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ABSTRACT 

Major depressive disorder (MDD) is a common, yet debilitating psychiatric 

disorder characterized by chronic low mood, lack of energy and is comorbid with suicidal 

ideation. Most pharmacotherapies currently used to treat depression inhibits the reuptake 

of monoamine neurotransmitters such as serotonin. These compounds have a significant 

number of off-target effects and require chronic dosing for many weeks before symptoms 

are relieved. Worryingly, half of patients treated with selective serotonin reuptake 

inhibitors will remain refractory to treatment. Ketamine has rapid-acting antidepressant 

properties in treatment-resistant individuals, but its broad antagonism of NMDARs 

complicates its widespread clinical use. However, ketamine’s induction of glutamatergic 

transmission to strengthen stress-weakened synapses provides a translatable mechanism 

to relieve symptoms of MDD. Negative allosteric modulators of α5-containing GABAA 

receptors (GABA-NAMs) have ketamine-like antidepressant properties in rodents, but 

their target engagement remains unconfirmed. 

I first hypothesized that GABA-NAMs act through the benzodiazepine site of the 

GABAAR. Chronically stressed male mice demonstrated diminished sucrose and female 

urine preference, and a reduction in hippocampal TA-CA1 synaptic strength. The GABA-

NAM MRK-016 restored hedonic behavior and AMPA:NMDA ratios, but this was 

prevented by pretreatment with the benzodiazepine site antagonist flumazenil. I then 

asked if α5-containing GABAARs were necessary to generate increases in EEG gamma 

power, a hallmark of rapid-antidepressant efficacy and activity-dependent plasticity. 

Wildtype, but not α5 KO mice generated gamma power over the PFC following MRK-

016 administration, while ketamine promoted gamma power in both genotypes. 



 

Concordantly, MRK-016 restored hedonic behaviors and TA-CA1 AMPA:NMDA ratios 

only in wildtype, but not in α5 KO mice. Additionally, I provide preliminary evidence 

that overexpression of the human gabra-5 gene in α5 KO mice rescues MRK-016’s 

ability to generate gamma power. Together, I conclude the rapid-acting antidepressant-

like activity of MRK-016 is mediated at an α5-containing benzodiazepine site on the 

GABAAR. 

I also describe additional experiments that elucidate mechanism of other rapid-

acting antidepressant compounds, including ketamine, (2R,6R)-hydroxynorketamine, and 

psilocybin. The actions of these putative antidepressant compounds ultimately converge 

on promoting excitatory, AMPAR-mediated glutamatergic transmission. Modulation of 

the balance between excitatory and inhibitory neurotransmission within emotional- and 

reward-processing pathways provides a novel substrate to understand and treat 

psychiatric disorders. 
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INTRODUCTION 

The Symptoms and Prevalence of Depression 

Major depressive disorder (MDD, depression) is a common mental illness, 

afflicting an estimated 264 million people worldwide (World Health Organization, 2020). 

In the United States alone, an estimated 17.3 million Americans (7.1% of all adults) 

reported at least one depressive episode in 2017. Depression has a uniquely high economic 

burden-- the American Psychiatric Association (APA) estimates the total annual economic 

burden of MDD to be over $200 billion in the United States (Greenberg et al., 2015) and 

$1 trillion globally (The Lancet Global Health, 2020) due to absenteeism and lost 

productivity. Nearly 1.5 million Americans who were unable to work due to mood 

disorders received Social Security Disability Income in 2019 (Social Security 

Administration, 2019). 

As a psychological disorder, depression is primarily understood and diagnosed via 

face-to-face discussions between a patient and a healthcare provider. Symptoms of MDD 

are distinct from feeling “sadness,” which is a normal human emotion and experienced by 

most everyone in response to hardship, such as losing one’s job or the death of a loved one. 

Diagnosing depressive disorders is uniquely challenging as two patients may be radically 

different in terms of symptom presentation and personal history, and ultimately, may vary 

wildly in their underlying neurological pathology. Additional challenges stem from the 

societal stigma of mood disorders, especially among men, leading many people to not 

pursue treatment (Roeloffs et al., 2003; Griffiths et al., 2008). 
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To overcome these challenges, the APA provides a standardized inventory of MDD 

symptoms in the 5th edition of the Diagnostic and Statistical Manual of Mental Disorders 

(American Psychiatric Association, 2013). A MDD diagnosis requires patients to 

demonstrate at least 5 out of 9 distressing behaviors over a two-week period, including 

either depressed mood or a loss of pleasure in previously enjoyable activities that is 

comorbid with other symptoms such as unintentional changes to weight, sleep disturbances, 

and an impaired ability to think or make decisions (American Psychiatric Association, 

2013). 

Perhaps the most worrying of these symptoms, however, is suicidal ideation. It has 

been estimated that between two thirds (Isometsä, 2014) to over 90% of all completed 

suicides (Cavanagh et al., 2003) are carried out by individuals with a psychiatric disorder. 

In 2018, over 1.4 million Americans attempted suicide, leading to 48,344 deaths in that 

year alone, and more than double that of annual homicides (American Foundation for 

Suicide Prevention, 2018). Suicide was the second leading cause of death of all Americans 

between the ages of 10 to 34 in 2017, and the 10th among all causes of death across all ages. 

The annual suicide rate has steadily risen from 10.7 per 100,000 Americans in 2001 to 14.0 

per 100,000 in 2017, with men committing suicide at a rate nearly four times greater than 

women (Hedegaard et al., 2021).  
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History of Current Antidepressant Treatments 

Society has been aware of the devastating outcomes of depressive disorders for 

millennia. Hippocrates wrote in his Aphorisms of a disease caused by an overabundance of 

“black bile” that causes “…a fright or despondency [that] lasts for a long time,” and leads 

to a melancholic affect (Hippocrates, 1817). He recommended a treatment regimen that 

included exercise, bathing, dieting and bloodletting. Robert Burton’s seminal work The 

Anatomy of Melancholy (Burton, 1621) was published in the early 17th century. For over 

900 pages, Burton characterizes a disease called melancholia-- what we now know as major 

depressive disorder. Perhaps his most insightful conclusion was a proposing a link between 

life stressors and what he believed was an epidemic of melancholia throughout Europe.  

“…you shall see many discontents, common grievances, complaints, poverty, 

barbarism, beggary, plagues, wars, rebellions, seditions, mutinies, contentions, idleness, 

riot, epicurism, the land lie untilled… how can they hope to flourish?” 

Burton proposed treating this condition with lively music and dance. Improvements 

in technology and medicine, and an increased understanding of human anatomy in the 19th 

and early 20th centuries promoted rapid (and occasionally misguided) developments for 

treating mood disorders. Similarly, electricity was becoming increasingly touted as a 

treatment to a number of human health conditions. Victorian-era fascination with 

electricity produced a wide range of electroshock devices to harness “the striking remedial 

effects of the continuous galvanic current” (Althaus, 1870). The author Charles Dickens 

was said to have ordered one such device, the “magic band,” to treat chronic and 

debilitating leg pain (Waits, 2013). In the 1920s, Drs. Richard Caton and Hans Berger 
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demonstrated the electrically conductive properties of the mammalian brain, culminating 

with the first human EEG recording in 1924. Electroconvulsive therapy (ECT) was thus 

developed in the late 1930s and became the de facto treatment for severe mental illness. 

While a modified form of ECT is still medically indicated today for cases of severe 

depression, its use has been supplanted by pharmacological interventions. In the 1950s, it 

was observed that the alkaloid compound reserpine, then used to treat hypertension, 

promoted depressive symptoms in a subset of patients (Quetsch et al., 1959). These 

symptoms were reversible following ECT treatment (Muller et al., 1955). This discovery 

provided some of the earliest clinical evidence of a biochemical basis for depression, and 

reserpine was ultimately found to deplete the monoamine neurotransmitter serotonin within 

the synaptic cleft. Coincidentally, monoamine oxidase inhibitors (MAOIs) were being 

utilized in the 1950s as treatment for tuberculosis. The serendipitous discovery that, as a 

“side effect”, the MAOI iproniazid improved the mood in up to 70% of patients suffering 

from depression (Loomer et al., 1957) gave rise to the use of MAOIs as the first widely 

prescribed “antidepressant.” (Hillhouse & Porter, 2015) By reducing the function of 

monoamine oxidases, which inactivate monoamine neurotransmitters such as serotonin, 

norepinephrine, and dopamine, these compounds increase the availability of monoamine 

neurotransmitters at synapses to facilitate further activation of receptor targets. 

Taken together, these findings led to a widespread clinical understanding that 

depression results from a lack of synaptic monoamines (“the monoamine hypothesis”). The 

tricyclic antidepressant imipramine was approved for treating MDD in 1959, though it was 

initially developed as a treatment for schizophrenia. Impramine is believed to function by 
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inhibiting both serotonin and norepinephrine reuptake transporters. With serotonin 

modulation appearing increasingly relevant to the treatment of MDD, research by Eli Lilly 

in the 1960s and 1970s led to the development of the selective serotonin reuptake inhibitors 

(SSRI)—a class of drug specifically designed to promote higher synaptic concentrations 

of serotonin, primarily by the blocking presynaptic serotonin transporter (SERT). Their 

compound, known as fluoxetine (trade name Prozac®), received FDA approval in 1987 

and is still used today as an antidepressant and is the 20th most prescribed drug in the United 

States (Fuentes et al, 2018).  
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Serotonin, Monoamines and Antidepressant Mechanisms 

There are a range of monoamine neurotransmitters in the human brain, yet 

monoamine-based antidepressant compounds primarily target three: serotonin, 

norepinephrine, and dopamine. Of these, serotonin has attracted the most clinical attention, 

although serotonin reuptake inhibitors are generally all promiscuous to some degree and 

have low-to-moderate affinity for both norepinephrine and dopamine transporters as well 

(Owens et al, 2001). Serotonin, or 5-hydroxytryptamine (5-HT), is derived from a 

tryptophan amino acid precursor. Acute tryptophan depletion induces depressive 

symptoms and aberrant emotional processing in individuals at high-risk for depression 

(Feder et al., 2011), and decreased levels of plasma tryptophan are observed in patients 

suffering with depression (Cowen et al., 1989). Additionally, reduced levels of serotonin’s 

primary metabolite, 5-hydroxyindoleacetic acid (5-HIAA), are found in the cerebrospinal 

fluid (CSF) of depressed patients, with lower levels correlating with both more frequent 

(Åsberg, 1976) and more medically severe suicide attempts (Mann et al., 1996).  

Serotonin itself has a wide range of effects on synaptic excitability, owing to the 7 

individual receptor families (5-HT1 through 5-HT7), encompassing a total of 14 unique 

serotonin receptors found in mammals (Berger et al., 2009). All are G-protein coupled 

receptors, with the exception of the 5-HT3R, which is a ligand-gated nonselective cation 

channel. Briefly, receptors in the 5-HT1 and 5-HT5 families are Gi/o-protein coupled and 

decrease intracellular concentration of the second messenger cyclic adenosine 

monophosphate (cAMP), while 5-HT4R, 5-HT6R and 5-HT7R are GS-protein coupled and 

increase cAMP within the cell. 5-HT2Rs are Gq/11-protein coupled and increase levels of 
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inositol triphosphate (IP3) and diacylglycerol (DAG), both of which stimulate the activity 

of protein kinase C (PKC) and Ca2+/calmodulin dependent protein kinase (CaMK) to 

phosphorylate a range of protein targets. Changes in protein expression are thought to 

underly long-term alterations in cell morphology, excitability and, when applied over many 

synaptic circuits, the modification of behavior, including those related to various aspects 

of reward processing (Duman, 2002; Duman et al., 2016; Sweatt, 2016). Notably, the 5-

HT2A receptor subtype has unique relevance to psychiatric medicine: it mediates the 

altered perception induced by psychedelic compounds. It is also often antagonized by 

antipsychotic drugs, and there is evidence that augmenting SSRIs with a 5-HT2AR 

antagonist results in improved treatment outcomes in major depression (Celada et al., 2004; 

Marek et al., 2003).  
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Weaknesses of SSRIs 

Throughout the past three decade, SSRIs and other monoamine-modulating drugs 

have thus been the gold standard for treating MDD. They are, however, not without 

significant weaknesses: sexual side effects and disrupted sleep and appetite are common 

(Kelly et al., 2008). These effects, among others, can cause patients to quit an 

antidepressant regiment before experiencing significant therapeutic benefit. SSRIs require 

between 4 and 6 weeks of titration to a therapeutic dose before symptoms may be relieved. 

About 20% of patients prescribed an SSRI experience “antidepressant discontinuation 

syndrome,” a wide range of debilitating flu-like physical symptoms, following abrupt 

cessation of the drug (Kelly et al., 2008). Since 2004, all SSRIs have carried an FDA “black 

box” warning, denoting the increased risk of suicide among patients under 25 years old 

(Fornaro et al., 2019). 

Most worryingly, SSRIs are not effective in all patients with an MDD diagnosis. 

Only about one third of patients report remission of depressive symptoms following 

treatment with a single antidepressant. The Sequenced Treatment Alternatives to Relieve 

Depression (STAR*D) study, concluded in 2006, presented a population of MDD patients 

with a number of pharmacological treatments over the course of 12 weeks with the goal of 

determining the most effective course of treatment for those who do not respond to or 

tolerate one SSRI (citalopram; Gaynes et al., 2009). It concluded that no one monoamine 

antidepressant was significantly more effective than another, regardless of mechanism and 

target, and that only about half of all MDD patients will reach remission following 
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treatment with two different drugs—suggesting the need for further research into the 

complicated biological underpinnings of depression (Gaynes et al., 2009).  

 

Mechanistic Limitations of the Monoamine Hypothesis 

Therefore, perhaps unsurprisingly, there has been significant reconsideration of 

major depression as simply a disorder of synaptic monoamine neurotransmitter 

concentration. As mentioned earlier, reduced plasma levels of the serotonin precursor 

tryptophan are observed in MDD patients. Yet, paradoxically, tryptophan depletion does 

not promote depression in healthy control individuals (Ruhé et al., 2017) The relationship 

between synaptic concentration of serotonin and mood remains elusive, and at times, 

paradoxical. A loss of function mutation of SERT is associated with increased incidence 

of depression (Celada et al., 2004), for example. Postmortem studies show no significant 

difference in brain serotonin levels of individuals with depression compared to healthy 

controls (Stockmier, 2003), although this is confounded by the methods used, length of 

time after death and individual life history. Perhaps the most damning evidence against the 

monoamine hypothesis is that SSRIs bind to their receptor targets within minutes of 

administration and rapidly elevate levels of serotonin in the synaptic cleft in vivo, yet 

require weeks of dosing before symptoms may be relieved (Bymaster et al, 2002).  

It is clear that the monoamine hypothesis paints an incomplete picture of depression. 

While there is no doubt that serotonergic antidepressants are effective in a subset of patients 

with depression (Jakobsen et al., 2017), the high incidence of non-responders (Gaynes et 
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al., 2009) suggests that a more comprehensive understanding of the pathogenesis of major 

depressive disorder is needed for the development of more effective pharmacotherapies.  

 

Stress and Depression 

In broad terms, “stress” is experienced when environmental demands (either 

internal or external) challenge, or outstrip, the ability to cope (Lazarus & Folkman, 1984). 

The relationship between life stressors and the onset of mood disorders, while appearing 

intuitively linked since the 16th century, has only been studied carefully within the past 60 

years. Holmes & Rahe proposed “The Social Readjustment Rating Scale” in 1967 (Holmes 

& Rahe, 1967), a diagnostic test that quantifies stressful life events with a score—a higher 

score correlates with more stressful events. Their scale incorporates negative events (death 

of a spouse, being fired at work, worth 100 points and 47 points respectively) as well as 

positive (marriage, vacation, 50 and 15 points respectively). A total score of <150 suggests 

a low overall level of stress. Scores between 150-299 and over 300 represents a 50% and 

80% chance, respectively, of stress-induced illness in the near future.  

Significant progress in the field of psychology has presented a clearer relationship: 

exposure to stressful life events is correlated with onsets of MDD episodes, with the 

severity of the event linked to the severity of the episode (Kessler, 1997). Depressed 

patients report more stressful life events, as well as less social support, than healthy 

individuals (Billings & Moos, 1984). Chronic stress especially has deleterious effects, both 

physically and mentally. Psychological stressors have been shown to increase risk of 

respiratory infection and coronary artery disease and to exacerbate autoimmune disease 
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(Miller et al., 2002). Increased levels of perceived stress also predict future sensory deficits 

in vision and hearing (Wettstein et al., 2021; Frank et al., 2019), memory impairment 

(Neupert et al., 2006), and shorter lifespans (Aldwin et al., 2011; Jeong et al., 2016).    

The hypothalamic-pituitary-adrenal (HPA) axis mediates the body’s stress response. 

Briefly, it is a feedback loop integrating the hypothalamus, the anterior pituitary gland, and 

the adrenal cortex. The paraventricular nucleus (PVN) of the hypothalamus secretes 

corticotrophin releasing hormone (CRH), which, in turn, promotes secretion of 

adrenocorticotropic hormone (ACTH) from the pituitary gland and, ultimately, stimulates 

release of glucocorticoid hormones within the adrenal cortex. These glucocorticoids, 

primarily cortisol in humans, then act as negative feedback modulators to inhibit further 

CRH and ACTH release (Herman et al., 2016). Evolutionarily, the HPA axis promotes 

survival in perceived “fight or flight” situations, as glucocorticoids promote both glycogen 

breakdown and gluconeogenesis (Meyers et al., 2014) to cope with the increased metabolic 

demands of stressors. In the absence of stress, the HPA axis mediates basal energy 

consumption via modulation of glucocorticoids according to circadian rhythm (Herman et 

al., 2016). 

Though vital to survival and maintaining homeostasis, inappropriate activation of 

the HPA-axis “stress response” to benign stimuli is now thought to be a risk factor for 

MDD. Indeed, patients with MDD often display higher circulating levels of cortisol than 

healthy individuals, (Murphy, 1991) which is somewhat correlated with more severe 

instances of depression (Zobel et al., 2001; Islam et al., 2018) and cognitive deficits 

(Gomez et al., 2005). High levels of cortisol release in humans may alter the “set point” 
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for the pathway, resulting in impaired negative feedback mechanisms through 

glucocorticoid receptors (GRs) seen in some MDD patients (Holsboer, 2000; Young et al., 

2003; Raison & Miller, 2003) and a persistently elevated HPA-axis (Nandam et al., 2020). 

Frustratingly, but congruent with the complex and heterogenous etiology of MDD, HPA 

function is not consistently different between healthy subjects and patients suffering from 

atypical (Lamers et al., 2013), seasonal affective (James et al., 1986), or chronic (>2 years) 

depression (Watson et al., 2002). Stressors in early life have been shown to produce 

inappropriate stress responses in adulthood, potentially due to increased CRH release 

(Heim & Binder, 2012) and reduced GR sensitivity (Juruena, 2013). 
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Animal Behavioral Models of Stress and Major Depressive Disorder 

Mood disorders are only truly understood in a human context. For example, the 

DSM-V diagnosis of depressive disorders is based on criteria assessed by human doctors 

that there is a “disruption in normal functioning” in day-to-day life in our human society. 

Changes to mood can be further assessed and compared through a number of questionnaires, 

including the Hamilton Depression Rating Scale (HAM-D; Hamilton, 1960), the Beck 

Depression Inventory (BDI; Beck et al., 1961) and the Montgomery-Åsberg Depression 

Rating Scale (MADRS; Montgomery & Åsberg, 1979). Limited by our poor understanding 

of animal psychology, the obvious language barrier, and a lack of rodent-sized therapy 

couches, it is difficult to reliably and reasonably assess “moods” in model organisms. 

Still, the HPA-axis, both in its associated structures and regulation, is largely 

conserved among mammals (Herman et al., 2016), providing a useful, and easily 

manipulatable, link between stress and behavior. A number of chronic and acute stressors 

exist for rodent models. Unpredictable chronic mild stress (UCMS) is perhaps the closest 

analogue to the chronic psychological stressors reported by MDD patients. The stress is 

unpredictable in that animals are exposed to a different uncontrollable stressor daily 

(commonly through wet bedding, physical restraint, or brief immersion in cold water), but 

mild in that it does not physically harm or deprive the animal of requisite food and water 

(Willner, 2016). UCMS typically requires approximately 3 weeks of stress to be effective, 

though the protocol has been modified with much success in our lab.  

