—105. doi: 10.1038/nature06280

Shah, P. J., Ebmeier, K. P., Glabus, M. F., & Goodwin, G. M. (1998). Cortical grey matter


https://doi.org/10.1016/0006-

86

reductions associated with treatment-resistant chronic unipolar depression. Controlled
magnetic resonance imaging study. The British Journal of Psychiatry: The Journal of
Mental Science, 172, 527-532. doi: 10.1192/bjp.172.6.527

Shahrokhi, N., Khaksari, M., Soltani, Z., Mahmoodi, M., & Nakhaee, N. (2010). Effect of sex
steroid hormones on brain edema, intracranial pressure, and neurologic outcomes after
traumatic brain injury. Canadian Journal of Physiology and Pharmacology, 88(4), 414—
421. doi: 10.1139/y09-126

Sheline, Y. ., Wang, P. W., Gado, M. H., Csernansky, J. G., & Vannier, M. W. (1996).
Hippocampal atrophy in recurrent major depression. Proceedings of the National
Academy of Sciences of the United States of America, 93, 3908-3913. doi:
10.1073/pnas.93.9.3908

Shimizu, E., Hashimoto, K., Okamura, N., Koike, K., Komatsu, N., Kumakiri, C., ... Iyo, M.
(2003). Alterations of serum levels of brain-derived neurotrophic factor (BDNF) in
depressed patients with or without antidepressants. Biological Psychiatry, 54(1), 70-75.
doi: 10.1016/s0006-3223(03)00181-1

Shirayama, Y., Chen, A. C.-H., Nakagawa, S., Russell, D. S., & Duman, R. S. (2002). Brain-
derived neurotrophic factor produces antidepressant effects in behavioral models of
depression. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 22(8), 3251-3261. https://doi.org/20026292

Siuciak, J. A., Lewis, D. R., Wiegand, S. J., & Lindsay, R. M. (1997). Antidepressant-like effect
of brain-derived neurotrophic factor (BDNF). Pharmacology, Biochemistry, and
Behavior, 56, 131-137. doi: 10.1016/S0091-3057(96)00169-4

Slattery, D. A., & Cryan, J. F. (2012). Using the rat forced swim test to assess antidepressant-like



87

activity in rodents. Nature Protocols, 7(6), nprot.2012.044. doi: 10.1038/nprot.2012.044

Sohrabji, F., & Lewis, D. K. (2006). Estrogen-BDNF Interactions: Implications for
Neurodegenerative Diseases. Frontiers in Neuroendocrinology, 27, 404—414. doi:
10.1016/;.yfrne.2006.09.003

Soliman, H., Mediavilla-Varela, M., & Antonia, S. (2010). Indoleamine 2,3-Dioxygenase.
Cancer Journal (Sudbury, Mass.), 16(4). doi: 10.1097/PPO.0b013e3181eb3343

Song, G., Ouyang, G., & Bao, S. (2005). The activation of Akt/PKB signaling pathway and cell
survival. Journal of Cellular and Molecular Medicine, 9(1), 59-71. doi: 10.1111/;.1582-
4934.2005.tb00337.x

Stein, D. G. (2008). Progesterone exerts neuroprotective effects after brain injury. Brain
Research Reviews, 57(2), 386—397. doi: 10.1016/j.brainresrev.2007.06.012

Steiner, J., Bielau, H., Brisch, R., Danos, P., Ullrich, O., Mawrin, C., ... Bogerts, B. (2008).
Immunological aspects in the neurobiology of suicide: elevated microglial density in
schizophrenia and depression is associated with suicide. Journal of Psychiatric Research,
42(2), 151-157. doi: 10.1016/j.jpsychires.2006.10.013

Steiner, J., Walter, M., Gos, T., Guillemin, G. J., Bernstein, H.-G., Sarnyai, Z., ... Myint, A.-M.
(2011). Severe depression is associated with increased microglial quinolinic acid in
subregions of the anterior cingulate gyrus: Evidence for an immune-modulated
glutamatergic neurotransmission? Journal of Neuroinflammation, 8, 94. doi:
10.1186/1742-2094-8-94