Chronic multi-modal stress (CMMS) over the course of 10-14 days, during which 

rodents are immobilized in restraint tubes and exposed to white noise and strobe lighting 
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for 4 hours a day early into the onset of their light cycle, induces depression-like behaviors 

and promotes abnormally high release of corticosterone during a period when levels are 

naturally lowest (Gong et al., 2015). Acute stressors, including inescapable foot shocks 

over the course of a few hours or social defeat, where a rodent is forced, often violently, 

into submission by a dominant animal, over the course of a few days, are used as well. 

These models, however, highlight the difficulties in understanding psychiatric illness, 

especially conditions as heterogenic as depression. Inducing helplessness through short, 

violent stressors may be more representative of post-traumatic stress disorder (PTSD) a 

persistant dysthymic depression (Söderlund & Lindskog, 2018). Indeed, prior revisions of 

the DSM cited experiencing “intense fear, horror, or helplessness” as necessary to a PTSD, 

but not MDD, diagnosis (Pai et al., 2017). 

Ultimately, model organism behavioral paradigms provide the most preclinical 

predictive value to neuropsychiatric research if they have clear and obvious parallels to 

their human symptoms, a concept known as “face validity.” A number of behavioral tasks, 

which can be roughly divided into despair-like or hedonic assays, are commonly used to 

assess antidepressant action. These despair- and hopelessness-like behaviors are quantified 

in forced swim (FST) and tail-suspension tests (TST), in which rodents are placed in 

stressful, uncomfortable situations (a large tank of water or suspended upside-down by its 

tail, respectively). Animals will initially struggle to escape but will inevitably relent, and 

the latency to their immobility provides a means through which antidepressants may be 

screened (Planchez et al., 2019).  
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These tasks have some degree of face validity and entered common use in the 1970s 

and 1980s because the same monoamine-modulating drugs that are effective in human 

MDD cases reduce immobility time in FST and TST assays (Porsolt et al., 1977; Steru et 

al., 1985). Immobility time in these tasks is increased following UCMS (Mineur et al., 

2006). These factors ultimately led to immobility time becoming shorthand for “despair,” 

though this is perhaps the product of anthropomorphic hindsight and confirmation bias. 

These similar behavioral responses to stress seen in rodents and other mammals may have 

their roots in evolutionary fitness and represent appropriate behavioral adaptations that 

encourage an animal to avoid especially dangerous situations or futile wastes of energy 

(Nesse, 2000). Additionally, both the FST and TST show reduced immobility latency 

following acute SSRI treatment, both after one hour and 24 hours later, compared to the 

weeks of chronic dosing required in humans, reducing their face validity and suggesting 

disparate mechanistic underpinnings (Detke et al., 1997; Perrault et al., 1992; Cryan et al., 

2005).  

Perhaps the clearest parallels between animal models and humans suffering with 

MDD is the symptom of anhedonia: the inability to perceive pleasure from previously 

rewarding stimuli. Anhedonia is a required component of a DSM-V MDD diagnosis (“I 

just don’t enjoy anything much these days,”) and can be induced in rodents in response to 

chronic stress or corticosterone administration (Willner et al., 1992; Willner, 1997). A free 

choice between rewarding stimuli and one of less (or no) hedonic value is the basis of the 

majority of these tests. For instance, the sucrose preference test (SPT) compares 

consumption of a palatable and rewarding dilute (0.5-2%) sucrose solution vs tap water, 

with unstressed animals significantly preferring the sweetened solution over plain water 
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(Willner et al., 1987; Liu et al., 2018). Similarly, the female urine sniffing test (FUST) 

measures a rodent’s time sniffing cotton swabs doused in either urine from other male mice 

or female mice in estrous—a pleasurable experience to a sexually mature male rodent 

(Malkesman et al., 2009). Social interaction tests focus on the innate sociability of rodents 

with a naïve “stranger” mouse (Trezza et al., 2011; Berton et al., 2006). Stress-susceptible 

mice display reduced reward-seeking activity in each of these behaviors, which is reversed 

via chronic, but not acute, treatment with serotonergic antidepressants, providing perhaps 

the greatest face validity with numerous parallels to human behavior and recovery. 
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Chronic Stress, Excitatory Synapses and E/I Balance 

The neurobiology underlying these stress-sensitive behaviors has been well-studied, 

owing to the number of experimental manipulations that can only ethically be carried out 

in animals. Stress glucocorticoids, perhaps predictably, have the greatest effect at regions 

of the brain with high GR expression. Immunohistochemical and radioligand studies in 

rodents have identified the greatest number of GR-reactive cells in the prefrontal cortex 

(PFC), hippocampus, nucleus accumbens (NAc) and amygdala (Morimoto et al., 1996; 

Herman et al., 1989; McEwen et al., 1968) and similar localizations are found in the human 

brain (Wang et al., 2013; Peram et al., 2007). These regions have a significant role in 

integrating sensory information and regulating emotion, motivation and reward processing, 

thus providing an intuitive relationship between stress and the onset of psychiatric 

disorders (Salzman & Fusi, 2010; Russo & Nestler, 2013).  

In broad and overarching terms, the activity of the human brain’s estimated 100 

billion neurons, inherently intertwined at 100 trillion synapses (Herculano-Houzel, 2009; 

Eroglu & Barres, 2010), mediate all aspects of human behavior, and awareness. 

Fundamentally, the nervous system is remarkably plastic and is able to adapts to an 

extraordinary range of internal and external stimuli in order to meet the homeostatic 

challenges of life with a temporally diverse range of responses from changes in protein 

phosphorylation to changes in gene expression. The extent and identity of these myriad 

adaptations are of continued interest to neuroscientists, but they ultimately culminate in the 

ability of a cell to fire (or not fire) an action potential. Therefore, it can be understood that 

certain patterns of activity, mediated by a finely-tuned balance of excitatory and inhibitory 
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(E/I) neurotransmission, lead to favorable, healthy, and functional behavioral outcomes. 

Conversely, an E/I imbalance within synaptic circuitry may lead to a consistent pattern of 

behavioral maladaptations that manifest as psychiatric illness in an individual.  

Chronic stress, therefore, provides a challenge to homeostatic E/I balance. Within 

the hippocampus, it is well understood that chronic stress results in glucocorticoid-

mediated atrophy of pyramidal cells in hippocampal fields CA1 and CA3, whereby 

dendritic arborization and spine density are diminished (Conrad et al., 1999; Watanabe et 

al., 1992; Magariños & McEwen, 1995; Lambert et al., 1998; Donohue et al., 2006). While 

the potential functional roles (or lack thereof) of individual dendritic spines are breathlessly 

debated, these structures generally act to further modulate synaptic excitation, and their 

own bespoke composition of neurotransmitter receptors serves to increase the integratory 

computational ability of an individual neuron. Notably, these morphological changes 

mirror the reduced hippocampal volume (Vythilingam et al., 2004) seen in MDD patients 

and postmortem studies (Stockmeier et al., 2004). 

With these morphological changes comes a general reduction of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid- (AMPA) vs N-methyl-D-aspartic acid- 

(NMDA) receptor mediated synaptic transmission, as well as GluA1 subunit expression, 

within the temporoammonic (TA)-CA1 but not Schaffer collateral (SC)-CA1 synapses in 

the hippocampus (Kallarackal et al., 2013). While not the only stress-sensitive region of 

the hippocampus, the TA-CA1 synapse is an intriguing neurological substrate for 

depressive-like behavior: AMPA:NMDA ratios in this synapse not only correlate with a 

https://pubmed.ncbi.nlm.nih.gov/8637636/
https://pubmed.ncbi.nlm.nih.gov/15231442/
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rodent’s sucrose preference, but are increased to pre-stress values following chronic, but 

not acute, administration of fluoxetine (Kallarackal et al., 2013). 

Additional functional deficits resulting from stress are seen in the impaired long-

term potentiation within the rat CA1 in vitro following 21 days of UCMS (Alfarez et al., 

2003), a finding recapitulated by a recent study demonstrating that prolonged (but not 

acute) restraint stress reduces excitatory input to cells in the CA1 field (Tomar et al., 2021). 

The expression of brain-derived neurotrophic factor (BDNF) is also decreased in the 

hippocampus following both chronic and acute stress (Murakami et al., 2005), while 

expression of the mammalian target of rapamycin (mTOR) protein increases after chronic 

stress but decreases following a subsequent acute stress challenge evoked by injection of 

corticosterone (Polman et al., 2012). Both BDNF and mTOR are important transcriptional 

regulators that promote protein expression and synaptic plasticity in the neuron. 

A similar morphological trend is seen in the PFC, with a reduction in dendritic 

spines seen within layer IV of the rat infralimbic (IL) region (Goldwater et al., 2009) as 

well as within the anterior cingulate (AC) and prelimbic (PL) subregions following chronic 

stress (Radley et al., 2008; Shanksy & Morrison, 2009) or prolonged (12 days) 

corticosterone administration (Anderson et al., 2016). Functionally, chronic stress reduces 

both AMPA- and NMDA-mediated excitation in layer V rat PFC pyramidal cells due to 

enhanced internalization and degradation of GluA1 and GluN1 receptor subunits, which 

promotes cognitive impairment (Yuen et al., 2012)  

Notably, the effect of stress in the amygdala stands in sharp contrast to the 

previously mentioned regions and is somewhat more heterogenous overall between 
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individual nuclei. The central nucleus of the amygdala (CeA) and the bed nucleus of stria 

terminalis (BNST) are involved in fear and anxiety responses, respectively (Davis, 1998). 

Surprisingly, chronic stress does not impact cell morphology within the CeA, and actually 

increases dendritic arborization in the BNST (Vyas et al., 2003) A third region, the 

basolateral amygdala (BLA) receives sensory input from cortical afferents (Otterson, 1982; 

McDonald et al., 1996; Shi & Cassell, 1997), which is then integrated at the CeA. Chronic 

stress promotes both dendritic branching (Vyas et al., 2006) and hyperexcitability within 

the BLA (Rosenkranz et al., 2010), with the latter attributed to deficits in hyperpolarizing 

calcium-activated potassium channel function (Rosenkranz et al., 2010). These findings in 

rodents are analogous to the hyperactivation of the amygdala often observed in human 

MDD cases (Yang et al., 2010; Peluso et al., 2009), which may be reversed after SSRI 

administration (Murphy et al., 2009). 

The NAc integrates inputs from a range of glutamatergic cortical, hippocampal, and 

amygdalar inputs, as well as dopaminergic projections from the ventral tegmental area 

(VTA). This comprises the dopaminergic mesolimbic reward circuit, which is responsible 

for associating certain stimuli with motivational salience, mediating motivation in goal- 

directed behavior. Pavlovian conditioning, a form of conditioned learning that occurs when 

potent reward stimuli are associated with non-rewarding, functionally neutral stimuli, is 

perhaps the most cited behavior regulated by this pathway (Saunders et al., 2018). This 

motivational salience can be rewarding or aversive, mediated by the actions of 

dopaminergic D1 and D2 receptors, respectively.  
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It is no surprise that the effects of chronic stress on the NAc have an impact on both 

hedonic (Lim et al., 2012) and helpless behaviors (Bessa et al., 2013). Additionally, 

reward-promoting D1-containing medium spiny neurons (MSNs) display both reduced 

AMPA:NMDA ratios (Lim et al., 2012) and miniature excitatory postsynaptic potential 

(mini EPSPs) frequency (Francis et al., 2014) after chronic restraint and social defeat stress, 

respectively. The NAc is somewhat of an outlier with regards to the stress-induced 

morphological changes in neurons, as hypertrophy and increased dendritic branching is 

seen in core MSNs, both of which are reversed following chronic fluoxetine or imipramine 

treatment (Bessa et al., 2013). These morphological effects may vary by MSN phenotype, 

as spine density is increased in D2- (Fox et al., 2020) but not D1-containing cells (Francis 

et al., 2017) after chronic social defeat stress. 

An E/I balance may be offset by changes in inhibitory neurotransmission as well, 

though the effect of stress on inhibitory synapses is comparatively less well studied. UCMS 

increases the frequency of miniature inhibitory postsynaptic currents (mIPSCs) in layer V 

of the PFC (McKlveen et al., 2016) with a corresponding broad increase in expression of 

glutamate decarboxylase 65 (GAD65), an enzyme that catalyzes the synthesis of inhibitory 

gamma-aminobutyric acid (GABA) from excitatory glutamate (McKlveen et al., 2016; 

Gilabert-Juan et al., 2013). On the other hand, there is some evidence of decreases in 

expression of GAD65 and other markers of interneurons in the PFC and hippocampus from 

human postmortem tissue from MDD patients, perhaps indicative of a deficit in 

GABAergic inhibition (Banasr et al., 2017). 
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These findings may be impacted by age, as increased inhibition is observed in adult, 

and not juvenile rats after stress (Yuen et al., 2012). Reduced GABAAR-mediated cortical 

inhibitory transmission has also been observed in older adults with depression (Lissemore 

et al., 2018), potentially as a consequence of age-related declines in cerebral GABA 

concentrations (Porges et al., 2017). While synaptic alterations in the aging brain are 

complex and poorly understood, decreased activity and number of GABAergic 

interneurons has been observed in age-related cognitive disorders like Alzheimer’s disease 

(Bareggi et al., 1982; Brady et al., 1997; Candy et al., 1985; Xu et al., 2020), which is 

frequently comorbid with psychiatric disorders like depression (Lyketsos & Olin, 2002). 

Reductions in GABA concentrations have also been identified in both young 

(Gabbay et al., 2017) and adult (Sanacora et al., 1999) populations of patients suffering 

from depression. Because the underlying neurobiology of depression may be incredibly 

different between individuals, certain cases may be better treated with a GABA positive 

allosteric modulator (GABA-PAM; Prévot & Sibille, 2021). A meta-analysis of SSRIs 

treatment with GABA-PAM co-administration suggests higher efficacy in some patients 

(Ogawa et al., 2019), though their use as a monotherapy is most effective in cases comorbid 

with anxiety disorders (Benasi et al., 2018) or in older populations (Soric et al., 2019). 

Overall, chronic stress tends to reduce synaptic strength in reward regions, likely 

underlying MDD’s key symptom of anhedonia. As mentioned, chronic administration of 

serotonergic antidepressants reverses a number of deleterious changes in neuronal 

morphology and excitability in a rodent model, suggesting that restoration of a homeostatic 

E/I balance is an effective means of reversing symptoms of depression. However, the fact 
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remains that monoamine-modulating antidepressants are ineffective in a large portion of 

depressed individuals, necessitating a new approach to rescue E/I balance.  

 

Ketamine and Rapid Acting Antidepressants 

Though the primary neuropsychiatric focus in the 20th century was on monoamine-

based antidepressant therapies, further evidence would arise that a number of non-

serotonergic antidepressant interventions demonstrated antidepressant-like efficacy. In 

1990, Trullas & Skolnick demonstrated non-competitive and competitive NMDAR 

antagonists dizocilpine (MK-801) and 2-amino-7-phosphonoheptaoic acid (AP-7) 

respectively,  reduced immobility time in mouse tail suspension test and forced swim tests 

assays, a result comparable to imipramine administration (Trullas & Skolnick, 1990). Papp 

& Moryl would later show in 1994 that MK-801 as well as the NMDAR competitive 

antagonist DL-(E)-2-amino-4-methyl-5-phosphono-3-pentenoic acid (CGP-37849) 

reversed deficits in hedonic behavior in rats following UCMS (Papp & Moryl, 1994).  

With the turn of the millennium, however, came the discovery from Berman et al. 

that the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine demonstrated 

antidepressant properties in a population of patients suffering from depression (Berman et 

al., 2000). Long used safely in humans as an anesthetic for decades (Sinner & Graf, 2008), 

a single ketamine infusion significantly improves HAM-D scores within hours of 

administration (Berman et al., 2000). Ketamine also relieves symptoms of depression and 

measures of suicidality in treatment-resistant depression (TRD) patients, who are 

refractory to traditional monoamine antidepressants (Zarate et al., 2006). Notably, the 

https://www.sciencedirect.com/science/article/abs/pii/001429999090204J
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remission of MDD symptoms lasted for a week on average after ketamine dosing, in sharp 

contrast to currently available therapies and supporting the viability of a rapid-acting 

antidepressant compound.  

Pharmacologically, ketamine acts as a noncompetitive antagonist at NMDARs 

(Anis et al., 1983). Via a use- and voltage-dependent mechanism, ketamine blocks 

NMDAR channels in their open state (MacDonald, 1987). This open-channel block 

mechanism is shared with MK-801, a molecule with significant structural commonality to 

ketamine (Huettner & Bean 1988). As an NMDAR blocker, ketamine has notably faster 

Koff kinetics than MK-801 (Parsons et al., 1995). Pharmacokinetically, ketamine also has a 

shorter half-life than MK-801 (Miyamoto et al., 2000). These two properties make 

ketamine a safer and more suitable clinical option than MK-801. Increasingly robust 

NMDAR antagonism is associated with excitotoxicity (Olney et al., 1989; Farber et al., 

2002) in rats, with similar lesions observed in chronic recreational ketamine users (Wang 

et al., 2013).  

As an antidepressant, ketamine has commonly been believed to exert its effects by 

blocking NMDA receptors on GABAergic interneurons. While NMDARs are expressed 

on excitatory and inhibitory neurons, ketamine has shown three to four-times higher 

potency at GluN1 and GluN2C-containing receptors (Kotermanski et al., 2009), subtypes 

somewhat more expressed on inhibitory interneurons (Monyer et al., 1994), thereby 

decreasing overall levels of inhibition at pyramidal cells and thus generating a transient 

surge in glutamate release that is driven by a shift in the synaptic E/I balance toward 

excitation (Homayoun & Moghaddam, 2007). Interneurons are vital to mediating the 
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antidepressant-like effect of ketamine, and knockdown of the NMDAR subunit GluN2B 

specifically on interneurons of the mouse PFC prevents a reduced latency to feed in the 

novelty suppressed feeding test and an increase in female urine preference in response to 

ketamine (Gerhard et al., 2020). This disinhibition of excitatory transmission is likely 

mediated at the apical dendrites of pyramidal cells (Ali et al., 2020; Kim et al., 2020) 

though effects have also been seen in perisomatic regions (Widman & McMahon, 2018), 

and ketamine’s robust NMDAR antagonism is likely to target numerous interneuron 

populations. 

Ketamine is typically administered as a racemic mixture, containing roughly equal 

proportions of R- and S-ketamine enantiomers. Early studies reported that, as an anesthetic 

and analgesic, the S-enantiomer is roughly twice as potent as the racemic mixture 

(Doenicke et al., 1992) and four times as potent as R-ketamine (Domino, 1965; White et 

al., 1985), a finding roughly in accordance with whole-cell recordings of NMDA-evoked 

currents (Zeilhofer et al., 1992; Moaddel et al., 2013). While increased NMDAR 

antagonism may be a beneficial feature for anesthesia, S-ketamine is a less efficacious 

antidepressant than racemic ketamine in meta-analyses (Bahji et al., 2020), although robust 

head-to-head comparisons of the antidepressant effectiveness of R-, S-, and racemic 

ketamine in clinical trials are lacking (Bahji et al., 2021). 

In animal models, however, there is a clear trend that R-ketamine has greater 

antidepressant efficacy. Both enantiomers demonstrate antidepressant-like effects in FST 

and TST tests up to 24 hours after a single treatment, yet only R-ketamine continues to 

yield a significant sustained effect 48 hours later (Fukumoto et al., 2017). Additionally, R-
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ketamine significantly reverses corticosterone-induced deficits in FST tests, whereas S-

ketamine does not (Fukumoto et al., 2017). Only high (25-30mg/kg) doses of S-ketamine 

reduce escape failures in a mouse learned helplessness (LH) inescapable foot shock 

paradigm of depression-like behavior and reduce FST immobility time 1 hour following 

administration. By contrast, lower doses of R-ketamine (3-10 mg/kg) are sufficient to 

reduce LH escape failures and immobility in the FST, with these effects being detected at 

1 and 24 h post-treatment (Zanos et al., 2016). S-ketamine is also associated with more 

psychotomimetic-like side effects than R-ketamine and induces a conditioned place 

preference in mice, suggesting increased abuse liability (Yang et al., 2015).  

Ketamine’s antidepressant-like behavioral effects have an inverted U-shaped dose-

response relationship, where a partial degree of NMDAR antagonism results in maximally 

enhanced glutamatergic transmission and robust therapeutic benefits. For example, 

ketamine significantly reduces FST immobility only 24 hours after administration of a 10 

mg/kg dose, whereas 1-3 mg/kg or 30-50 mg/kg doses had no effect (Zanos et al., 2016). 

Another study observed reduced TST immobility and increased metabolic 

glutamate/GABA turnover at intermediate (3-30 mg/kg), but not at high (80 mg/kg) or low 

(1 mg/kg) doses (Chowdhury et al., 2017). Thus, modest residual NMDAR-mediated 

signaling, but not full block, appears to be necessary to mediate antidepressant-like 

responses to ketamine, further supported by evidence that direct activation of receptors 

with NMDA does not reduce FST immobility time (Autry et al., 2011; Poleszak et al., 

2007). 
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Inverted U-shape relationships between doses (or concentrations) of ketamine and 

cell signaling responses relevant to depression have also been reported. For instance, 

significant increases in expression of mTOR, eukaryotic initiation factor 4E binding 

protein 1 (4E-BP1), and p706S kinase are seen following 5 and 10 mg/kg doses of ketamine, 

but not at 1 or 80 mg/kg (Li et al., 2010). In addition, 10 µM, but not 100 µM, ketamine 

enhances hippocampal SC-CA1 field EPSPs in vitro after 100-Hz stimulation-induced LTP 

(Izumi et al., 2014).  

Ketamine’s enhancement of excitatory synaptic activity requires the actions of 

AMPARs. Acute exposure of rat hippocampal slices to ketamine results in an immediate 

potentiation of SC-CA1 fEPSPs in an AMPAR-mediated manner. The neurotrophins 

BDNF and eukaryotic elongation factor-2 kinase (EEF2K) are likely required for this 

potentiation because neither effect is observed in hippocampal slices from respective lines 

of KO mice (Nosyreva et al., 2013). In addition, prolonged exposure of primary 

hippocampal cultures to ketamine increases expression of GluA1 subunits (Nosyreva et al., 

2013). Upregulation of AMPAR subunits, typically GluA1 and GluA2, is also commonly 

observed following ketamine administration in vivo in the mouse hippocampus and PFC 

(Zanos et al., 2016; Yang et al., 2016), mirroring findings with serotonergic antidepressants 

(Kallarackal et al., 2013), and suggesting a point of convergence on excitatory synapses 

and the shift of E/I balance within reward circuits. Predictably, pretreatment with the 

AMPAR antagonist 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-

sulfonamide (NBQX) prevents ketamine’s behavioral improvements in FST and LH 

paradigms (Maeng et al., 2007; Zanos et al., 2016; Koike & Chaki et al., 2014). 
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An intriguing alternative mechanism of ketamine’s effects is focused on the actions 

of its (2R,6R) hydroxynorketamine (HNK) metabolites, which, in despair-based (Zanos et 

al., 2016) and hedonic tasks (Chou et al., 2018), have antidepressant-like properties that 

are independent of ketamine administration. (2R,6R)-HNK also potentiates rodent 

hippocampal fEPSPs in vitro at SC-, but not TA-CA1 synapses through a presynaptic, 

AMPA-mediated mechanism (Riggs et al., 2020), and, in vivo, (2R,6R)-HNK increases 

BDNF and GluA1 expression (Zanos et al., 2016).  

Other theories regarding mechanisms underlying the antidepressant effectiveness 

of ketamine include direct interactions with tyrosine kinase receptor 2 (TRKB) receptors 

to facilitate BDNF production (Casarotto et al., 2021) or accumulation of ketamine within 

neurons, facilitated by the small size and physicochemical idiosyncrasies of the molecule, 

to directly activate mTOR pathways (Lester et al., 2015), although this remains to be tested. 

Ultimately, ketamine’s actions converge on excitatory synapses either through NMDAR 

antagonism-mediated disinhibition, direct potentiation of AMPAR-transmission, or a 

synergistic combination of the two. 
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Gamma Oscillations 

Ketamine’s net disinhibition of pyramidal neurons is believed to promote a broad, 

yet transient, surge in glutamatergic signaling. This synaptic activity is characterized by 

synchronous, high-frequency oscillations in the gamma power range (roughly 30-100 Hz 

in frequency). Gamma oscillations require the action of fast ionotropic AMPAR activity 

(Cunningham et al., 2003; Whittington et al., 2000) and are ablated by administration of 

the AMPAR-antagonist NBQX (Randall et al., 2011; Zanos et al., 2017). 

Synchronized oscillatory activity, often popularly referred to as “brain rhythms” or 

“brain waves,” plays an integral role in processing memory, learning, emotional state, 

sleep-wake transitions, and a wealth of other behaviors. In animal models and humans alike, 

this firing frequency ranges from 0.05 Hz to 600 Hz, although the most biologically 

relevant activity is believed to occupy the 1-100Hz range (Buzsáki & Draguhn, 2004). 

Perhaps intuitively, as predicted by the principles of Hebbian plasticity (often summarized 

by the aphorism “cells that fire together wire together”) (Hebb, 1949), repeated activation 

of a population of cells results in dramatic changes in synaptic strength. Indeed, these 

gamma oscillations are associated with more frequent generation of action potentials 

(Watson et al., 2018), mirroring in vitro application of high-frequency stimulation (Bliss 

& Lomo, 1973; Douglas & Goddard, 1975; Frick & Magee, 2004).  

Consequently, generation and maintenance of gamma oscillations plays a critical 

role in mediating synaptic plasticity (Bi & Poo, 1998; Belluscio et al., 2012). Indeed, 

gamma oscillations are heavily implicated in temporal modulation of the E/I balance 

required to maintain flexible synaptic activity and appropriate signal-to-noise ratios, 

https://pubmed.ncbi.nlm.nih.gov/11102670/
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thereby mediating associative information processing and working memory (Miltner et al., 

1999; Li et al., 2021). In humans, gamma power is evoked in spatial memory tasks 

(Herrmann et al., 1999; Herrmann & Mecklinger, 2000; Miltner et al., 1999), and the 

degree of gamma activity correlates with task difficulty (Senkowski & Herrmann, 2002). 

Task-evoked gamma oscillatory activity is a common observation among mammals, 

including non-human primates (Jutras et al., 2009; Van Kerkoerle et al., 2014) and rodents 

(Trimper et al., 2017; Zheng et al., 2016; Kemere et al., 2013), where reduced gamma 

generation results in associative behavioral deficits (Cho et al., 2015; Aguilar et al., 2021). 

The activation of excitatory pyramidal neurons and subsequent generation of action 

potentials is tightly regulated by the inhibitory contributions of GABAergic interneurons, 

thereby accounting for the disinhibition hypothesis of ketamine’s mechanism of action 

discussed above. Broadband, unregulated increases in excitatory synaptic activity 

promotes seizures and is deleterious to neuronal health due to the inherent excitotoxicity 

of glutamate (Olney, 1971), and, thus, it is estimated that the vast majority of 

neurotransmission in the PFC (~80%) is inhibitory (Le Roux et al., 2006; Den Boon et al., 

2005). Therefore, the activity of inhibitory interneurons is ultimately critical in mediating 

the generation and propagation of an action potential while preventing unregulated feed-

forward excitation (Dichter & Ayala, 1987).  

In addition to acting as an excitatory “brake” within synaptic circuits, these 

interneurons have unique characteristics, including a low input resistance and the ability to 

generate fast trains of action potentials (Kawaguchi & Kubota, 1997). It is this fast-spiking 

property that results in the synchronous discharge of excitatory cells, broadening the simple 
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depolarization of individual pyramidal cells into an incredibly diverse range of firing 

patterns at various frequencies (Figure 1). The properties and roles of individual 

interneuron subtypes to maintaining functional connectivity will be discussed in an 

upcoming chapter. 

Translation of individual firing patterns to animal, let alone human, behavior is 

beyond the scope of this work, yet the generation of cortical activity in the gamma power 

range has been identified as uniquely relevant to psychiatric disorders. The scattered 

thinking and working memory deficits of schizophrenia, for example, are associated with 

aberrant generation and dysregulation of EEG gamma power (Basar-Eroglu et al., 2007), 

due to diminished GABA synthesis (Akbarian et al., 2006) or interneuron hypofunction 

(Lodge et al., 2009). Notably, a schizophrenia-like state can be induced in healthy 

individuals by ketamine infusion, where increases in baseline gamma power results result 

in poorer performance, likely by suppressing task-evoked gamma oscillations (Hong et al., 

2010; Krystal et al., 2000; Stoet et al., 2006; Basar-Eroglu et al., 2007). Sensory and 

emotional maladaptations in autism spectrum disorder (Belmonte et al., 2004) are also 

posited to arise from a dysregulated information processing within cortical circuits. 

Clinical research has identified reduced GABAergic activity in a subset of individuals 

diagnosed with major depressive disorder (Klumpers et al., 2010) and chronic stress 

attenuates spatial information coding in the mouse hippocampus (Tomar et al., 2021). 

Interestingly, gamma power can be generated in response to external stimuli. 

Rhythmic 40-Hz strobed lighting, for example, promotes 40-Hz oscillations in the rodent 

visual cortex and the hippocampus (Zheng et al., 2020), and is associated with improved 
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spatial memory in a mouse model of Alzheimer’s disease (Etter et al., 2019). The 40-Hz 

auditory steady state response (ASSR) is another such example. A 40-Hz train of auditory 

clicks generates EEG gamma-range oscillatory activity within the auditory cortex in 

humans (Kwon et al., 1999), and likely to some degree in the hippocampus, amygdala, and 

PFC, as predicted by rodent models (Wang et al., 2018). The inability to generate a 40-Hz 

ASSR is a common feature of schizophrenia, likely owing to GABAergic interneuron 

hypofunction (Kwon et al., 1999), and is somewhat improved by administration of the 

GABAAR agonist muscimol to a rat model of schizophrenia (Vohs et al., 2010), though 

human ASSR studies assessing the efficacy of schizophrenia treatment by commonly used 

benzodiazepines (Sim et al., 2015) or putative subunit selective GABA-PAMs (Gill & 

Grace, 2014) are lacking. While we are far from using audiovisual stimulation as a means 

to reliably diagnose or treat psychiatric disorders, the mechanistic overlap is fascinating, 

nonetheless. 

Given the relationship between cortical oscillations, synaptic plasticity, emotional 

processing, and executive function, it is perhaps no surprise that the generation of gamma 

power is a hallmark of rapid-acting antidepressant action. Modulation of glutamatergic 

activity is not the sole determinant of gamma power. While ketamine and (2R,6R) HNK 

(Farmer et al., 2020; Zanos et al., 2016) may promote high-frequency oscillatory activity, 

in one particularly high-profile case, the NMDAR partial agonist GLYX-13 (trade name 

Rapastinel) failed to reverse depressive symptoms in phase 3 clinical trials compared to 

placebo (ClinicalTrials.gov identifier: NCT03560518). Rapastinel has since been found to 

not significantly affect cortical oscillatory activity in rodents (Banerjee et al., 2020), 

perhaps underlying its lack of clinical effects. Increases in gamma power in humans are 

https://clinicaltrials.gov/show/NCT03560518


 

33 
 
 

seen following rapid antidepressant interventions like transcranial magnetic stimulation 

(TMS; Noda et al., 2016) and ECT (Gu et al., 2005), as well as in rodents by the 

norepinipherine reuptake inhibitor reboxetine or the tricyclic antidepressant desipramine 

(Hajós et al., 2003). 
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Limitations of Ketamine 

Taken together, there is a wealth of evidence linking GABAergic interneurons to a 

range of psychiatric conditions, thus making them appealing targets for pharmacotherapies. 

NMDAR antagonists like ketamine that indirectly minimize the inhibitory GABAergic 

inputs onto pyramidal cells, however, have the therapeutic disadvantage of broad NMDA 

receptor distribution throughout the brain. This introduces challenges to minimizing off-

target effects while maximizing antidepressant-like actions. For example, CP-101,606, an 

antagonist of GluN2B-containing NMDARs that are highly (but not exclusively) expressed 

in depression-relevant forebrain targets (Rauner & Köhr, 2011; Delaney et al., 2013), 

showed promising clinical results in treatment-resistant depression patients (Preskorn et al., 

2008), but caused EKG abnormalities such as long-QT intervals and further development 

was stopped (Machado-Vieira et al., 2017).  

Additionally, ketamine has significant weaknesses that limit its clinical utility. It is 

currently classified as a schedule III drug by the DEA due to potential for abuse and 

dependance. Indeed, ketamine has a long history of recreational use owing in part to its 

hypnotic, psychotomimetic, and dissociative effects in humans (Carter et al., 2013; Wan et 

al., 2015; Powers et al., 2015; Vollenweider et al., 1997; Pomarol-Clotet et al., 2006). A 

number of NMDAR antagonists developed have been unsuccessful in treating MDD in 

clinical trials as well, perhaps suggesting significant limitations to this indirect approach 

(Henter et al., 2021). 
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GABA, GABA Receptors, and GABAergic Interneuron Diversity 

Direct modulation of GABA-mediated inhibition presents a promising alternative 

for shifting E/I balance specifically within mesolimbic reward circuitry due to the uniquely 

heterogenous composition of GABA receptors and wide range of morphologically unique 

interneuron subtypes. 

GABA is the primary inhibitory neurotransmitter within the mature mammalian 

nervous systems. There are two principal receptor classes: GABAA and GABAB. 

Ionotropic GABAA receptors are chiefly permeable to chloride (Cl-) ions and mediate fast 

inhibitory synaptic transmission (Goetz et al., 2007). Metabotropic GABAB receptors 

couple with a number of Gi/o family proteins to activate second messenger systems via 

regulation of adenylyl cyclase and protein kinase A (PKA) levels, as well as play a role in 

modulation of calcium (Ca2+) and potassium (K+) channels (Padgett et al., 2010; Benarroch, 

2012). Abnormal GABAB receptor function has been identified in a range of mood and 

sensory disorders, such as autism, bipolar disorder, and schizophrenia (Fatemi et al., 2011), 

though these receptors are not a primary focus of this thesis. 

Structurally, GABAA receptors are heteropentameric, consisting of 2 alpha (α), 2 

beta (β) and 1 gamma (γ) or delta subunit. Each subunit has a number of isoforms (6α, 4β, 

and 3γ), allowing for a number of distinct receptor configurations, which are functionally 

and pharmacologically distinct and configured around a central Cl- pore.  As members of 

the cys-loop receptor superfamily, GABAA receptors are made of subunits that contain a 

“looping” structure comprised of 13 conserved amino acids flanked by cysteines, resulting 

in extracellular domains that form binding pockets for allosteric modulators (Jones et al., 
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2008). Therefore, GABAA receptors contain binding sites for allosteric modulators. The 

high-affinity benzodiazepine binding site is formed between the interface of the α and γ 

subunits which regulates, either positively or negatively, the inhibitory contribution of 

GABA. This benzodiazepine site is a common target for a range of psychiatric drugs 

(Griffin et al., 2013) that typically enhance GABAergic transmission and are used as 

sedatives or antianxiety drugs. Ethanol also potentiates GABAAR activity, likely in a β-

subunit specific manner (Wallner et al., 2003), though the existence of an ethanol-specific 

binding site remains controversial (Förstera et al., 2016). Interestingly, the degree of 

alcohol-induced modulation of GABA-gated currents increases with the chain length of the 

alcohol molecule itself, up to 12 carbons in length (dodecanol), after which the effect on 

GABAergic transmission is lost (Dildy-Mayfield et al., 1996). 

As touched upon earlier, inhibitory interneurons containing GABAA receptors play 

a key role in modulating pyramidal neuron excitation and tone (Isaacson & Scanziani, 

2011). They are classified based on various histological markers or electrophysiological 

properties (Markram et al., 2004), though interneurons containing the calcium-binding 

protein parvalbumim (PV) are the most common subtype of the three primary interneuron 

populations. These fast-spiking PV interneurons are essential for feedback inhibition, 

regulating oscillatory activity and maintenance of a physiological excitatory/inhibitory 

balance underlying learning, memory, and mood (Hu et al., 2014; Ferguson & Gao, 2018). 

PV interneuron distribution is greatest within the hippocampus and in cerebral cortical 

layers 2 through 5 (Xu et al., 2010). 
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PV interneurons are furthered classified into basket cells and chandelier cells 

primarily based on morphology, although there is histological evidence that basket cells 

contain the amino monosaccharide N-acetylgalactosamine, which has a role in intercellular 

communication, and has high affinity for lectin (Kosaka & Heizmann, 1989; Ariza et al., 

2018). Basket cells are so named due to their densely branched axonal terminals, which 

form a basket-like shape around the cell bodies and proximal dendrites of pyramidal cells 

(DeFelipe et al., 1986). Of the two subtypes, basket cells are more common and vastly 

better understood, having been identified and characterized in 1888 by neuroanatomy 

pioneer Ramon y Cajal, although he likened their dendritic processes to those of a star, 

deeming this class “large or deep stellate cells” (Ramón y Cajal, 1888). This subtype 

modulates cortical and thalamic oscillations by suppressing neighboring pyramidal cells 

after an action potential to prevent uncontrolled feed-forward excitation (Marshall et al., 

2002).  

Comparatively less is known about chandelier cells, named for their morphological 

resemblance to the eponymous light fixture. Like basket cells, they are broadly expressed 

within the cortex (DeFelipe et al., 1985) and hippocampus (Somogyi et al., 1983) and 

synapse onto the axon initial segments of pyramidal cells (Somogyi, 1977), where they can 

both promote and inhibit spiking on postsynaptic targets (Woodruff et al., 2011).  

Somatostatin-expressing (SST) interneurons are the second most common subtype, 

and primarily modulate cell activity within layers 2-5 of the PFC (Kecskés et al., 2020). 

Functionally, SST interneurons synapse upon distal dendrites of pyramidal neurons to 

modulate the incoming inputs prior to reaching cell bodies (Martina et al., 2000), albeit to 
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a less dramatic degree seen by PV neurons (Murayama et al., 2009), allowing for more 

granular sculpting of spike timing and duration. This class of interneurons are also further 

subdivided into Martinotti and non-Martinotti cells. Martinotti cells, discovered by and 

named after Camillo Golgi protégé Carlo Martinotti in 1889, compose the largest fraction 

of SST interneurons (Martinotti, 1889). They are predominantly located in cortical layers 

2 and 3, and the characteristic length of their axons enables long-distance regulation of 

cells in layer 1. Non-Martinotti cells are less well understood and have a range of structural 

phenotypes, including PV-basket cell-like axonal localization around cell bodies, and long-

range variations that project from cortical layers 5/6 to various forebrain targets (Tomioka 

et al., 2015). 

The third and final major subtype of interneurons uniquely express ionotropic 

5HT3ARs, suggesting they interact with distinct synaptic populations than the prior two 

classes within cortical layers 1-3. Perhaps the greatest number of individual cell types of 

this population have been identified, though the least is understood, and identification of 

all variations remain incomplete due to the disparate approaches between labs and limited 

immunohistochemical tools to target 5HT3ARs (Rudy et al., 2011)  

This is just a basic overview of the incredible diversity in inhibitory interneurons 

within the brain. Individual subtypes of a particular class of interneurons can be further 

broken down into heterogenous cell populations, each with their own distinct properties 

and morphologies. A review of all interneuron cell types is outside the scope of this thesis, 

but it should be clear that interneurons are primarily responsible for the inconceivably vast 

integratory computational flexibility of excitatory synaptic networks and are, thus, 
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powerful targets for pharmacotherapies. Indeed, the rapid-acting antidepressant actions of 

ketamine require NMDAR antagonism on both PV and SST interneurons, but not on 

glutamatergic pyramidal cells (Gerhard et al., 2020). 