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S., Nouri, N, ...
Barres, B. A. (2007). The classical complement cascade mediates CNS synapse

elimination. Cell, 131(6), 1164-1178. doi: 10.1016/j.cell.2007.10.036



88

Su, C., Cunningham, R. L., Rybalchenko, N., & Singh, M. (2012). Progesterone increases the
release of brain-derived neurotrophic factor from glia via progesterone receptor
membrane component 1 (Pgrmcl)-dependent ERKS signaling. Endocrinology, 153(9),
4389-4400. doi: 10.1210/en.2011-2177

Suman, P. R., Zerbinatti, N., Theindl, L. C., Domingues, K., & Lino de Oliveira, C. (2018).
Failure to detect the action of antidepressants in the forced swim test in Swiss mice. Acta
Neuropsychiatrica, 30(3), 158-167. doi: 10.1017/neu.2017.33

Suzuki, H., Ohgidani, M., Kuwano, N., Chrétien, F., Lorin de la Grandmaison, G., Onaya, M., ...
Kato, T. A. (2019). Suicide and Microglia: Recent Findings and Future Perspectives
Based on Human Studies. Frontiers in Cellular Neuroscience, 13. doi:
10.3389/fncel.2019.0003 1

Taib, T., Leconte, C., Van Steenwinckel, J., Cho, A. H., Palmier, B., Torsello, E., ... Besson, V.
C. (2017). Neuroinflammation, myelin and behavior: Temporal patterns following mild
traumatic brain injury in mice. PLoS ONE, 12(9). Doi: 10.1371/journal.pone.0184811

Tan, S., Wang, Y., Chen, K., Long, Z., & Zou, J. (2017). Ketamine Alleviates Depressive-Like
Behaviors via Down-Regulating Inflammatory Cytokines Induced by Chronic Restraint
Stress in Mice. Biological & Pharmaceutical Bulletin, 40(8), 1260-1267. doi:
10.1248/bpb.b17-00131

Tang, M. X., Jacobs, D., Stern, Y., Marder, K., Schofield, P., Gurland, B., ... Mayeux, R. (1996).
Effect of oestrogen during menopause on risk and age at onset of Alzheimer’s disease.
Lancet (London, England), 348(9025), 429-432. doi: 10.1016/S0140-6736(96)03356-9

Thase, M. E., & Rush, A. J. (1997). When at first you don’t succeed: sequential strategies for

antidepressant nonresponders. The Journal of Clinical Psychiatry, 58 Suppl 13, 23-29.



89

Theis, V., & Theiss, C. (2019). Progesterone Effects in the Nervous System. The Anatomical
Record, 302(8), 1276—1286. doi: 10.1002/ar.24121

Thomas, P. (2008). Characteristics of membrane progestin receptor alpha (mPRa) and
progesterone membrane receptor component one (PGMRCT1) and their roles in mediating
rapid progestin actions. Frontiers in Neuroendocrinology, 29(2), 292-312. doi:
10.1016/.yfrne.2008.01.001

Thomas, A. J., Davis, S., Morris, C., Jackson, E., Harrison, R., & O’Brien, J. T. (2005). Increase
in interleukin-1beta in late-life depression. The American Journal of Psychiatry, 162(1),
175-177. doi: 10.1176/appi.ajp.162.1.175

Tolentino, J. C., & Schmidt, S. L. (2018). DSM-5 Criteria and Depression Severity: Implications
for Clinical Practice. Frontiers in Psychiatry, 9. doi: 10.3389/fpsyt.2018.00450

Trivedi, M.H., Rush, A.J., Wisniewski, S.R., Nierenberg, A.A., Warden, D., Ritz, L., Norquist,
G., Howland, R.H., Lebowitz, B., McGrath, P.J., Shores-Wilson, K., Biggs, M.M.,
Balasubramani, G.K., Fava, M. (2006). Evaluation of outcomes with citalopram for
depression using measurement-based care in STAR*D: implications for clinical practice.
The American Journal of Psychiatry, 163(1), 28—40. doi: 10.1176/appi.ajp.163.1.28

Turner, E. H., Matthews, A. M., Linardatos, E., Tell, R. A., & Rosenthal, R. (2008). Selective
publication of antidepressant trials and its influence on apparent efficacy. The New
England Journal of Medicine, 358, 252-260. doi: 0.1056/NEJMsa065779

Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates the efficacy
of exercise on synaptic plasticity and cognition. The European Journal of Neuroscience,
20, 2580-2590. doi: 10.1111/5.1460-9568.2004.03720.x

Vadivelu, N., Schermer, E., Kodumudi, V., Belani, K., Urman, R. D., & Kaye, A. D. (2016).