 

 

Figure 1. A simplified, but intuitive model demonstrating the role of a range of cortical 

interneurons on pyramidal cell excitability, generation of oscillatory activity, and signal to 

noise processing. Diagram from Ferguson & Gao, 2018. 
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Properties of Alpha 5-Selective GABA-NAMs 

Altering inhibitory synaptic transmission provides a promising approach to 

modulate synaptic excitation and behavioral outcomes. However, its outsized role in 

network excitability and oscillatory activity means one must exercise caution when 

manipulating this substrate. Too broad a reduction of the inhibitory actions of GABA 

results in unregulated excitatory activity, manifesting in seizures (Miczek & Weerts, 1987; 

Contó et al., 2005). Conversely, robust GABAergic activity promotes sedation, respiratory 

arrest, and death (Chen et al., 2015; Coupey, 1997). To maximize the therapeutic potential 

of GABAergic drugs, candidate compounds must be well targeted only to brain regions of 

interest and produce mild, transient effects on their targets. 

There has been a focus on identifying alternative compounds that could more 

directly promote ketamine’s downstream antidepressant-relevant synaptic and behavioral 

effects while minimizing the untoward effects of ketamine (Henter et al., 2021; Zanos et 

al., 2018). Our group posited that a GABAAR-negative allosteric modulator (GABA-

NAM) would more directly disinhibit excitatory glutamatergic transmission, thereby 

promoting a rapid, ketamine-like antidepressant response. Special attention was paid to 

GABA-NAMs with selectivity for α5 subunits because the distribution of α5-containing 

GABAARs is predominantly (Serwanski et al., 2006), but not exclusively (Brünig et al., 

2002), limited to extrasynaptic sites within CA1 and CA3 fields of the hippocampus and 

layers V and VI of the PFC (Malherbe et al., 1990; Sur et al., 1999; Fritschy & Mohler, 

1995). While these expression studies were conducted in the rodent brain, similar 

distributions are seen in humans (Waldvogel et al., 2010).  
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Mechanistically, negative allosteric modulators of GABAARs act at the α/γ subunit 

interface that comprises a benzodiazepine allosteric site, prompting a conformational 

change in the receptor that is transduced to the agonist-binding site, ultimately attenuating 

the ability of GABA to open the chloride ion channel (Sancar & Czajkowski, 2010). 

Identification of this mechanism focused on the actions of GABA-PAMs due to their 

longtime use in psychiatric medicine. Based on the activity of PAMs, GABA-NAMS may 

either reduce channel opening frequency or GABA binding kinetics (Rogers et al., 1994; 

Bianchi et al., 2009), by reducing the receptor’s binding affinity to GABA (Campo-Soria 

et al., 2006), though the actual mechanism is yet to be elucidated and likely varies with 

each individual compound. 

Furthermore, multiple GABA-NAMs have been studied in Phase 1 (safety and 

tolerability) and Phase 2 (efficacy and side effect profile) clinical trials as nootropics in 

cases of Down’s syndrome and Alzheimer’s disease (ClinicalTrials.gov identifier: 

NCT02024789; Atack et al., 2009; Atack et al., 2010). No significant clinical 

improvements were observed, perhaps due to incomplete understanding of the multifaceted 

nature of human cognition, or perhaps confounded by age-related changes GABAergic 

activity (Lissemore et al., 2018; Sanacora et al., 1999). Still, these α5- selective compounds 

were well-tolerated, non-anxiogenic and did not promote seizures in rodents or humans 

(Atack et al., 2009), in sharp contrast to the actions of nonspecific GABA-NAMs (Contó 

et al., 2005; Dorow et al., 1983). Indeed, α5-containing GABAARs are estimated to 

comprise just 5% of GABAARs (McKernan & Whiting, 1996; Malherbe et al., 1990) and 

only 25% within the hippocampus, where they are most abundant (Sur et al., 1999). 
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Alpha5-containing GABAARs generally mediate tonic, rather than phasic 

inhibition of pyramidal cells (Glykys & Mody, 2006; Manzo et al., 2021) - an important 

distinction. Phasic inhibition results from synchronous opening of postsynaptic GABAAR, 

generating fast IPSCs at individual synapses (Farrant et al., 2005; Tretter & Moss, 2008). 

A high concentration of GABA is released from presynaptic terminals, estimated to be 

approximately 1.5 to 3 mM at peak (Mozrzymas et al., 2003), and the spillover, in 

conjunction with µM levels of ambient GABA in the extracellular space (Tossman et al., 

1986; Lerma et al., 1986) continually activates extrasynaptic GABAARs. This tonic 

inhibition, therefore, has a role in continuous maintenance of membrane potentials, and 

thus, the overall E/I balance of synaptic circuits.   

These extrasynaptic α5-containing GABAARs, by modulating the excitability of 

CA1 pyramidal neurons,  regulate the generation of LTP (Caraiscos et al., 2004) and the 

maintenance of hippocampal EEG gamma power (Towers et al., 2004). Notably, 

expression of the α5 subunit within the PFC and hippocampus is higher in victims of 

suicide suffering from MDD (Klempan et al., 2009; Sequeira et al., 2009), though not in 

cases without a MDD diagnosis (Klempan et al., 2009). Concordantly, aberrant gamma 

power is sometimes seen in depressed vs healthy individuals, though interpretation is 

complicated by the region assessed, the use of cue-evoked or baseline EEG activity 

(Pizzagalli et al., 2006; Strelets et al., 2007; Siegle et al., 2010), or MDD diagnoses with 

bipolar features (Liu et al., 2014). Additional, use of α5 expression as a biomarker for 

depression, remains controversial due to conflicting results and potential confounds with 

other mood psychiatric comorbid with depression, such as bipolar or schizophrenia 

disorders (Oquendo et al., 2014; Brambilla et al., 2003; Gill & Grace, 2014).  
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Preclinical Evidence of Alpha5 GABA-NAM Antidepressant-Like Actions 

Based on data available in the literature and discussed above, ketamine and α5-

selective GABA-NAMs were predicted to have convergent mechanisms that ultimately 

result in the restoration of a chronic stress-shifted E/I balance toward a homeostatic normal.  

Preclinical studies from our lab have demonstrated that a single administration of 

the GABA-NAMs MRK-016 or L655,708 to rodents is able to significantly reverse chronic 

stress-induced deficits in reward-seeking behaviors, including sucrose preference, female 

urine preference, and social interaction, as well as decreasing immobility time in the forced 

swim test (Fischell et al., 2015; Zanos et al., 2017). The antidepressant-like effects of 

MRK-016 (3 mg/kg, i.p.) were comparable to those of ketamine (10 mg/kg, i.p.), but 

without ketamine-induced hyperlocomotion, conditioned place preference, or motor 

coordination deficits in the rotarod test, even at high doses (9 mg/kg; Zanos et al., 2017), 

likely owing to the limited sites of expression and predominantly extrasynaptic localization 

of α5-containing GABAA receptors. 

While cross-laboratory reproducibility has been of increasing concern in recent 

years (Fanelli, 2018; Scannell & Bosley, 2016), especially among sensitive rodent 

behavioral tasks (Mandillo et al., 2010; Kafkafi et al., 2018), the antidepressant-like effects 

of GABA-NAMs are robust and the findings have been validated by other labs. One lab 

demonstrated that L655,708’s reduction in FST immobility time persists for at least one 

week (Carreno et al., 2017). Another group showed that MRK-016 reverses chronic social 

defeat stress (CSDS)-induced SPT deficits and reduces TST and FST immobility time, 

comparable to R-ketamine (Xiong et al., 2018) Notably, yet somewhat perplexingly, 
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L655,708 administration lacked antidepressant-like effects in these behavioral tasks in that 

study, perhaps due to disparate synaptic alterations in the CSDS stress paradigm. 

L655,708 administration following CMMS increases GluA1 expression within the 

hippocampus (Fischell et al., 2015; Bugay et al., 2020). In accordance with this finding, 

L655,708 also significantly increases AMPA:NMDA ratios within hippocampal region 

TA-CA1 compared to their post-stress values when administered systemically. Additional 

depression-relevant mechanistic information of GABA-NAMS is yielded from their use in 

other disease models—for example, MRK-016 increases BDNF expression in a 

lipopolysaccharide-induced rodent model of Alzheimer’s disease (Eimerbrink et al., 2019), 

providing additional putative points of convergence between ketamine, GABA-NAMs, E/I 

restoration, and rapid antidepressant action. 

However, translation of these GABA-NAMs to use in clinical trials has been 

limited by a lack of mechanistic studies, side effects, and lack of efficacy for some 

indications. In vitro, the GABA-NAM MRK-016 shows relatively equal affinity for the 

benzodiazepine site of recombinant human GABAARs containing either α1, α2, α3, or α5 

subunits. Additionally, MRK-016 produces varying levels of either negative or positive 

allosteric modulation depending on the GABAAR subunit composition, although 

significant inhibition (>50%) of whole-cell GABA currents is only observed at α5-

containing subunits (Atack et al., 2009). 
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Psilocybin Introduction and History 

Following up on previous work studying the synaptic and behavioral actions of 

SSRIs, the lab has also begun to study the rapid antidepressant-like properties of the 

psychedelic compound psilocybin. 

Psychedelic drugs produce profound alterations of consciousness, which are 

distinguished from the effects of other psychoactive compounds (i.e., the dissociative 

properties of ketamine) by their broad activation of pro-hallucinatory 5-HT2ARs. Classical 

psychedelics include the synthetic lysergic acid diethylamide (LSD), but also psilocybin 

and mescaline, which are natural products produced by a number of species of fungi and 

cacti, respectively. Historical use of mescaline predates all surviving written records, but 

radiocarbon dating of archeological sites in Mexico and southwest Texas finds traces of 

mescaline-containing cacti among artifactual deposits dating back to approximately 8,500 

BCE (Adovaiso & Fry, 1976). Psilocybin use is comparatively more recent, yet by no 

means modern; anthropologists have speculated Psilocybe genus mushrooms are depicted 

in stone carvings circa 4,000 BCE (Akers et al., 2011). The broad use of both psilocybin 

and mescaline for spiritual, ritualistic, and shamanistic purposes was common in pre-

Columbian Mesoamerican cultures (Carod-Artal et al., 2015). 

Despite a newfound fascination with New World flora and fauna, consumption of 

psychedelics did not initially expand beyond Central and South American indigenous tribes. 

Europeans would only encounter mind-altering compounds accidentally via toxic, and 

often fatally gangrenous, ergotism. Fungus of the Claviceps genus parasitizes grain and 

cereal crops, synthesizing a range of monoamine receptor modulating alkaloids, including 
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ergotamine—a substance with remarkable chemical similarity to, and ultimately used to 

synthesize, LSD. Claviceps infiltration in medieval agricultural crops has since been 

speculated to underly outbreaks of “dancing plagues,” whereby thousands of individuals 

in a manic state would violently dance and convulse until dying of exhaustion, injury or 

sickness (Eadie, 2003; Donaldson et al., 1997). 

The introduction of psychedelics to Western society was heralded by Albert 

Hofmann’s synthesis of LSD in 1938. Initially developed as a circulatory and respiratory 

stimulant, Hofmann’s accidental contact with trace amounts of the newly synthesized 

molecule serendipitously resulted in the first acid “trip.”  

“The substance with which I had wanted to experiment had vanquished me. 

It was the demon that scornfully triumphed over my will. I was seized by the 

dreadful fear of going insane. I was taken to another world, another time. 

My body seemed to be without sensation, lifeless, alien. Was I dying? Was 

this the transition? At times I believed myself to be outside my body, and 

then perceived clearly, as an outside observer, the complete tragedy of my 

situation. A reflection took shape, an idea full of bitter irony: if I was now 

forced to leave the world prematurely, it was because of lysergic acid 

diethylamide that I myself had brought into the world.”  

-Albert Hofmann, 1980 

These compounds, initially referred to as psychotomimetics (producing features of 

human psychosis; Osmond, 1957), would be renamed “psychedelics,” a combination of the 

Greek words for “mind” and “to reveal” by psychiatric researcher Humphry Osmond and 
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British author Aldous Huxley (Tanne, 2004). These newly dubbed psychedelics found 

novel use in the clinic for a range of purposes, including treatment for alcoholism (Chwelos 

et al., 1959), schizophrenia (Cholden et al., 1955), and depression (Liddell & Weil-

Malherbe, 1953), along with many psychosomatic conditions (Abramson, 1955; Sandison, 

1954). Initially touted as a psychiatric breakthrough among researchers and psychologists, 

LSD soon amassed dubious publicity for its growing recreational use and fears that it may 

send users into an unmitigated violent psychosis (Barter & Reite, 1969), suicide (Keeler & 

Reifler, 1967), or senseless self-injury (Schatz & Mendelblatt, 1973). The psychedelic 

counterculture of the 1960s thrived on LSD and the art created under its influence, yet LSD 

was seen by the United States government as a threat to American values and society at 

large, and possession of LSD and other psychedelics was criminalized by President 

Johnson in 1968. The United Nations Convention on Psychotropic Substances in 1971 

would severely restrict distribution of psychedelics worldwide just years later. 

Research on psychedelic drugs was drastically reduced for decades following their 

prohibition, though their utility in psychiatric neuroscience would reemerge in the 1990s. 

Healthy seminary school volunteers given psilocybin in 1962 to assess the compound’s 

effect on perception of religious mysticism were contacted nearly 30 years later, and all 

reported the drug significantly and positively altered their lives (Doblin, 1991), suggesting 

potential long-term clinical benefit. Vollenweider and colleagues found psilocybin 

produces schizophrenia-like hyperactivity within various forebrain structures assessed via 

positron emission tomography imaging of glucose metabolism in healthy controls and 

posited this psychedelic state may serve as a model to better understand schizophrenia and 

psychosis (Vollenweider et al., 1997). Safety and efficacy studies, now enhanced by 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC381240/
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additional decades of technological breakthroughs, concluded that psychedelic compounds 

could be safely administered at a range of doses and may have an instructive role in 

correlating serotonergic system activity with human psychiatric disease symptoms 

(Strassman & Qualls, 1994). 

Clinical trials slowly resumed in the 21st century as psychedelics were slowly being 

re-evaluated for conditions often refractory to traditional psychiatric medicines and 

psychological counseling. In one of the earliest “modern” clinical studies, Moreno and 

colleagues found psilocybin reduces obsessive compulsive behavior (Moreno et al., 2006). 

Meta analyses of decades old clinical trials showed psychedelics reduce alcohol abuse 

(Krebs & Johansen, 2012), a finding later replicated in a 2015 study of alcoholism 

(Bogenschutz et al., 2015), and then successfully used in a proof-of-concept study for 

tobacco smoking cessation (Johnson et al., 2014). Another breakthrough study found 3,4-

methylenedioxymethamphetamine (MDMA)-assisted psychotherapy effective in PTSD 

patients refractory to treatment (Mithoefer et al., 2011).  
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Mechanisms of Psychedelic Actions 

In the human brain, psychedelics desynchronize cortical oscillatory rhythms 

between the medial PFC and posterior cingulate cortex, which are involved in integrating 

and processing sensory information, self-perception, and awareness (Carhart-Harris et al., 

2012), while preserving normal visual- and motor-induced gamma oscillations 

(Muthukumaraswamy et al., 2013). Activity in these regions comprises the “default mode 

network” in humans. While computational neuroscience is far outside the scope of this 

thesis, the default mode network refers to the organization, synchronicity, and activity of 

cerebral cortical sites in the absence of goal-directed behaviors (Raichle et al., 2001). This 

resting state activity integrates conscious awareness of one’s surroundings and emotional 

states (Davey et al., 2016). 

While implicated in a range of psychiatric disorders, including bipolar disorder 

(Zovetti et al., 2020) and schizophrenia (Guo et al., 2017), aberrant default mode network 

activity is perhaps best exemplified in ruminative mood disorders like depression. Those 

suffering from depressive disorders often uncontrollably fixate on negative life events and 

their consequences (Morrow & Nolen-Hoeksema, 1990; Whitmer & Gotlib, 2013), and 

reported rumination is a predictor of more severe depressive symptoms (Kuehner & Weber 

et al., 1999; Hamilton et al., 2011). While a poorly controlled 1952 study concluded LSD 

had unremarkable effects on a cohort of 15 depressed patients (Savage, 1952), a wealth of 

new clinical trials utilizing psilocybin to treat depression have been conducted in recent 

years. Psilocybin administration promotes significant improvements in GRID-Hamilton 

Depression Rating Scale scores (Davis et al., 2021) and self-evaluated QIDS-SR16 values 



 

50 
 
 

among treatment-resistant patients (Carhart-Harris et al., 2018). A comparative study finds 

the antidepressant properties of psilocybin are at least as effective as the SSRI escitalopram 

(Carhart-Harris et al., 2021). Unlike chronic SSRI treatment, however, psilocybin’s 

antidepressant effects are reported hours to days after administration of a single dose. 

Molecularly, psilocybin is a pro-drug and is rapidly metabolized and 

dephosphorylated to psilocin upon ingestion. Psilocin, which bears a striking similarity in 

chemical structure to serotonin, binds with high affinity (roughly 3 to about 600nM) to 

nearly all 5-HTRs, with the sole exception being the ligand-gated ion channel 5-HT3Rs 

(Halberstadt et al., 2011). Due to this, psilocin likely has many converging mechanisms 

with serotonergic antidepressants. For example, serotonergic antidepressants, like the 

tricyclic compound imipramine (Norrholm et al., 2001) or the SSRI fluoxetine (Guirado et 

al., 2014), promote synaptic spine formation within cerebral cortical targets in the rodent 

brain, as does psilocybin both in vitro (Ly et al., 2018) and in vivo (Shao et al., 2021) within 

days. Additionally, our observations that chronic fluoxetine increases rodent hippocampal 

TA-CA1 AMPA:NMDA ratios following UCMS (Kallarackal et al., 2013) in conjunction 

with findings that imipramine potentiates hippocampal TA-CA1 fields in a 5-HT1B-

dependent manner (Cai et al., 2013) suggests psilocybin may rapidly strengthen synapses, 

as well as demonstrate concordant rapid antidepressant actions, mediated by 5-HT1BRs.  

In addition to morphological changes, psychedelic compounds share a number of 

convergent mechanisms with ketamine, despite the differences in chemical structure and 

target engagement. LSD promotes a similar glutamate “surge” as ketamine in the rat PFC 

as identified via microdialysis (Muschamp et al., 2004; Lambe et al., 2006), in agreement 
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with earlier findings following serotonin administration (Aghajanian & Marek, 1999). The 

ability of psychedelics to generate concordant ketamine-like increases in gamma power is 

somewhat less clear, however. LSD reduces 40-60-Hz “low gamma”, but increases 70-90-

Hz “high gamma” oscillatory activity in the rat NAc (Goda et al., 2013). Along those 

divided lines are reports that classical psychedelics can increase (Tyls et al., 2016; 

Pallavicini et al., 2021) or decrease (Muthukumaraswamy et al., 2013) gamma power in 

humans.  

The actions of ketamine and psychedelics perhaps converge most clearly via 

promotion of synaptic plasticity. Chronic (90 day) LSD administration to rats enriches 

expression of a range of genes in the PFC that encode various neurotransmitter receptor 

subunits as well as BDNF (Martin et al., 2014). This finding was bolstered by the 

observation that 24 h after in vitro exposure of rat cerebral cortical cultures to a number of 

psychedelics, BDNF expression increases significantly (Ly et al., 2018). 
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Necessity of the Psychedelic Response 

There is remarkable clinical evidence that psilocybin has rapid-antidepressant 

properties. However, the psychedelic alteration of perception caused by its activation of 

pro-hallucinatory 5HT2A remains a challenge to its widespread use. Currently, psilocybin 

administration requires an entire 8-hour day of inpatient care, in addition to a number of 

mandated pre-dosing days to ensure familiarity with the treatment room and psychiatric 

staff, as well as post-dosing psychological integration days. This presents a significant time 

and financial hindrance to its widespread use, but it might be mitigated if the intensity of 

the psychedelic response could be minimized without impacting the antidepressant 

response.  