90

Role of ketamine for analgesia in adults and children. Journal of Anaesthesiology,
Clinical Pharmacology, 32, 298-306. doi: 10.4103/0970-9185.168149

Vasudevan, N., & Pfaff, D. W. (2008). Non-genomic actions of estrogens and their interaction
with genomic actions in the brain. Frontiers in Neuroendocrinology, 29(2), 238-257. doi:
10.1016/.yfrne.2007.08.003

Veerhuis, R., Nielsen, H. M., & Tenner, A. J. (2011). Complement in the brain. Molecular
Immunology, 48, 1592—1603. doi: 10.1016/j.molimm.2011.04.003

Vegeto, E., Belcredito, S., Etteri, S., Ghisletti, S., Brusadelli, A., Meda, C., ... Maggi, A. (2003).
Estrogen receptor-a mediates the brain antiinflammatory activity of estradiol.
Proceedings of the National Academy of Sciences of the United States of America,
100(16), 9614-9619. doi: 10.1073/pnas.1531957100

Vegeto, E., Pollio, G., Ciana, P., & Maggi, A. (2000). Estrogen blocks inducible nitric oxide
synthase accumulation in LPS-activated microglia cells. Experimental Gerontology,
35(9-10), 1309-1316. doi: 10.1016/s0531-5565(00)00161-3

Videbech, P., & Ravnkilde, B. (2004). Hippocampal Volume and Depression: A Meta-Analysis
of MRI Studies. American Journal of Psychiatry, 161, 1957-1966. doi:
10.1176/appi.ajp.161.11.1957

Voskuhl, R.R., Wang, H., Wu, T.C.J., Sicotte, N.L., Nakamura, K., Kurth, F., Itoh, N., Bardens,
J., Bernard, J.T., Corboy, J.R., Cross, A.H., Dhib-Jalbut, S., Ford, C.C., Frohman, E.M.,
Giesser, B., Jacobs, D., Kasper, L.H., Lynch, S., Parry, G., Racke, M.K., Reder, A.T.,
Rose, J., Wingerchuk, D.M., MacKenzie-Graham, A.J., Arnold, D.L., Tseng, C.H.,

Elashoff, R., (2016). Estriol combined with glatiramer acetate for women with relapsing-



91

remitting multiple sclerosis: a randomised, placebo-controlled, phase 2 trial. The Lancet.
Neurology, 15,35-46. doi: 10.1016/S1474-4422(15)00322-1

Wang, J., Goffer, Y., Xu, D., Tukey, D. S., Shamir, D. B., Eberle, S. E., Zou, A. H., Blanck, T. J.
J., & Zift, E. B. (2011). A single subanesthetic dose of ketamine relieves depression-like
behaviors induced by neuropathic pain in rats. Anesthesiology, 115(4), 812—821. doi:
10.1097/ALN.0b013e31822f16ae

Welter, B. H., Hansen, E. L., Saner, K. J., Wei, Y., & Price, T. M. (2003). Membrane-bound
progesterone receptor expression in human aortic endothelial cells. The Journal of
Histochemistry and Cytochemistry: Official Journal of the Histochemistry Society, 51,
1049-1055. doi: 10.1177/002215540305100808

Wenger, N. K., Speroff, L., & Packard, B. (1993). Cardiovascular Health and Disease in
Women. New England Journal of Medicine, 329(4), 247-256. doi:
10.1056/NEJM199307223290406

Wessel, L., Balakrishnan-Renuka, A., Henkel, C., Meyer, H. E., Meller, K., Brand-Saberi, B., &
Theiss, C. (2014). Long-term incubation with mifepristone (MLTI) increases the spine
density in developing Purkinje cells: new insights into progesterone receptor
mechanisms. Cellular and Molecular Life Sciences: CMLS, 71(9), 1723—1740. doi:
10.1007/s00018-013-1448-4

Westenberg, H.G., den Boer, J.A. (1989). Serotonin-influencing drugs in the treatment of panic
disorder. Psychopathology, 22, 68-77. doi: 10.1159/000284628

Willner, P. (1984). The validity of animal models of depression. Psychopharmacology, 83(1), 1—
16. doi: 10.1007/BF00427414

Wojdasiewicz, P., Poniatowski, L. A., & Szukiewicz, D. (2014). The role of inflammatory and


https://doi.org/10.1056/NEJM199307223290406
https://doi.org/10.1056/NEJM199307223290406

92

anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediators of
Inflammation, 2014, 561459. doi: 10.1155/2014/561459

Wong, A. M., Rozovsky, I., Arimoto, J. M., Du, Y., Wei, M., Morgan, T. E., & Finch, C. E.
(2009). Progesterone Influence on Neurite Outgrowth Involves Microglia.
Endocrinology, 150(1), 324-332. https://doi.org/10.1210/en.2008-0988

Wong, M. L., & Licinio, J. (2001). Research and treatment approaches to depression. Nature
Reviews. Neuroscience, 2, 343-351. doi: 10.1038/35072566

Woolley, C. S., & McEwen, B. S. (1993). Roles of estradiol and progesterone in regulation of
hippocampal dendritic spine density during the estrous cycle in the rat. The Journal of
Comparative Neurology, 336, 293-306. doi: 10.1002/cne.903360210

Woolley, C. S., & McEwen, B. S. (1993). Roles of estradiol and progesterone in regulation of
hippocampal dendritic spine density during the estrous cycle in the rat. The Journal of
Comparative Neurology, 336(2), 293-306. https://doi.org/10.1002/cne.903360210

Woolley, C. S., Weiland, N. G., McEwen, B. S., & Schwartzkroin, P. A. (1997). Estradiol
increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-
mediated synaptic input: correlation with dendritic spine density. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 17(5), 1848—1859.

Wright, K. N., & Kabbaj, M. (2018). Sex differences in sub-anesthetic ketamine’s antidepressant
effects and abuse liability. Current Opinion in Behavioral Sciences, 23, 36—41. doi:
10.1016/j.cobeha.2018.02.001

Wright, D. W., Kellermann, A. L., Hertzberg, V. S., Clark, P. L., Frankel, M., Goldstein, F. C.,
Salomone, J. P., Dent, L. L., Harris, O. A., Ander, D. S., Lowery, D. W., Patel, M. M.,

Denson, D. D., Gordon, A. B., Wald, M. M., Gupta, S., Hoffman, S. W., & Stein, D. G.



93

(2007). ProTECT: a randomized clinical trial of progesterone for acute traumatic brain
injury. Annals of Emergency Medicine, 49(4), 391-402, 402-2.
https://doi.org/10.1016/j.annemergmed.2006.07.932

Xu, J., Zeng, C., Chu, W., Pan, F., Rothfuss, J. M., Zhang, F., Tu, Z., Zhou, D., Zeng, D.,
Vangveravong, S., Johnston, F., Spitzer, D., Chang, K. C., Hotchkiss, R. S., Hawkins, W.
G., Wheeler, K. T., & Mach, R. H. (2011). Identification of the PGRMCI protein
complex as the putative sigma-2 receptor binding site. Nature Communications, 2, 380.
doi: 10.1038/ncomms1386

Yang, C., Hu, Y.-M., Zhou, Z.-Q., Zhang, G.-F., & Yang, J.-J. (2013). Acute administration of
ketamine in rats increases hippocampal BDNF and mTOR levels during forced
swimming test. Upsala Journal of Medical Sciences, 118, 3—8. doi:
10.3109/03009734.2012.724118

Yang, C., Shirayama, Y., Zhang, J. —C., Ren, Q., Yao, W., Ma, M., Dong, C. Hashimoto, K.
(2015). R-ketamine: a rapid-onset and sustained antidepressant without psychotomimetic
side effects. Translational Psychiatry, 5, €632. doi: 10.1038/tp.2015.136

Yim, . S., Stapleton, L. R. T., Guardino, C. M., Hahn-Holbrook, J., & Schetter, C. D. (2015).
Biological and Psychosocial Predictors of Postpartum Depression: Systematic Review
and Call for Integration. Annual Review of Clinical Psychology, 11, 99—137. doi:
10.1146/annurev-clinpsy-101414-020426

Yoshimura, R., Mitoma, M., Sugita, A., Hori, H., Okamoto, T., Umene, W., Ueda, N.,
Nakamura, J. (2007). Effects of paroxetine or milnacipran on serum brain-derived
neurotrophic factor in depressed patients. Progress in Neuro-Psychopharmacology &