Much debate exists about the necessity of the psychedelic response. The self-

reported quality and intensity of a psychedelic state in response to psilocybin, for example, 

significantly correlates with improvement of QIDS-SR scores (Roseman et al., 2018), and 

spine formation in response to a range of classical psychedelics in cultured rat cortical 

neurons is prevented by co-administration of the 5-HT2AR antagonist ketanserin (Ly et al., 

2018). On the other hand, sub-hallucinogenic (micro) doses of the psychedelic (N,N)-

dimethyltryptamine (DMT) reduce immobility time in the forced swim test and facilitate 

fear extinction with minimal effects on spine density in the rat PFC (Cameron et al., 2019), 

while a modified, non-5-HT2A-selective analogue of DMT still increases spine density and 

dendritic arborization (Dunlap et al., 2020). Notably, ketanserin does not block the 

formation of spines in the mouse PFC following psilocybin exposure in vivo (Shao et al., 

2021). Further evidence linking 5-HT2AR activation with preclinical animal models of 
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depression-relevant behavior and long-term synaptic plasticity is sorely needed to develop 

and refine novel psychedelics interventions to be as widespread for human use as SSRIs 

and other monoamine modulating antidepressants are today. 

 

Overview 

There is a clear and pressing need for new antidepressant compounds, a fact that is 

no less true now than it was 21 years ago when Berman et al. discovered the rapid-acting 

antidepressant properties of ketamine. In the wake of that finding, the only FDA-approved 

antidepressant compound to emerge has been esketamine nasal spray in 2020, which 

performs only marginally better than, and requires coadministration with, traditional 

serotonergic therapeutics (Fedgchin et al., 2019; Spravato®, 2020). Frustratingly, a number 

of promising compounds have been identified but have routinely failed in clinical trials. 

The complex and multifaceted neurobiological and environmental factors underlying the 

symptoms of depression present myriad challenges. However, a comprehensive 

understanding of the mechanisms underlying the effectiveness of pharmacological 

candidates maximizes the odds of successful translation from the lab to clinical use. 

My thesis research, which was initially only focused on unravelling the target 

engagement of α5-selective GABA-NAMs, has since branched to now encompass 

mechanistic aspects of the putative rapid-acting compounds ketamine, its 

hydroxynorketamine metabolites, and psilocybin. As I have done my best to explain in this 

introduction, it is incredible how multiple chemically and mechanistically distinct drugs 

have a broad range of convergent effects on depression-relevant behaviors and synaptic 
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function. The robustness of these findings is both promising and reassuring that we have 

significantly advanced our understanding of MDD and means by which we may treat it. In 

these forthcoming pages, I will detail my experimental work that further advances our 

understanding of the mechanisms of these novel antidepressant compounds, and it is my 

great and earnest hope that these contributions may one day improve the lives of the untold 

millions suffering from major depression. 
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HYPOTHESIS, SPECIFIC AIMS 

This thesis will describe a number of behavioral and electrophysiological 

experiments I conducted or contributed to involving multiple putative antidepressant-like 

compounds. However, in this chapter, I will only outline the hypotheses and specific aims 

that were described in my thesis proposal. Additional background and hypotheses for all 

other projects will be included in their appropriate section. 

In my thesis proposal, I predicted that:  

1. pretreatment with the benzodiazepine site competitive antagonist flumazenil will 

be sufficient to prevent the rapid-acting antidepressant-like properties of GABA-

NAMs. 

2. the GABAAR α5 subunit is necessary for the antidepressant response of GABA-

NAMs.  

3. α5-containing GABAA receptors are necessary to generate increases in qEEG 

gamma power. 

4. α5-containing GABAA receptors are necessary to promote activity-dependent 

plasticity within stress-weakened synapses.  
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Thesis Research Specific Aims 

Specific aim 1 will determine the site of action of GABA-NAMs on the GABAA receptor. 

• MRK-016 will rapidly restore stress-induced deficits in reward behaviors and synaptic 

strength in mice. 

• MRK-016 administration will not impact hedonic behavior or synaptic strength in 

unstressed animals. 

• Pretreatment with a benzodiazepine site antagonist will be sufficient to prevent MRK-

016’s antidepressant-like effects on hedonic behavior and weakened synaptic function. 

Specific aim 2 will determine the necessity the GABAAR α5 subunit to mediate MRK-

016’s antidepressant-like actions.  

• The global genetic deletion of the GABAAR α5 subunit will be sufficient to prevent the 

rapid antidepressant-like actions of MRK-016. 

• The global genetic deletion of the GABAAR α5 subunit will be sufficient to prevent 

MRK-016’s ability to strengthen stress-weakened TA-CA1 synapses 

• The GABAAR α5 subunit will be necessary to mediate the generation of high-frequency 

gamma power in response to MRK-016, but not ketamine. 

Specific aim 3 will determine the brain regions through which MRK-016 exerts its 

antidepressant-like actions.  

• Overexpression of the human gabra-5 gene in α5 KO mice within prelimbic and 

infralimbic cortices of the PFC will facilitate the generation of cortical gamma power 

in response to MRK-016 administration. 

• Restoration of the α5 subunit within prelimbic and infralimbic cortices of the PFC will 

not be sufficient to restore hedonic behavior in stress-sensitive mice administered 

systemic MRK-016. 

• Overexpression of α5 subunits within the both cortices of the PFC and region CA1 of 

the hippocampus will be sufficient to mediate MRK-016’s antidepressant-like effects 

in α5 KO mice. 
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GENERAL METHODS 

Animal Use 

Animals and housing:  

All procedures were approved by the University of Maryland School of Medicine 

Institutional Animal Care and Use Committee (IACUC) and were conducted in compliance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Mice were group-housed in the University of Maryland School of Medicine’s vivarium in 

the Bressler Research Building on a 12-hour light/dark cycle (light on at 7AM) with ad 

libitum access to water and standard rodent chow. Mice were 8 weeks old at the start of 

CMMS and were transferred to clean caging, where they remained singly housed through 

the duration of the experiment. Male mice were used as their stress-sensitive hedonic 

behaviors have been well characterized. Unfortunately, reliable stress-sensitive changes in 

a reward behavior in female mice are not well established. 

 

GABAAR α5 knockout (KO) Mice:  

Genotyping was done in house or through an automated real-time PCR genotyping 

service (Transnetyx). Tail snips obtained from juvenile mice were digested overnight in 

proteinase-K solution held at 50°C. Samples were spun down and the DNA-containing 

supernatant was amplified using the following PCR primers. In house, Gabra5-ex4-4c: 5'-

TGA TGG CAC ACT TCT CTA CAC C-3', Gabra5-in3-5c: 5'-GTG CCA TCG GGC TGC 

TTG G-3' and Gabra5-in4-3nc: 5'-CTT TGA AAG CAT TTC CCG AAG C-3'. Transnetyx: 
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GABAAR α5 WT (forward: TTTGCCACTCTAATTCTGACTTCAGTTAAT, reverse: 

GGAAACTGAAAGTTAGGAAGGACTCT) and GABAAR α5 EX (forward: 

AGTCAGGATCCGTCGAGGAATT, reverse: 

GGAAGGACTCTTGCTCTTTGATGAA). Thermal cycler program: 96°C denaturing 

step for 1 min, followed by 40 denaturing, annealing and extending cycles at 96°C (15 sec), 

62C (10 sec) and 70C (1 min) respectively before a final 5-min step at 68°C and an 

indefinite 4°C hold. Initial breeding pairs were received as gifts from Dr. Uwe Rudulph 

and are in a C57/Bl6J background. Their generation and validation are detailed in Rodgers 

et al. (2015).  

 

 

 

 

 

 

 

 

 

 

 



 

59 
 
 

Behavioral Protocols 

Chronic multimodal stress (CMMS):  

Anhedonia and depression-like behaviors manifest in stress-sensitive animals 

following chronic stress. Mice were singly housed in a fresh cage at the onset of the stress 

protocol. Starting at 10 AM, each animal was immobilized in a translucent plastic restraint 

tube while subjected to white noise and strobe lighting for 4 hours a day for 10 consecutive 

days. All mice were returned to their home cages and singly housed for the duration of the 

experiment. 

 

Sucrose preference test (SPT):  

Two feeders, each with food and a bottle containing tap water, were introduced at 

either end of each animal’s home cage 1 h prior to the beginning of the animal’s dark cycle. 

Bottles were weighed 12-16 h later, and the bottle from which the least water was 

consumed was replaced with a bottle containing 2% sucrose solution to habituate mice to 

the presence of sucrose. One day later, the bottles were replaced with bottles containing 

either 1% sucrose solution or tap water, with the sucrose bottle placed on the opposite side 

of the 2% training bottle. Mice were given ad libitum access to both bottles overnight, 

starting 1 hour prior to the onset of the dark cycle. Bottles were weighed prior to placement 

in the cage and again 12-16 h later. Sucrose preference was calculated by dividing the 

weight of 1% sucrose solution consumed by the total weight consumed from both bottles. 

This was repeated the following night with the placement of the two bottles reversed to 

minimize potential side preference. The preferences were then averaged to calculate a total 
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sucrose preference. Only mice displaying a sucrose preference at baseline that decreases to 

≤66% following stress were considered stress-susceptible and included in further sucrose 

preference tests. 

 

Female urine sniff test (FUST):  

Sexually mature, stress-naïve male mice display a preference for sniffing the urine 

of female mice in estrous compared to the urine of males. Cages of 5 female and 5 male 

C57Bl/6J mice were exchanged daily for 5 days to induce female mice into estrous prior 

to urine collection. Individual experimental mice were habituated for an hour in clean cages 

containing a single cotton swab affixed to the rim of the cage and within reach of each 

mouse. Following habituation, the swab was removed and exchanged with two cotton 

swabs individually soaked in male and female urine affixed at opposite corners of one end 

of the cage. Mice were given 3 min to freely interact with the swabs, and the time spent 

sniffing each swab was recorded by a trained observer blinded to treatment and position of 

each swab. Time spent biting the swabs was excluded. Female urine preference was 

calculated as the total time a mouse spent sniffing the female urine swab over the total time 

sniffing both swabs. The positions of the male and female swabs were reversed between 

experimental timepoints (baseline, post-stress, post-treatment) to minimize any potential 

side preference. Mice must display a female urine preference of greater than 50% at 

baseline that decreases by at least 10% following stress to be considered stress-susceptible 

and used in the FUST arm of the study. 
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Learned helplessness (LH) and inescapable foot-shock:  

As a behavioral correlate of despair, the LH paradigm is broken up into two phases. 

During phase one, mice were individually transferred to a Coulbourn Mouse Shuttle Cage 

(Coulbourn Instruments, Whitehall, PA) and trained to the presence of an unavoidable foot 

shock (0.3mA for 2 sec, every 15 sec for a total of 120 trials). The next day, screening for 

helpless mice was conducted. Mice were reintroduced to the Coulbourn Mouse Shuttle 

Cage and given a total of 45 footshocks (0.3 mA for 15 sec, every 20 sec), escapable by 

passing through a door to the other side of the cage. The first five trials kept the door open 

for the entirety of the 15-sec shock duration. The remaining 40 trials opened the gate 3 sec 

after shock initiation. The number of escape failures and the duration of escape latency, 

with higher numbers indicating increased learned helplessness behavior, were 

automatically scored using GraphicState 3.01 (Coulbourn Instruments, Whitehall, PA). 

Following screening, helpless animals were administered either MRK-016 or vehicle, and 

re-testing with the same protocol occurred 24 h later. 
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Electrophysiology 

Hippocampal slice preparation: 

Mice were anesthetized with isoflurane and decapitated. The hippocampus was 

rapidly excised, mounted into a 3% agar block, and sectioned into 400-μm transverse slices 

while submerged in ice-cold cutting ACSF comprised of 124 mM NaCl, 3 mM KCl, 

1.25 mM NaH2PO4, 1.5 mM MgSO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose, 

and bubbled with 95% O2/5% CO2. All slices were kept in a humidified recovery chamber 

containing cutting ASCF for at least 1 h prior to recording. Single and paired pulse stimuli 

(0.1 to 1 mA) were delivered at 0.05-0.1 Hz to different strata of the CA1 field, as described 

below, and the resulting electrically evoked field potentials were amplified 1000x, filtered 

at 3 kHz, digitized at 10 kHz using an NPI EXT-02B amplifier (NPI Electronic GmbH, 

Tamm, Germany), and recorded online using the Clampex module of the pCLAMP 

software suite (Molecular Devices, San Jose, CA). 

 

Hippocampal field TA-CA1 AMPA:NMDA ratio quantification:  

Hippocampal region CA3 was removed with a razor and slices were transferred to 

an immersion recording chamber. Glass recording electrodes were placed in the stratum 

lacunosum moleculare (SLM) of the CA1 field, with concentric bipolar tungsten 

stimulating electrodes placed approximately >500 μm 

away in the temporo-ammonic (TA) pathway (see 

recording configuration, right). 

stim 

rec 
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Field EPSPs (fEPSPs) were recorded extracellularly at room temperature (20-22°C) 

from slices superfused with Mg2+-free recording ACSF at a rate of 1mL/min. Picrotoxin 

(100 µM) and CGP54626 (2 µM) were added to the ACSF to block GABAARs and 

GABABRs, respectively. Sequential 15-min wash-ins of ACSF containing DNQX (50 µM) 

and APV (80 µM) were used to isolate the components of the fEPSP mediated by α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-methyl-D-aspartic acid receptors, 

respectively (Kallarackal et al., 2015). The initial slope (1.5 ms after fEPSP onset prior to 

DNQX wash-in) was used to quantify the AMPAR-mediated component of the fEPSP, and 

the slope 4.0 ms after fEPSP onset, following DNQX wash-in, was used to quantify the 

NMDAR-mediated component. The slopes were normalized to their fiber volley amplitude. 

Traces at each stimulation intensity were averaged, and pairs of responses recorded at the 

same intensities before and after DNQX wash-ins with an NMDA component closest to 

0.1 mV/ms were divided to calculate an AMPA:NMDA ratio. Analysis was performed 

blind to animal genotype or treatment. Individual data points represent the average of all 

AMPA:NMDA ratios collected from slices from one individual animal. 
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Hippocampal field SC-CA1 AMPAR-mediated potentiation:  

A concentric bipolar tungsten stimulating electrode was placed in the stratum 

radiatum (SR) of the CA1 field to stimulate Schaffer collateral (SC) afferents, and a 

recording pipette (3–5 MΩ) filled with nominally Mg2+-

free ACSF was placed ~500-750 μm from the 

stimulating electrode into the CA1-SR of the 

hippocampal slices (see recording configuration, right).  

Following a 10-min period to ensure stability, slices were superfused for 15 min 

with DNQX (50 μM)-containing ACSF to block AMPAR-mediated fEPSPs. Subsequently, 

slices were superfused for an additional 30 min with ACSF that contained a specific 

concentration of vehicle (0.9% saline), ketamine, (2R,6R)-HNK, or (2S,6S)-HNK (from a 

0.9% saline solution) in addition to DNQX. Any remaining NMDAR-mediated fEPSPs 

were then blocked by superfusion of the slices with ACSF containing the NMDAR 

antagonist D-APV (80 μM) for 15 min. Slopes of NMDAR-mediated fEPSPs were 

quantified by calculating the slope at the first linear 4 ms of the response and then 

normalized to the amplitude of the fiber volley, using the pCLAMP software suite 

(Molecular Devices, version 10.3.1.4). Pre-wash-in (mean fEPSP slopes measured during 

the first 5 sweeps of the 30-min drug wash-in) and post-wash-in (mean fEPSP slopes 

measured during last 5 sweeps of the 30-min drug wash-in) values were calculated. The 

inhibition produced by the test substance was quantified by subtracting the final slope in 

the presence of drug from the baseline slope and then dividing that by the difference 

stim 
rec 
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between the baseline slope and any remaining NMDAR-inhibition insensitive slope after 

the addition of APV (calculated as the mean of the last 5 sweeps).  

 

EEG recording:  

Twelve-week-old male GABAAR α5 KO mice and their wildtype littermate 

controls were anesthetized under isoflurane (3% for induction and 1.5% for maintenance) 

and 1 mL/min O2. An ETA-F10 radio-telemetric transmitter (Data Sciences International, 

Minneapolis, MN, USA) was implanted subcutaneously between the scapulae. Transmitter 

leads were implanted unilaterally above the frontal cortex (approximately 1.7 mm anterior 

to bregma) and the cerebellum (approximately 6.4 mm posterior to bregma). Mice were 

allowed to recover seven days prior to experimental use. 

EEG signals were recorded with the Ponemah software suite (Data Sciences 

International, Minneapolis, MN, USA). Baseline activity was recorded for 3 h during the 

light cycle in the morning. Mice were then treated with a volume-equivalent dose of 100% 

DMSO vehicle (i.p.) and the EEG was recorded for 90 min. The mice were then given 3 

mg/kg MRK-016 (i.p.)  and EEG recordings continued for another 90 min. Subsequent 

injections of saline and 10 mg/kg (R, S) ketamine were given 24 h later using the same 

protocol. Power analysis was conducted using Neuroscore software (DSI, Harvard 

Bioscience) and spectrograms were generated in MathWorks MATLAB with oscillations 

at delta frequencies defined as 1-3 Hz, theta at 4-7 Hz, alpha at 8-12 Hz, beta at 13-29Hz 

and gamma at 30-80Hz. Post-treatment powers were normalized to their average power 

during the last 30 min of the baseline recording. 
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Viral Overexpression 

Virus design: A plasmid containing human 

gabra5 (see Figure 2) was obtained from 

SB Drug Discovery (Glasgow, United 

Kingdom). The initial plasmid’s CMV 

promoter was replaced with the CaMKII 

(Ca2+/calmodulin-dependent protein kinase 

II) promoter to limit expression to 

pyramidal cells in the hippocampus and 

PFC. The construct was then cloned into a plasmid adeno-associated virus vector serotype 

9 (AAV9). 

Injection protocol:  

8-week-old GABAAR α5 KO mice 

were anaesthetized with isoflurane (3% for 

induction and 1.5% for maintenance) and 

O2 (1.0 mL/min). Openings in the skull 

were made above the injection sites, and 

500nL of viral stock solution were injected 

bilaterally into the mouse prefrontal cortex 

at a rate of 50nL/min at the following 

coordinates: medial-lateral ±0.5, anterior-posterior ±1.7, dorsal-ventral -2.3, sufficient to 

result in expression in both prelimbic and infralimbic regions, see Figure 3.  

Bacmam-GABRA5

6637 bp

Ampicilin R

Gentamycin R

GABRA5

Tn7 left arm

Tn7 right arm

attB1

attB2

V5 epitope

SV40 Poly A

CMV promoter

T7

pUC ori

EcoRV (5576)

NdeI (282)

PstI (1251)

SacI (616)

SmaI (936)

XbaI (2157)

NcoI (408)

NcoI (737)

NcoI (1694)

CAMKII 

GABRA

-5 

Figure 2. CaMKII-gabra5 plasmid map 

indicating cloning sites and structure. 

Figure 3. GFP florescence within mouse 

PFC following expression of pAAV-

gabraα5 viral construct. 
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Drugs and Analysis 

MRK-016 (Tocris Bioscience, R&D Systems, Minneapolis, MN) was dissolved in 100% 

DMSO and injected at 3 mg/kg intraperitoneally (i.p.). Flumazenil (Tocris Bioscience) was 

prepared in 100% DMSO and injected at 20mg/kg (i.p.). Ketamine (Sigma-Aldrich, St. 

Louis, MO) was dissolved in 0.9% saline and injected at 10 mg/kg (i.p.). (2R,6R)- and 

(2S,6S)-hydroxynorketamine hydrochlorides were synthesized at the National Center for 

Advancing Translational Sciences and dissolved in 0.9% saline. DNXQ (Sigma-Aldrich) 

was dissolved in DMSO superfused onto slices at a final concentration of 50 μM. DL- and 

D-APV (Sigma-Aldrich and Torcis Bioscience, respectively) were dissolved in deionized 

water and superfused onto slices at 80 µM. CGP52432 and picrotoxin (Tocris Bioscience) 

were dissolved in DMSO and superfused onto the slices at 2 µM and 100 µM, respectively. 