Biological Psychiatry, 31, 1034-1037. doi: 10.1016/j.pnpbp.2007.03.001



94

Zanos, P., Moaddel, R., Morris, P.J., Georgiou, P., Fischell, J., Elmer, G.I., Alkondon, M., Yuan,
P., Pribut, H.J., Singh, N.S., Dossou, K.S.S., Fang, Y., Huang, X.-P., Mayo, C.L.,
Wainer, [.LW., Albuquerque, E.X., Thompson, S.M., Thomas, C.J., Zarate, C.A., Gould,
T.D. (2016). NMDAR inhibition-independent antidepressant actions of ketamine
metabolites. Nature, 533, 481-486. doi: 10.1038/nature17998

Zarate, C. A., Brutsche, N., Laje, G., Luckenbaugh, D. A., Venkata, S. L. V., Ramamoorthy, A.,
Moaddel, R., Wainer, I. W. (2012). Relationship of ketamine’s plasma metabolites with
response, diagnosis, and side effects in major depression. Biological Psychiatry, 72(4),
331-338. doi: 10.1016/j.biopsych.2012.03.004

Zarate, C. A., Singh, J. B., Carlson, P. J., Brutsche, N. E., Ameli, R., Luckenbaugh, D. A.,
Charney, D. S., Manji, H. K. (2006). A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Archives of General Psychiatry, 63,
856—-864. doi: 10.1001/archpsyc.63.8.856

Zhao, T.-Z., Ding, Q., Hu, J., He, S.-M., Shi, F., & Ma, L.-T. (2016). GPER expressed on
microglia mediates the anti-inflammatory effect of estradiol in ischemic stroke. Brain and
Behavior, 6(4), €00449. https://doi.org/10.1002/brb3.449

Zunszain, P. A., Anacker, C., Cattaneo, A., Choudhury, S., Musaelyan, K., Myint, A. M., ...
Pariante, C. M. (2012). Interleukin-1p: A New Regulator of the Kynurenine Pathway
Affecting Human Hippocampal Neurogenesis. Neuropsychopharmacology, 37(4), 939—
949. doi: 10.1038/npp.2011.277

Zweifel, J. E., & O’Brien, W. H. (1997). A meta-analysis of the effect of hormone replacement
therapy upon depressed mood. Psychoneuroendocrinology, 22, 189-212. doi:

10.1016/S0306-4530(96)00034-0



95

Appendix A: Hormone vs. Ketamine 3x5 Two-way ANOVA & Effect sizes

Forced swim test total time spent immobile ANOVA

ANOVA

Source of Variation SS df MS F P-value F crit n?
Hormone 2435.55 2 1217.78 1.96 0.15 3.12 0.04
Ketamine 2360.51 4 590.13 0.95 0.44 2.49 0.04
Interaction 4904.42 8 613.05 0.99 0.45 2.06 0.09
Within 46586.15 75 621.15

Total 56286.64 89

Forced swim test latency to immobility ANOVA

ANOVA

Source of Variation SS df MS F P-value  Fcrit n?
Sample 5753.37 2 2876.68 0.45 0.64 3.12 0.01
Columns 41965.48 4 10491.37 1.64 0.17 2.49 0.07
Interaction 32782.61 8 4097.83 0.64 0.74 2.06 0.06
Within 479448 75 6392.64

Total 5599495 89




Appendix B: Hormone One-way ANOVA & Effect size

Forced swim test total time spent immobile ANOVA

ANOVA

Source of Variation SS df MS F P-value  Fcrit n?
Between Groups 2626.64 2 1313.32 2.55 0.11 3.68 0.25
Within Groups 7711.69 15 514.11

Total 10338.33 17
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Appendix C: Locomotor 3x5 Two-way ANOVA

Locomotor behavior post-ketamine ANOVA
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ANOVA

Source of Variation SS df MS F P-value F crit
Sample 168241.57 2.00 84120.79 0.79 0.46 3.12
Columns 553625.30 4.00 138406.33 1.30 0.28 2.49
Interaction 514210.86 8.00 64276.36 0.61 0.77 2.06
Within 7957635.83 75.00 106101.81

Total 9193713.57 89.00




Appendix D: Male total immobility Welch’s T-test

Welch’s two-sample T-test
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Total Immobility n mean SEM T-stat T-crit p d
10mg/kg 10 10.47 2.50 -4.28 1.78 0.0005 1.09
Saline 10 30.61 6.58