Psilocybin (Cayman Chemical Company, Ann Arbor, MI) was dissolved in 0.9% saline 

and stored at -20oC until used experimentally. Psilocybin was injected in mice at a dose of 

1 mg/kg (i.p.). Ketanserin (+)-tartrate salt (MilliporeSigma, Burlington, MA) was 

dissolved in 0.9% saline and injected at 2 mg/kg (i.p.). 

 

Statistical analysis:  

All one-, two- and three-way ANOVA, Student’s t-tests, linear regressions, and 

correlations were performed using GraphPad Prism 9 software. Three-way ANOVAs were 

calculated as uncorrected values and Šidák corrections were performed manually in 

Microsoft Excel. Two-way ANOVAs employed Holm-Šidák corrections for multiple 

comparisons, unless otherwise mentioned. Figures represent group mean ± SEM.  
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Chapter 1, aim 1: The antidepressant-like effects of the GABA-NAM MRK-016 on 

stress-induced anhedonia and weakened synaptic function require interactions at 

the benzodiazepine binding site. 

 

Experiment 1-1 Introduction: 

There is a need for new antidepressant pharmacotherapies that have a shorter onset 

of therapeutic effect and broader efficacy than the current standard treatment with 

monoamine-modulating therapeutics. The rapid-acting antidepressant effects of ketamine 

provide insight into novel means by which to treat MDD. While there are numerous 

theories as to how ketamine works as an antidepressant, the prevailing model hypothesizes 

that transient disinhibition of excitatory neuronal activity promotes various activity-

dependent plasticity processes, resulting in long-term synaptic strengthening within 

mesolimbic reward circuitry, and, thus, mitigates the symptoms of depression. Ketamine, 

however, is a robust NMDAR antagonist and promotes dissociative alterations of 

consciousness, as well as having a long history of recreational use and abuse. This presents 

challenges for its widespread clinical application, as NMDARs are highly expressed 

throughout the brain, thereby, making it difficult to target ketamine treatment to 

depression-relevant brain regions in order to maximize its therapeutic potential while 

minimizing its undesirable off-target effects.  

Our group posited that ketamine-like disinhibition of excitatory pyramidal neurons 

may be achieved through the use of a negative allosteric modulator of GABAARs, directly 

reducing the inhibitory contribution of GABA on pyramidal GABAARs, rather than 

indirectly via antagonism of excitatory NMDARs on inhibitory interneurons. The 

heterogenous population of GABAergic interneurons as well as the distinct subunit 
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composition of GABAARs in these neuronal subtypes allows for specific targeting of 

therapeutics to individual populations of cells. Special attention was paid to α5-containing 

GABAARs, as their expression is low throughout the brain, comprising roughly 5% of all 

GABAA receptors (Fritschy & Mohler, 1995; Malherbe et al., 1990), but relatively high in 

the PFC and hippocampus, making up approximately 25% of all GABAARs in these brain 

regions (Sur et al., 1999). This increases their therapeutic potential, as the PFC and the 

hippocampus are not only implicated in regulating emotional processing and motivation 

but are uniquely stress sensitive owing to their high expression of glucocorticoid receptors 

(McKlveen et al., 2013; Conrad, 2018).  

MDD is associated with numerous changes in the functional connectivity and 

neuronal morphology in the PFC and hippocampus in humans, and chronic-stress models 

of depressive disorders in rodents are well understood to reduce excitatory 

neurotransmission in cerebral cortical and hippocampal regions (Kallarackal et al., 2013; 

Goldwater et al, 2009).  Additionally, α5-containing GABAARs are expressed both 

extrasynaptically, where they play a role in the tonic inhibition and maintenance of the 

membrane potential and overall synaptic circuit excitability, as well as synaptically, 

mediating the generation of fast spiking activity at dendrites (Schulz et al., 2018).  

Prior members of the lab have demonstrated that a single administration of the 

GABA-NAM L655,708 is sufficient to reduce chronic unpredictable stress-induced 

deficits in hedonic reward-seeking behavior in rats, as assessed via sucrose preference and 

social interaction tests (Fischell et al., 2015). MRK-016, another GABA-NAM, was also 

shown to have similar anti-anhedonic properties in the female urine sniffing test, as well 

as reducing immobility time in the forced swim test (Zanos et al., 2017). The GABAAR is 
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commonly targeted by therapeutic compounds because, in addition to GABA, it contains 

additional allosteric binding sites for benzodiazepines, neurosteroids, barbituates, and other 

small molecules.  In vitro and in vivo binding assays demonstrate that the functionally 

neutral benzodiazepine-site competitive antagonist flumazenil is sufficient to all but 

eliminate MRK-016 occupancy at the GABAAR (Atack et al., 2009). Robust evidence of 

specific target engagement is required to advance MRK-016 from lab models of stress-

induced anhedonia to human clinical trials.  

Hypothesis (1-1): The rapid anti-anhedonic behavioral effects of MRK-016 are mediated 

through the benzodiazepine site of GABAARs. 
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Experiment 1-1 Results: 

While depression is a purely human condition, its cardinal symptom is anhedonia—

the loss of pleasure from previously rewarding stimuli. It has been well validated in 

preclinical rodent studies that a depression-like anhedonic state is induced following a 

period of chronic stress in stress-sensitive animals and can be reversed via chronic 

administration of clinically used monoamine antidepressants, providing parallels to the 

onset of human depression.  

At baseline, unstressed conditions, eight-week-old, male C57Bl/6J mice 

demonstrated robust hedonic behavior as assessed through FUST and SPT paradigms 

(Figure 4A). Following a 10-day period of CMMS, animals that demonstrated a decrease 

of at least 10% in either behavioral task were identified as stress-susceptible and 

administered pretreatment of 20 mg/kg flumazenil or an equivalent volume of 100% 

DMSO vehicle, given intraperitoneally (i.p.). Five minutes later, these animals were treated 

a second time with either 3 mg/kg of MRK-016 or an equivalent volume of DMSO. 

Hedonic behaviors were then reassessed 24-48 h after drug administration. 

Animals that received MRK-016 without flumazenil pretreatment showed 

significant restoration in their FUST and SPT scores compared to post-stress values, and 

comparable to their unstressed baseline performance (Figure 4B,C). No significant 

reversal of these stress-induced deficits in reward-seeking behavior was observed in 

animals pretreated with flumazenil prior to receiving MRK-016. Additionally, no 

significant recovery of hedonic behaviors was observed in animals receiving only vehicle 

or flumazenil, suggesting that DMSO or flumazenil alone are insufficient to restore hedonic 

behavior and that the recovery seen with MRK-016 treatment alone is not a result of 
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spontaneous behavioral recovery following handling or injection protocols, therefore 

demonstrating chronic stress induced deficits in hedonic behavior have high test-retest 

validity. 
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Figure 4. Flumazenil prevents restoration of hedonic behavior by MRK-016 in stressed 

mice. (A) Timeline of hedonic behavior assessment in relation to chronic stress and drug 

treatment. (B) 10 days of CMMS significantly decreased sucrose preference compared to 

baseline in all groups (vehicle-vehicle, n=5, p=0.0012; vehicle-MRK-016, n=6, p=0.0012; 

flumazenil-vehicle, n=5, 0.0012, MRK-016, n=5, p=0.0012). Administration of 3 mg/kg 

MRK-016 significantly increased sucrose preference over post-stress values (p=0.0012) in 

vehicle pretreated mice. Pretreatment with 20 mg/kg flumazenil prevented significant 

restoration of sucrose preference from their post-stress values (p=0.1256). Neither vehicle 

(p=0.6120) or flumazenil alone (p=0.6130) improved sucrose preferences following stress. 

Three-way ANOVA revealed a significant effect of stress (F 2,36 = 242.3, p<0.0001), MRK-

016 (F 1,36 = 242.3, p<0.0001) and stress × MRK-016 (F 2,36 = 12.98, p<0.0001), but not 

stress × flumazenil × MRK (F 2,36 = 2.35, p=0.1098). (C) CMMS decreased female urine 

preference in each group (vehicle-vehicle, n=5, p=0.0012; vehicle-MRK-016, n=5, 

p=0.0012; flumazenil-vehicle, n=5, p=0.0012, MRK-016, n=7, p=0.0012). MRK-016 

significantly increased female urine preferences following stress (p=0.0012), but this was 

prevented by flumazenil pretreatment (p=0.1869). Female urine preference was not 

significantly different following administration of vehicle (p=0.6678) or flumazenil 

(p=0.5281) alone. Three-way ANOVA revealed a significant effect of stress (F 2,36 = 59.44, 

p<0.0001), MRK-016 (F 1,18 = 6.661, p=0.0188) and stress × MRK-016 (F 2,36 = 7.272, 

p=0.0022), but not stress × flumazenil × MRK (F 2,36 = 3.038, p=0.0604). p<0.005 ***, ns: 

not significant.  

B C 

A 
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Experiment 1-2 Introduction: 

As touched upon in the prior section, the hippocampus is a structure implicated in 

a range of cognitive functions, mediating informational and emotional processing, as well 

as facilitating memory formation. Classically, hippocampal circuits receive input from 

entorhinal cortical layers to the dentate gyrus (DG) via the perforant pathway. Excitatory 

DG cell afferents innervate pyramidal cells in area CA3 through the mossy fiber pathway, 

which project back to CA1 excitatory cells through Schaffer collaterals, and back into the 

entorhinal cortex (Zemla & Basu, 2017). This relay of synaptic circuitry is classically 

referred to as “the trisynaptic circuit,” though it is perhaps an oversimplification, as there 

is involvement of pyramidal cells in the comparatively poorly characterized region CA2 

and, most relevant to this thesis, a bespoke branch of the perforant pathway whereby the 

entorhinal cortex projects directly to area CA1 known as the temporoammonic (TA) 

pathway (Ramón y Cajal, 1991).  

The TA pathway has a role in long-term memory consolidation (Remondes & 

Schuman, 2004) though its role in this thesis stems from its unique sensitivity to stress. 

Chronic stress reduces AMPAR-, but not NMDAR-mediated transmission uniquely within 

TA-CA1 synapses, but not in neighboring SC-CA1 synapses (Kallarackal et al., 2013). 

This phenomenon was identified in our lab by Kallarackal et al. (2013) and has since served 

as a physiological marker of both the effect of stress and antidepressant action by both 

serotonergic (Kallarackal et al., 2013) and rapid-acting compounds (Fischell et al., 2015). 

Notably, the ratio of AMPA:NMDA-mediated excitation of TA-CA1, but not SC-CA1 

synapses, correlates with an animal’s sucrose preference. This is not to say that the TA-
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CA1 directly underlies changes in hedonic behavior, but instead serves as an example of 

stress-sensitive synapses throughout the brain.  

Hypothesis (1-2): MRK-016 restores the strength of hippocampal temporoammonic-CA1 

synapses through interactions with the benzodiazepine site of GABAARs. 
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Experiments 1-2 Results: 

Following chronic stress and the completion of aforementioned hedonic behavioral 

experiments conducted for hypothesis 1-1, stress-sensitive animals were prioritized for 

hippocampal electrophysiological recordings based on hedonic behavior following stress 

(SPT and FUST loss > SPT alone > FUST alone). TA-CA1 AMPA:NMDA ratios were 

recorded as described (n=1-5 slices per animal), then blinded by another experimenter for 

subsequent analysis. Slices from animals receiving 3 mg/kg MRK-016 without 20 mg/kg 

flumazenil pretreatment alone displayed significantly higher AMPA:NMDA ratios than 

animals given MRK-016 with pretreatment or vehicle alone (Figure 5A,B). 

AMPA:NMDA ratios were not significantly different between slices from animals given 

vehicle or a flumazenil alone, confirming no effect of pretreatment alone on TA-CA1 

synaptic strength. 

 As previously reported (Kallarackal et al., 2013), there was a significant positive 

correlation between an animal’s TA-CA1 AMPA:NMDA ratio and their SPT and FUST 

performance following drug treatment (Figure 5C,D), linking an increase in GABA-NAM 

mediated increases synaptic strength with their antidepressant-like behavioral effects. 
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Figure 5. Flumazenil prevents restoration of synaptic strength by MRK-016 in stressed 

mice. (A) Representative traces comparing AMPA:NMDA ratios in stressed animals given 

MRK-016 with or without flumazenil pretreatment. (B) CMMS decreases TA-CA1 

synaptic strength. Stressed DMSO vehicle treated mice had a significantly lower TA-CA1 

AMPA:NMDA ratio than unstressed mice (n=4, p=0.0298). Among stressed mice, those 

administered 3mg/kg MRK-016 (n=5) have significantly higher AMPA:NMDA ratios than 

those receiving vehicle alone (n=4, p=0.0167) or MRK-016 in conjunction with flumazenil 

pretreatment (n=4, p=0.0199). 2-way ANOVA of treated stress-susceptible animals 

indicated significant pretreatment × treatment interaction (F 1,14 = 11.50, P=0.0044). (C) 

TA-CA1 synaptic strength correlates with an animal’s sucrose preference (n=26, r=0.6763, 

p=0.0001. Regression line: Y = 0.1220*X + 1.465). (D) TA-CA1 synaptic strength 

correlates with an animal’s female urine sniffing preference (n=18, r=0.5561, p=0.0164. 

Regression line: Y = 0.1167*X + 2.272). p<0.05 *, p<0.005 ***. 
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Experiment 1-3 Introduction: 

 While perhaps inessential to the primary mechanism of action of GABAAR NAMs, 

it is of therapeutic interest that putative compounds have minimal effect on healthy 

individuals outside of the intended disorder model. For example, one study compared the 

effects of ketamine between chronically stressed and unstressed mice. Ketamine was found 

to decrease forced swim test immobility (FST) time in chronically stressed mice, but 

actually increased immobility time in unstressed mice (Fitzgerald et al., 2019). While these 

findings are by no means definitive (indeed, acute ketamine administration routinely 

decreases FST immobility time in mice without prior stress (Zanos et al., 2016; Zanos et 

al., 2017; Browne & Lucki, 2013), it is at least an interesting parallel with the finding that 

ketamine administration in healthy individuals may be pro-depressive (Nugent et al., 2019). 

Additionally, while robust studies comparing the synaptic effects of ketamine on 

AMPA:NMDA ratios between stressed and unstressed animals are lacking, one study 

reported ketamine had no effect on excitatory activity, nor change in AMPAR- or 

NMDAR-mediated transmission, in the nucleus accumbens of unstressed animals (Yao et 

al., 2018). 

Hypothesis (1-3): MRK-016 will not alter the hedonic behavior or TA-CA1 

AMPA:NMDA ratios of unstressed mice. 
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Experiment 1-3 Results: 

A separate cohort of 12-week-old (roughly the age of mice by the end of prior 

CMMS experiments) were group housed, then transferred to clean single housing to assess 

baseline sucrose preference values. Animals were then group housed. Three days later, 

animals were administered (i.p.) a 20 mg/kg flumazenil-vehicle equivalent volume of 

DMSO, then either 3 mg/kg MRK-016 or an equivalent volume of vehicle. Sucrose 

preference was assessed 24 h later (Figure 6A). No change in sucrose preference was 

observed between baseline and treatment timepoints regardless of treatment.  

Following the competition of sucrose preference, animals were euthanized, and 

hippocampal slices were prepared. AMPA:NMDA ratios for each animal (n=1-5) were 

collected and files were blinded before analysis. There was no significant effect of 

administration of MRK-016 or vehicle alone on TA-CA1 synaptic strength (Figure 6B). 

While this experiment was sufficiently designed to identify a ceiling effect in either 

behavioral or electrophysiological assays, it does serve as a point of comparison for 

chronically stressed animals administered MRK-016 in Figure 5B. 
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Figure 6. MRK-016 does not change sucrose preference or TA-CA1 synaptic strength or 

in unstressed mice. (A) Sucrose preference did not change between baseline or post-

treatment time points between mice given vehicle (n=6, p=0.8898) or MRK-016 (n=6, 

p=0.3923). Two-way ANOVA revealed no effect of time (F1,10 = 0.3744, p=0.5543) or 

treatment (F1,10 = 1.175, p=0.3039). (B) TA-CA1 AMPA:NMDA ratios are not 

significantly different between vehicle (n=4) and MRK-treated (n=4) animals, p=0.7328. 

Two-tailed, unpaired t-test revealed t=0.3577, df=6. Please note the AMPA:NMDA ratios 

of unstressed animals are also depicted in Figure 5B as a point of comparison for treated 

chronically stressed animals. 
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Chapter 1 Discussion: 

The prior experiments have provided robust evidence for the target engagement of 

MRK-016 on the benzodiazepine site GABAARs and links its interactions at these sites 

with its rapid antidepressant-like actions. 

 

(Experiment 1-1) Pretreatment with the benzodiazepine site antagonist flumazenil 

prevents the antidepressant-like behavioral actions of MRK-016 on stress-induced 

anhedonia  

I first asked if the antidepressant like actions of α5-selective GABAAR negative 

allosteric modulators like MRK-016 exert their disinhibitory effects through the 

benzodiazepine site. In order to test this, I used the functionally neutral, competitive 

antagonist flumazenil. Flumazenil was chosen for this experiment, as it has minimal impact 

on GABAAR-mediated currents at physiological concentrations of GABA (Safavynia et al., 

2016), antagonizes the binding of MRK-016 in both rodent in vitro and in vivo assays 

(Atack et al., 2009) and blocks the cognitive-enhancing properties of MRK-016 as assessed 

through the Morris Water Maze (Atack et al., 2009). 

Ten days of chronic multimodal stress is sufficient to reduce baseline preferences 

for sucrose and female urine in 8-week-old, male C57/Bl6J mice. These hedonic behavioral 

deficits are reversed after administration of 3 mg/kg MRK-016, consistent with our 

previous studies of GABA-NAMs conducted in male CD1 mice or rats, respectively (Zanos 

et al., 2017; Fischell et al., 2015). As hypothesized, this restoration was prevented in mice 
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that received 20 mg/kg flumazenil pretreatment 5-min prior to MRK-016 dosing. Mice 

only given flumazenil or vehicle alone show no restoration to hedonic behavior.  

While no effect of vehicle is generally expected in behavioral studies (indeed, 

vehicle solvents are typically chosen because they are behaviorally inert), DMSO is not 

entirely devoid of pharmacological activity. An earlier study reported the ability of DMSO 

to inhibit acetylcholinesterase activity (Kumar and Darreh-Shori, 2017), and there are 

reports of antidepressant-related effects of cholinesterase inhibitors (e.g., Fitzgerald et al., 

2020), Thus, the observation that DMSO vehicle does not alter hedonic behavior is an 

important one.  

MRK-016 is primarily soluble in either DMSO (up to 18.42 mg/mL) or ethanol (up 

to 7.37 mg/mL; MRK-016; MSDS, 2019). Because ethanol robustly potentiates GABAAR-

mediated currents (Nestoros, 1980; Mehta & Ticku, 1998; Ariwodola & Weiner, 2004), its 

use as vehicle was unacceptable for this experiment. DMSO as a vehicle is less well 

tolerated in rodents than standard saline (Gad et al., 2006; Castro et al., 1995) and is toxic 

at higher concentrations (Worthley & Schott, 1969) and any effect it had on rodent reward-

seeking behavior may confound the interpretation of MRK-016’s antidepressant-like 

effects. Thankfully, I observed no effect of DMSO effect in these experiments, which is 

consistent with a prior study indicating no difference between saline and DMSO 

administration on behavioral outcomes in mice as assessed through open field, forced swim, 

pre-pulse inhibition and rotarod assays (Zanos et al., 2017).  
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(Experiment 1-2) Flumazenil pretreatment prevents MRK-016’s ability to reverses 

deficits in TA-CA1 AMPA:NMDA ratios after chronic stress 

 Consistent with prior studies from our laboratory (Kallarackal et al., 2013; Fischell 

et al., 2015; Cai et al., 2013), chronic stress reduces the synaptic strength at TA1-CA1 

synapses in the hippocampus. The recording of field excitatory postsynaptic potentials was 

chosen over whole-cell recording methods because TA inputs to area CA1 occur on distal 

dendrites (Remondes & Schuman, 2003; Lorente de Nó, 1934). Thus, these synapses are 

electrotonically remote from their pyramidal cell bodies and whole-cell recording methods 

will be subject to significant distortion due to space-clamp challenges between membrane 

potentials at dendrites compared to the voltage-clamped cell (Spruston et al., 1993; Bar-

Yehuda & Korngreen, 2008). 

 Stress-sensitive mice receiving MRK-016 demonstrated a significantly higher TA-

CA1 AMPA:NMDA ratio compared to mice administered flumazenil pretreatment prior to 

MRK-016, or vehicle alone, consistent with our previous finding with the GABA-NAM 

L655,708 (Fischell et al., 2015). Notably, the AMPA:NMDA ratios between animals given 

MRK-016 or flumazenil alone were not significantly different (p=0.2133), though this is 

likely a factor of the low n’s (4-5) in each group rather than an indication of any synaptic 

effect of flumazenil. Additionally, as seen in our prior work, an animal’s TA-CA1 

AMPA:NMDA ratio significantly correlates with its hedonic behavior (Kallarackal et al., 

2013), providing additional validity of this electrophysiological measure in assessing 

antidepressant-relevant synaptic effects. 
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(Experiment 1-3) MRK-016 does not alter hedonic behavior nor TA-CA1 

AMPA:NMDA ratios in unstressed animals 

The effects of ketamine on depression-relevant behavioral tasks between stressed 

and unstressed animals have proven to be intensely variable, and some studies have 

reported pro-depressive-like effects of ketamine in stress-naïve animals (Polis et al., 2019). 

Therefore, it is of interest to determine if MRK-016 induces any hedonic behavioral deficits 

in an unstressed cohort of mice. Twelve-week-old C57/Bl6J mice were used for this 

experiment, as stressed mice were approximately this age by the time they were treated 

following their chronic stress protocol and battery of hedonic tasks. I found that sucrose 

preference of naïve mice before and after administration of either vehicle or MRK-016 did 

not differ. This provides some confirmation that neither MRK-016 nor DMSO 

administration negatively impacts hedonic behavior. While this interpretation could be 

bolstered through the use of additional behavioral tasks, as well as the caveat of a likely 

ceiling effect of high (90%+) baseline sucrose preferences, it is still reassuring for purposes 

of test-retest validity. 

Additionally, the TA-CA1 AMPA:NMDA ratios were not different between groups 

of naïve mice administered DMSO or MRK-016. While the effects of ketamine on synaptic 

transmission in the literature are somewhat variable and potentially confounded by its 

robust NMDAR antagonism (Izumi & Zorumski, 2014; Ribeiro et al., 2014; Yao et al., 

2018; Kim et al., 2021), it is possible that the mild and transient disinhibition produced by 

MRK-016 is simply not sufficient to upregulate AMPAR-mediated transmission in 

unstressed mice, or that there is an interaction of MRK-016 and glucocorticoid-mediated 

activity. For example, TA-CA1 synaptic strength can be increased in vitro following 
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chronic fluoxetine administration or evoked electrically through high-frequency 

stimulation paradigms (Van Dyke et al., 2019), indicating these synapses can be potentiated 

in unstressed models. Notably, I did not observe potentiation with in vitro MRK-016 wash-

in using hippocampal tissue from unstressed mice (data not shown).  

Conclusions:  

Through these experiments, I conclude the antidepressant-like effects of MRK-016 

on hedonic behavior and weakened synaptic function are mediated through the 

benzodiazepine site of GABAARs, as pretreatment with the competitive benzodiazepine 

site antagonist flumazenil is sufficient to prevent both restoration of chronic stress-induced 

deficits in the sucrose preference and female urine sniffing tests, as well as recovery of TA-

CA1 AMPA:NMDA ratios. Additionally, TA-CA1 synaptic strength correlates positively 

with performance in hedonic tasks, a finding that suggests that MRK-016-induced shift of 

the balance of inhibitory and excitatory neurotransmission toward a physiological normal 

may contribute to the restoration of hedonic behavior. 
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Chapter 2, aim 2: The antidepressant-like effects of the GABA-NAM MRK-016 on 

stress-induced anhedonia and weakened synaptic function are mediated by α5-

containing GABAARs. 

 

Experiment 2-1 Introduction: 

The prior aim has established the necessity of a benzodiazepine binding site on the 

GABAAR to mediate the rapid antidepressant-like behavioral effects of MRK-016. 

However, this current aim will identify MRK-016’s target engagement even more 

granularly than an interaction at an allosteric site. The benzodiazepine site on the GABAAR 

is formed at the interface of one α (alpha) and one γ (gamma) subunit and the composition 

of subunits confers the properties and distribution of the receptor. Gamma2 subunit-

containing receptors, which are highly expressed throughout the brain (Fritschy et al., 

1992), are involved in mediating much of the inhibitory neurotransmission in most regions 

and are the primary mediator of sensitivity to benzodiazepine compounds (Günther et al., 

1995). Comparatively less is known about γ1 subunits, though they are highly localized to 

the amygdala, palladium, and substantia nigra (Pirker et al., 2000) and are sparsely 

expressed at synapses to slow the decay rate of GABAergic IPSCs (Dixon et al., 2014), 

though diffuse between synaptic and extrasynaptic location more frequently than γ2 

subunits (Dixon et al., 2017). Additionally, they are insensitive to classic positive allosteric 

modulators of the benzodiazepine site like diazepam, flunitrazepam, and others (Dixon et 

al., 2014; Wafford et al., 1993). A γ3 subunit has also been identified, though it is even less 

studied due to its sparse, yet widespread expression patterns (Pirker et al., 2000). It is 

sensitive to the actions of benzodiazepines (Knoflach et al., 1991), and may confer 
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additional risk to the development of alcohol dependence based on human genomic studies 

(Dick et al., 2004).  

 The majority of benzodiazepine-sensitive GABAARs are composed of a γ2 and an 

α subunit, with the benzodiazepine sensitivity of an individual α subunit being mediated 

by a single histidine residue (Wieland et al., 1992). Of the six α identified subunits, α4 and 

α6 are benzodiazepine-insensitive due to the absence of this critical residue (Korpi & 

Seeburg, 1993; Yang et al., 1995). Between the remaining four α subunits, α1s confer the 

greatest sensitivity to benzodiazepines and produce strong sedation (McKernan et al., 2000; 

Milić et al., 2012), whereas α2, α3 and α5 primarily mediate anxiolytic responses (Rowlett 

et al., 2005; Atack et al., 2011). The α5 subunit may also contribute to the desensitization 

of the GABAAR to chronic benzodiazepine exposure and the development of tolerance 

(Van Rijnsoever et al., 2004). 

 Additionally, genetic deletion of the α5 subunit improves the cognitive 

performance and spatial learning of mice in the Morris Water Maze (Collinson et al., 2002), 

suggesting that a reduction of α5-containing GABAAR-mediated transmission may be pro-

cognitive and leading to the development of putative α5-selective negative allosteric 

modulating nootropic agents. While α5-selective GABA-NAM nootropics have generally 

been unsuccessful in human clinical trials (ClinicalTrials.gov identifier: NCT02024789; 

Atack, 2010; Atack et al., 2009), they produce robust anti-anhedonic effects in rodents 

(Zanos et al., 2017; Fischell et al., 2015; Xiong et al., 2018). 

The GABA-NAM MRK-016 has roughly equal affinity for all four benzodiazepine-

sensitive α subunits (Ki between 0.77 to 1.4 nM; Atack et al., 2009), but produces differing 

effects on GABAergic transmission at each. The greatest reduction in GABA-mediated 
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currents is at α5-containing receptors (55% reduction), while α1 and α3 demonstrate 16% 

and 9% reduction, respectively. Interestingly, MRK-016 is a weak positive allosteric 

modulator at α2-containing GABAARs, increasing GABA-mediated currents by 6% (Atack 

et al., 2009). In comparison, L655,708 has significantly higher affinity at α5-containing (Ki 

of 1nM) vs α1, α2 or α3-containing GABAARs (Ki of 30-70nM; Atack et al., 2006). 

Conversely, L655,708 attenuates GABA-mediated currents at α5 GABAARs by only 17% 

while reducing α1, α2 or α3-containing receptors by 11 to 23%. The necessity of the α5 

subunit in mediating the antidepressant-like effects of MRK-016 has yet to be established. 

Hypothesis (2-1): The global genetic deletion of the GABAAR α5 subunit will be sufficient 

to prevent the rapid antidepressant-like actions of MRK-016.  
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Experiment 2-1 Results: 

A cohort of male, 8-week-old, global α5 KO mice in a C57/Bl6J background and 

their wildtype littermate controls were used to test this hypothesis (Figure 7A). The α5 

subunit of these KO mice is replaced roughly equally by α1 and α4 subunits (Engin et al., 

2015). At baseline, mice displayed strong preferences for sucrose solution or female urine, 

which significantly decreased in both α5 KO and wildtype groups following 10 days of 

chronic stress. Stress-sensitive animals of both genotypes were equally distributed into 

treatment groups based on post-stress hedonic scores and treated with either 3 mg/kg 

MRK-016 or an equivalent volume of DMSO vehicle. Wildtype animals demonstrated 

significant restoration of sucrose and female urine preferences 24-48 h after administration 

of MRK-016, but not vehicle (Figure 7 B,C). Neither MRK-016 nor vehicle significantly 

restored hedonic behavior in either task among α5 KO animals. 

To confirm that the hedonic behavior of α5 KO animals is not uniquely refractory 

to rapid-acting antidepressants, a separate cohort of wildtype and α5 KO animals were 

chronically stressed for 10 days and given three treatments: an MRK-016 dose-equivalent 

volume of DMSO, 3 mg/kg MRK-016, and 10 mg/kg (R,S) ketamine, each spaced 72 h 

apart. Sucrose and female urine preferences were assessed over 2 days following treatment, 

after which animals were subjected to another day of CMMS, followed by drug 

administration. MRK-016 promoted restoration of hedonic behavior only in the wildtype 

group, while ketamine administration significantly improved sucrose preference and 

female urine sniffing scores in α5 KO animals (Figure 8A,B). 
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Figure 7. Restoration of hedonic behavior by MRK-016 is absent in mice lacking 

GABAAR α5 subunits. (A) Timeline outlining the experimental protocol of assessing 

hedonic behavior and chronic multimodal stress. (B) 10 days of CMMS significantly 

decreased sucrose preference compared to baseline among all groups and genotypes 

(wildtype-vehicle, n=6, p=0.0012; wildtype-MRK-016, n=6, p=0.0012; α5 KO-vehicle, 

n=7, 0.0012, α5 KO-MRK-016, n=6, p=0.0012). Wildtype animals given 3mg/kg MRK-

016 demonstrated significantly increased sucrose preferences compared to post-stress 

values (p=0.0012), but this effect was absent in the α5 KO cohort (p=0.5079). 

Administration of DMSO vehicle did not significantly alter sucrose preference values after 

stress in either the wildtype (p=0.5472) or α5 KO groups (p=0.6923). Three-way ANOVA 

revealed a significant effect of stress (F 2,42 = 83.35, p<0.0001), stress × treatment (F 2,42 = 

3.493, p=0.0395), but not stress × treatment × α5 KO (F 2,42 = 2.360, p=0.1069). (C) CMMS 

significantly lowered female urine preferences in all groups compared to baseline values 

(wildtype-vehicle, n=6, p=0.0012; wildtype-MRK-016, n=7, p=0.0012; a5 KO-vehicle, 

n=6, 0.0012, α5 KO-MRK-016, n=5, p=0.0012). MRK-016 significantly increases female 

urine preference following stress in wildtype (p=0.0296) but not α5 KO (p=0.5505) groups. 

Vehicle did not significantly improve female urine preferences following stress in either 

wildtype (p=0.5345) or α5 KO groups (p=0.4576). Three-way ANVOA showed a 

significant effect of stress (F 2,40 = 58.46, p<0.0001). Stress × treatment (F 2,40 = 2.019, 

p=0.1462). Stress × treatment × α5 KO (F 2,40 = 1.839, p=0.1722). p<0.05 *, p<0.005 ***, 

ns: not significant.  
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Figure 8. Ketamine, but not MRK-016 restores hedonic behavor in α5 KO mice. (A) 

CMMS significantly decreases sucrose preference in both wildtype (n=7, p=0.0020) and 

α5 KO animals (n=10, p=0.0083). All animals in cohort are shown. 3 mg/kg MRK-016 

significantly increased sucrose preferences over post-stress values in wildtype (p=0.0017), 

but not α5 KO (p=0.9801) groups. 10 mg/kg (R,S) ketamine significantly increased sucrose 

preference over post-stress values (p=0.0088) in the α5 KO group. Two-way ANOVA 

indicated no significant phase × genotype interaction (F 4,60 = 1.638, P=0.1764). (B) 

CMMS significantly lowers female urine preferences in both wildtype (p<0.0001) and α5 

KO (p<0.0001) groups. MRK-016 increases female urine preference in wildtype animals 

over post-stress (p<0.0001) and post DMSO preferences (p<0.0001), but not in α5 KO 

animals (p=0.9925 and p=0.5862, respectively). Ketamine increased female urine 

preference over post MRK-016 values in all α5 KO animals (p<0.0001). Two-way 

ANOVA indicated a significant phase × genotype interaction (F 4,60 = 9.354, P<0.0001). 

p<0.05 *, p<0.01 **, p<0.005 ***. 
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Experiment 2-2 Introduction: 

 As introduced in the prior section, MRK-016 has roughly equal affinity for all 

benzodiazepine-sensitive GABAARs but inhibits GABA-mediated currents most 

efficaciously at α5-containing receptors (Atack et al., 2009). L655,708, conversely, has the 

highest binding affinity at α5-containing GABAARs, but attenuates GABA-evoked 

currents in the following subunit rank order of potency: α2>>>α1>α5>>>α3 (Atack et al., 

2006). While we have shown L655,708 rescues TA-CA1 AMPA:NMDA ratios after 

chronic stress (Fischell et al., 2015), its increased potency at non-α5-containing GABAARs 

confound the interpretation that this restoration is purely due to actions at α5-containing 

GABAARs. 

 While α5-containing GABAARs are most highly expressed in the hippocampus, 

they still comprise only about 25% of all GABAARs (Sur et al., 1999) and are expressed in 

similar abundance to α1-containing GABAARs; α2 and α3 GABAAR subunits are 

expressed in relatively lower quantities (Fritschey & Mohler, 1995; Hörtnagl et al., 2013). 

Maximal inhibition of GABA currents at α5-containing GABAARs by L655,708 only 

reaches 17% in vitro, though this is perhaps offset by its higher affinity for the α5 subunit 

(Atack et al., 2006). However, if ketamine-like disinhibition of excitatory pyramidal cells 

is hypothesized to underly the rapid-acting effects of α5-selective GABA-NAMs, then 

these findings suggest only mild reduction in GABAergic transmission may be needed to 

promote TA-CA1 synaptic strengthening. MRK-016 has roughly equal affinity for a range 

of α-subunits, and although it maximally inhibits GABA-mediated currents at α5-

containing GABAARs (55%), it also inhibits α1-containing GABAAR transmission by 

16%-- comparable to the effects of L655,708.  
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Hypothesis (2-2): The genetic deletion of the GABAAR α5 subunit will be sufficient to 

prevent MRK-016’s strengthening of stress-weakened TA-CA1 synapses. 

Experiment 2-2 Results: 

Following chronic stress and the completion of aforementioned hedonic behavioral 

experiments conducted for hypothesis 2-1, stress-sensitive animals were euthanized, and 

hippocampal slices were prepared. TA-CA1 AMPA:NMDA ratios were significantly 

higher among chronically stressed wildtype animals that received MRK-016 compared to 

DMSO vehicle (Figure 9A,B). Additionally, MRK-016-treated wildtype animals had 

higher TA-CA1 AMPA:NMDA ratios than MRK-016-treated α5 KO animals. Among the 

α5 KO group, there was no significant difference between MRK-016- and vehicle- treated 

animals. As in experiment 1-2, a positive correlation between an animal’s hedonic 

behavior and its TA-CA1 AMPA:NMDA ratio was observed (Figure 9C,D). 

 As some α5-containing GABAARs are extrasynaptic and involved in tonically 

maintaining the excitatory tone of pyramidal cells (Glykys & Mody, 2006; Manzo et al., 

2020), it is important to confirm that the low TA-CA1 AMPA:NMDA ratios observed in 

both α5 KO groups are not an inherent characteristic of these α5 KO mice. A separate 

cohort of 12-week-old α5 KO and wildtype littermate control mice were group housed, 

then transferred to single housing for a baseline sucrose preference test values to confirm 

normal hedonic behavior. Animals were then returned to group housing and administered 

either MRK-016 or an equivalent volume of DMSO vehicle, after which post-treatment 

sucrose preferences were assessed again 3 days later. Sucrose preferences were comparable 

between all treatment groups and genotypes at each time point (Figure 10A). Animals were 

then euthanized, hippocampal slices prepared, and TA-CA1 AMPA:NMDA ratios 
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evaluated. There was no significant difference in TA-CA1 AMPA:NMDA ratio between 

either wildtype or α5 KO animals, regardless of treatment (Figure 10B). 

 

Figure 9. Restoration of synaptic strength by MRK-016 is absent in mice lacking GABAAR 

α5 subunits. A. Representative traces showing larger AMPA:NMDA ratios in wildtype 

animals compared to α5 KOs. B. CMMS decreases TA-CA1 synaptic strength. Among 

stress-sensitive wildtype mice, 3 mg/kg MRK-016 (n=6) significantly increased 

AMPA:NMDA ratios compared to vehicle (n=5) treated animals (p=0.0003). 

AMPA:NMDA ratios in stress-sensitive α5 KO mice were not significantly different 

between vehicle (n=6) or MRK-016 (n=6) groups (p=0.3587). Wildtype mice displayed 

significantly higher AMPA:NMDA ratios than α5 KO mice after MRK-016 administration 

(p=0.0003). Two-way ANOVA indicated significant interaction of genotype × MRK-016 

(F 1,19 = 22.74, P=0.0001). C. TA-CA1 synaptic strength correlates with an animal’s 

sucrose preference (n=23, r=0.6529, p=0.0007. Regression line: Y = 0.1014*X + 0.9178). 

D. TA-CA1 synaptic strength correlates with an animal’s female urine sniffing preference 

(n=16, r=5622, p=0.0234. Regression line: Y = 0.1007*X + 2.157). p<0.05 *, p<0.005 ***.  
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Figure 10. (A) Sucrose preferences in a cohort of unstressed α5 KO and wildtype 

littermates before and after MRK-016 administration. Three-way ANOVA yields no effect 

of time × treatment (F 1,13 = 0.6025, p=0.4515) or genotype × treatment (F 1,13 = 0.1168, 

p=0.7380). (B) TA-CA1 fEPSP AMPA:NMDA ratios in unstressed animals are 

comparable between genotypes. Two-way ANOVA yields no effect of genotype (F 1,12 = 

0.6612, p=0.4320) or treatment (F 1,12 = 0.3316, p=0.5753). 
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Experiment 2-3 Introduction 

 A common feature of putative rapid-acting antidepressant-like compounds is the 

generation of transient, high-frequency EEG gamma power, seen following administration 

of ketamine and (2R,6R) hydroxynorketamine (Farmer et al., 2020; Zanos et al., 2016), 

MK-801, (Hudson et al., 2019), non-pharmacological interventions like transcranial 

magnetic stimulation (Gu et al., 2005), and other therapies (Zanos et al., 2020). GABA-

NAMs are predicted to share common mechanism of pyramidal cell disinhibition with 

ketamine and have since been found to increase EEG gamma power as well (Zanos et al., 

2017).  

 As discussed at length in the introduction to this thesis, the activity and synchronous 

firing patterns of synaptic networks are primarily mediated by the actions of interneurons 

and provide a means by which the balance of excitatory and inhibitory signaling can 

dynamically adapt to meet cognitive demands. Gamma power is primarily the product of 

fast ionotropic AMPAR-mediated excitation, the frequency of which is tightly controlled 

by the actions of fast-spiking PV interneurons on dendritic and somatic synapses to prevent 

both uncontrolled feed-forward excitation (Miles et al., 1996; Cobb et al., 1995) and refine 

incoming synaptic information to maximize signal-to-noise, ultimately increasing the 

computational potential of individual pyramidal cells (Ferguson & Gao, 2017; Zhu et al., 

2015). 

 Thus, reducing the inhibitory contributions of PV interneurons (via interneuron 

NMDAR blockade, or reduced postsynaptic GABA-mediated inhibition) results in a surge 

of extracellular glutamate (Moghaddam et al., 1997), transiently increasing the excitability 

of local pyramidal cells. This is hypothesized to activate intracellular activity-dependent 
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plasticity processes that culminate in the synthesis of a number of growth factors that 

promote neuroplasticity and synaptogenesis that outlast the period of acutely heightened 

glutamatergic signaling (Lener et al., 2017). As chronic stress has numerous deleterious 

effects on synaptic excitability and functional connectivity in mood-relevant brain regions, 

the generation of gamma power provides a mechanism by which the excitatory/inhibitory 

balance may be restored, rescuing behavioral outcomes. 

 As touched upon in the prior section, while GABA-NAMs may primarily have 

selectivity for α5-containing GABAARs, other GABAAR α subunits have been implicated 

to some degree in the generation and maintenance of physiological oscillatory activity and 

in response to compounds that act on the benzodiazepine site (Hofmann et al., 2019; Kopp 

et al., 2003; Hines et al., 2013; Schofield et al., 2009), though extrasynaptic α5-containing 

GABAARs appear to have the most outsized impact on high-frequency gamma power in 

the hippocampus (Mann & Mody, 2010; Towers et al., 2004) because of their ability to 

maintain inhibitory network tone (Farrant & Nusser et al., 2005). 

 

Hypothesis (2-3): The genetic deletion of the GABAAR α5 subunit will be sufficient to 

prevent MRK-016’s generation of cortical EEG gamma power. 
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Experiment 2-3 Results: 

EEG transmitters were implanted unilaterally over the frontal cerebral cortices of 

cohorts of 12-week-old, male α5 KO mice and their wildtype littermate controls. Baseline 

recordings were made for 3 h, after which mice were given an i.p. injection of DMSO 

vehicle, followed by 3 mg/kg MRK-016 90 min later. Oscillatory activity was normalized 

to the last half hour of baseline activity, when animals were expected to be undisturbed and 

at rest. MRK-016 increased cortical EEG gamma power compared to DMSO 

administration in wildtype animals during the 1-h period following administration (Figure 

11A,B,G) consistent with our previous results (Zanos et al., 2017). Alpha5 KO animals 

displayed no change in recorded gamma power between vehicle and MRK-016 injections 

(Figure 11B,C,G). Additionally, MRK-016-driven increases in gamma power were 

significantly higher in wildtype vs α5 KO animals beginning 20 min after dosing (Figure 

11E). 

 As previously mentioned, extrasynaptic α5-containing GABAARs are implicated in 

the maintenance of cortical activity and pyramidal cell excitability. Therefore, in order to 

confirm that α5 KO animals do not have an inherent deficiency in their ability to drive 

increases in EEG gamma power, the same animals were administered saline, and then 

10 mg/kg (R,S) ketamine (i.p.) 24 h later. Following ketamine administration, gamma 

power was significantly increased over saline-derived values in both wildtype and α5 KO 

animals (Figure 11F). There was no difference in ketamine-mediated increases in gamma 

power between the two genotypes (Figure 11H) 
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Figure 11. Induction of EEG gamma activity by MRK-016 is absent in mice lacking 

GABAAR α5 subunits. (A, C) Representative EEG spectrograms showing oscillatory 

activity normalized to baseline for wildtype and α5 KO mice respectively. More relative 

activity at a given frequency range is indicated by “warmer” colors, and less by “cooler” 

colors. (B, D) Representative EEG gamma activity (750ms) at baseline and 30 minutes 

after treatment, filtered to 30-80Hz. (E) EEG gamma powers (30-80hz) were normalized 

to the last 30 minutes of baseline gamma activity following DMSO vehicle and MRK-016 

administration. MRK-016 produces significantly higher cortical gamma power in 

wildtypes vs α5 KO animals beginning 20 minutes after administration. 2-way ANOVA 

identifies significant effect between time × genotype (F 17,238 = 2.678, p=0.0005). (F) There 

is no significant difference in gamma powers at any time point between wildtype or α5 KO 

animals in response to ketamine. Time × genotype (F 17,238 = 0.5589, p=0.9193). (G) MRK-

016 promotes significant increases in gamma power over a 60-minute period after 

treatment compared to DMSO vehicle in wildtype (n=9, p=0.0234) but not α5 KO animals 

(n=7, p=0.9962). Wildtype animals generate significantly more gamma power compared 

to α5 KOs following MRK-016 administration (p=0.0390). 2-way ANOVA identifies 

significant effect between treatment × genotype (F 1,14 = 5.052, p=0.0412). (H) Normalized 

EEG gamma power quantified for 60 minutes after 10mg/kg (R,S) ketamine (i.p.) 

administration was significantly greater than after volume-equivalent saline vehicle for 

both wildtype (n=9, p=0.0033) and α5 KO cohorts (n=7, p=0.0014). 2-way ANOVA 

identifies significant treatment effect (F 1,14 = 28.35, p=0.0001), but no significant 

interaction between treatment × genotype (F 1,14 = 0.4164, p=0.5292). p<0.05 *, p<0.005 

***. 
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Chapter 2 Discussion: 

These experiments have demonstrated that negative allosteric modulation of 

GABA-mediated transmission has a rapid antidepressant-like action, and that these 

behavioral and synaptic effects are mediated by α5-containing GABAARs 

 

(Prediction 2-1) MRK-016 requires α5 GABAARs to mediate its antidepressant-like 

actions on chronic stress-induced anhedonia   

A line of global α5 KO mice and their wildtype littermate controls were used to 

determine the necessity of the α5 subunit for MRK-016’s antidepressant-like effects. While 

both stress-sensitive wildtype and α5 KO mice demonstrated high baseline hedonic 

behavior that was significantly reduced following stress, behavior was only restored in 

wildtype animals and not α5 KOs following MRK-016 administration. The finding was 

confirmed to be due to a loss of GABA-NAM action and not inherent insensitivity to rapid-

acting antidepressant action, as a robust restoration of hedonic behavior was observed 

separate cohort of chronically stressed α5 KO mice in response to ketamine administration. 

That the α5 subunit is not required to mediate the antidepressant-like response to ketamine 

(and, presumably, other compounds that produce transient disinhibition and upregulation 

of pyramidal glutamatergic activity) is an important observation because α5-containing 

GABAARs play an outsized role in regulating pyramidal cell excitability and ketamine has 

been found in prior studies to increase the excitatory tone of cerebral cortical neurons in an 

GABAAR α-subunit dependent manner (Wang et al., 2017; Hevers et al., 2008). 
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Expression of the GABAAR α5 subunit is increased in mature mice following 

chronic stress (Matsumoto et al., 2007; Verkuyl et al., 2004) and in prenatally stressed 

juvenile mice (Nejatbakhsh et al., 2018). These rodent findings of upregulated GABAAR 

α5 subunit expression mirror human postmortem data from individuals with a major 

depressive diagnosis or after completion of suicide (Klempan et al., 2009; Sequeira et al., 

2009). Taken together, enhanced α5-mediated GABAergic transmission may be implicated 

in neurobiological symptoms of depression.  

While the literature lacks studies linking α5 expression to hedonic behavior, an 

impaired ability to concentrate and make decisions is another key symptom used to guide 

MDD diagnoses (American Psychiatric Association, 2013). Chronic stress impedes rodent 

cognitive performance on a number of tasks including the Morris water maze (Park et al., 

2015; McFadden et al., 2011), eight-arm radial maze (Luine et al., 1994) Y-maze (Wright 

& Conrad, 2005) and others (Conrad, 2009). Notably, mice lacking α5 subunits, for 

example, demonstrate enhanced cognitive flexibility and special learning in the Morris 

Water Maze (Collinson et al., 2002) and performance is also enhanced following GABA-

NAM administration (Collinson et al., 2006; Atack et al., 2009; Hipp et al., 2021). MRK-

016’s selectivity for α5-containing GABAARs, therefore, is highly relevant to its 

antidepressant-like properties.  
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(Prediction 2-2) MRK-016 requires α5 GABAARs to mediate its antidepressant-like 

actions on chronic stress-induced deficits in TA-CA1 synaptic strength 

Hippocampal slices were prepared from stress-sensitive mice used in the prior 

experiment. The TA-CA1 AMPA:NMDA ratios of wildtype animals given MRK-016 were 

significantly greater than those given vehicle or α5 KO mice given MRK-016. There was 

no significant difference between the AMPA:NMDA ratios of α5 KO mice that received 

MRK-016 or DMSO vehicle. These AMPA:NMDA ratios positively correlated with an 

animal’s reward seeking behavior. A separate cohort of unstressed α5 KO mice and 

wildtype littermate controls revealed no change in baseline, unstressed TA-CA1 

AMPA:NMDA ratios, indicating that α5 KO animals do not have inherently low 

AMPA:NMDA ratios. From these experiments, I conclude that the α5 subunit of the 

GABAAR is required to mediate MRK-016’s effects on weakened synaptic function. 

 As discussed above, L655,708 rescues TA-CA1 AMPA:NMDA ratios (Fischell et 

al., 2015) but maximally inhibits GABA currents at α5-containing GABAARs by only 17% 

in vitro (Atack et al., 2006). It is thus possible that MRK-016’s similar degree of inhibition 

of α1-containing GABAARs (and α3 GABAARs, to a lesser degree; Atack et al., 2009) may 

promote synaptic strengthening in an α5-independent manner. The results obtained in these 

experiments indicate that this is not the case, and that the restoration of TA-CA1 synaptic 

strength is mediated by α5-containing GABAARs. This is likely because α1-containing 

GABAARs are primarily, though not exclusively, localized at the synaptic junction and are 

thus critical in transducing synchronized, phasic GABAergic transmission on postsynaptic 

targets (Nusser et al., 1998; Nieus et al., 2014). Although the α3 subunit has been found to 

mediate tonic inhibition where they are highly expressed, such as the amygdala (Marowsky 
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et al., 2012), they have minimal effects on GABAergic IPSCs in hippocampal CA1 

pyramidal cells (Prenosil et al., 2006), likely owing to their low abundance in hippocampal 

regions (Hörtnagl et al., 2013; Prenosil et al., 2006). 

Additionally, MRK-016’s synaptic effects are likely to be independent of the 

contributions of other α-subunits. For example, while α4 and α6-containing GABAARs 

have been implicated in mediating tonic GABAergic activity as well (Tang et al., 2010; 

Santhakumar et al., 2006), α6 subunits are not expressed in the hippocampus (Hörtnagl et 

al., 2013) and neither are sensitive to the actions of benzodiazepines (Yang et al., 1995; 

Korpi & Seeburg, 1993) or MRK-016 (Atack et al., 2009). In addition, MRK-016 only very 

weakly inhibits GABAergic currents at α2-containing receptors (Atack et al., 2009). 

 

(Prediction 2-3) MRK-016 requires α5 GABAARs to mediate the generation of high-

frequency EEG gamma power 

A common feature of putative rapid-acting antidepressant action is the generation 

of transient high-frequency oscillatory activity, which is commonly observed following 

treatment of mice with ketamine (Farmer et al., 2020; Zanos et al., 2016) or MRK-016 

(Zanos et al., 2017). This burst of excitatory activity is hypothesized to facilitate long-term 

strengthening of stress-weakened synapses through activity-dependent plasticity processes, 

connecting the transient actions of rapid-acting antidepressants to their enduring synaptic 

and behavioral actions. To test the necessity of α5-containing GABAARs in mediating the 

generation of gamma power, the cortical EEG activity of α5 KO animals and wildtype 

littermates was recorded in response to MRK-016. Significant increases in gamma power 
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were observed in wildtype, but not α5 KO animals after MRK-016 administration. These 

same animals were administered ketamine 24-h later, and gamma power was increased 

identically in both genotypes, indicating that α5 KO have no inherent deficits in their ability 

to produce high-frequency cortical oscillations. 

The lack of TA-CA1 AMPA:NMDA ratio restoration after stress in the previous 

section would suggest that the activity of MRK-016 on non-α5 containing GABAARs is 

insufficient to promote increased gamma power. This is fortunate for the therapeutic 

potential of α5-selective GABA-NAMs. One critical weakness of ketamine as a therapeutic 

is its relatively nonselective antagonism of NMDARs, resulting in broadband alterations 

of gamma power throughout the brain. This includes regions that are depression-relevant, 

like the hippocampus (Caixeta et al., 2013; Ye et al., 2018) and prefrontal cortex (Zanos et 

al., 2016; Shaw et al., 2015), but also unrelated regions, such as the visual (Anver et al., 

2011), auditory (Osanai & Tateno, 2016; Curic et al., 2019), and motor cortices (Nicolás 

et al., 2011). These effects likely underly the dissociative and psychotomimetic effects of 

ketamine observed in human subjects, including impaired motor coordination (Carter et al., 

2012; Wan et al., 2015) and onset of visual and auditory hallucinations (Powers et al., 2015; 

Vollenweider et al., 1997; Pomarol-Clotet et al., 2006). These perceptual disturbances are 

often described as “schizophrenia-like” (Lahti et al., 2001; Frohlich & Van Horn, 2014; 

Breier et al., 1997).   

Obviously, a psychosis-like state is an undesirable feature of antidepressant 

pharmacotherapies. The use of α5-selective GABA-NAMS, therefore, present the novel 

opportunity to induce gamma oscillations only in region with high α5 expression, allowing 

for the rescue of proper excitatory/inhibitory balance specifically at hippocampal and 
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cortical targets that are not only stress-sensitive, but clearly implicated in the onset of major 

depressive disorder. 

 

Conclusions:  

 Based on the findings from these experiments, I therefore conclude that MRK-016 

mediates the generation of high-frequency gamma power via α5-containing GABAARs, 

strengthening stress-weakened synapses in critical reward circuitry to ultimately reverse 

deficits in hedonic behavior. 

 

 

 

 

 

 

 

 



 

107 
 

Chapter 3, aim 3: Determining the critical brain region necessary to mediate MRK-

016’s rapid antidepressant-like effects on chronic stress-induced deficits in hedonic 

behavior and weakened synaptic function 

Experiment 3-1 Introduction: 

Based on the findings of the prior aim, we can conclude that MRK-016 

administration evokes high frequency gamma oscillations within synaptic networks that 

are highly enriched in α5-containing GABAARs. As previously mentioned, this receptor 

subtype is most prevalent in hippocampal and cerebral cortical structures, and it can be 

therefore assumed that gamma power is increased in both structures. Yet, it is unknown if 

GABA-NAM antidepressant action requires the disinhibitory contributions of both regions.  

There is a wealth of literature identifying independent synaptic effects of ketamine 

in the hippocampus and prefrontal cortex. For example, acute ketamine administration in 

vitro potentiates rodent hippocampal SC-CA1 field EPSPs (Autry et al., 2011; Nosyreva et 

al., 2013) and action potential firing (Widman & McMahon, 2011). It also increases spine 

growth in cultured hippocampal neurons (Waller et al., 2015). Ketamine also enhances 

NMDAR and AMPAR-mediated transmission in vitro in rodent mPFC layer V/VI 

pyramidal cells (Björkholm et al., 2015) and action potential firing (Zhang et al., 2020) in 

addition to increasing BDNF release in primary cortical cultures (Lepack et al., 2014). 

Although the hippocampus and prefrontal cortex are not isolated in vivo (indeed, they are 

connected via unidirectional and bidirectional projections; Godsil et al., 2012; Sigurdsson 

& Duvarci, 2016), antidepressant-relevant synaptic alterations are observed in both regions 

in isolation following ketamine administration. 
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Cases have been made for the necessity of the induction of high frequency 

oscillatory activity in both regions for the manifestation of rapid antidepressant effects. A 

transient increase in glutamate cycling of rodents within the medial prefrontal cortex is 

associated with ketamine’s antidepressant-like actions (Chowdhury et al., 2017), as are 

ketamine-mediated gamma oscillations as quantified over the mPFC (Zanos et al., 2016). 

Perhaps the strongest evidence suggesting the cortical oscillatory activity is specifically 

mediating the antidepressant effects of ketamine (and compounds with converging 

mechanisms, i.e., GABA-NAMs) is the finding that rhythmic optogenetic stimulation of 

rodent mPFC infralimbic layer V pyramidal cells reduces immobility time in the FST 

(Kumar et al., 2013; Fuchikami et al., 2015), modestly increases sucrose preference after 

chronic stress, and increases dendritic spine counts and EPSC frequency in vivo (Fuchikami 

et al., 2015). However, it should be noted that stimulation frequencies of ≤ 10Hz were used 

for these studies, far below the gamma band. 

While evidence implicating the necessity of oscillatory activity in the hippocampus 

to antidepressant-like activity is somewhat less robust, ketamine also promotes gamma 

power in vivo in hippocampal region CA3 (Lazarewicz et al., 2010). In addition, ketamine 

increases AMPAR-mediated drive from the hippocampus to mPFC (Moran et al., 2015) 

and enhances hippocampal and cortical connectivity (Moran et al., 2015; Lopes-Aguiar et 

al., 2020). Additionally, hippocampal projections are able to entrain oscillatory activity to 

cortical targets (Sirota et al., 2008; Siapas et al., 2005) and entrain themselves by the 

entorhinal cortex through area CA1 (Colgin et al., 2009). 
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(Hypothesis 3-1) Overexpression of α5-containing GABAARs in the mPFC will restore 

the ability of MRK-016 to enhance EEG gamma power in α5 KO mice.  

Experiment 3-1 Results: 

Both control GFP and α5 viral construct were infused bilaterally into the PFC of 

wildtype mice, and localized GFP expression was observed to confirm the activity of the 

virus (data not shown). Male and female 8-week-old α5KO mice were infused with 

bilateral injections of either pAAV-GABRAα5 or pAAV-GFP constructs, and the virus 

was allowed to express for 3 weeks. EEG transmitter leads were then implanted unilaterally 

above the frontal cortex of these animals, and mice were allowed to recover for 7 days prior 

to experimental use.  

 Four weeks after the virus was infused, all mice were injected (i.p.) with an 

equivalent volume of DMSO vehicle, and then 3 mg/kg MRK-016 90 min later. All α5 KO 

mice infused with pAAV-GABRAα5 demonstrated increased cortical gamma power in 

response to MRK-016 compared to vehicle, while mice receiving pAAV-GFP control virus 

showed no such trend (Figure 12B). Additionally, mirroring results in wildtype animals 

from earlier experiments, a significant increase in gamma power was seen in α5 KO pAAV-

GABRAα5 compared to pAAV-GFP mice 20 min following MRK-016 administration, 

with a trend toward an increase observed at subsequent time points (Figure 12A). 
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Figure 12. Induction of cortical EEG gamma activity by MRK-016 is restored following 

α5 overexpression in α5 KO mice. (A) EEG gamma powers (30-80hz) were normalized to 

the last 30 minutes of baseline gamma activity following DMSO vehicle and MRK-016 

administration. MRK-016 produces significantly higher gamma power in α5 KO animals 

infused with pAAV-GABRAα5 vs pAAV-GFP in mPFC PL and IL cortices at 20 minutes 

after administration, and a trend toward higher power at 40 minutes. However, 2-way 

ANOVA identifies effect of viral rescue (F 1,168 = 1.070, p=0.3024) and viral rescue × time 

as (F 2,168 = 0.9500, p=0.5253). (B) Alpha5 KO animals infused with pAAV-GABRAα5 

trend toward higher gamma power over a 60-minute period after administration of MRK-

016 compared to DMSO vehicle. Knockouts infused with pAAV-GFP do not demonstrate 

increased gamma power following MRK-016 administration compared to vehicle. 2-way 

ANOVA identifies effect of viral rescue × time as (F 1,16 = 2.598, p=0.1265). 
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Chapter 3 Discussion: 

 The focus of the third aim of my thesis research was to establish the brain region 

(or regions) necessary to mediate the antidepressant-like effects of MRK-016. While I have 

established that the pAAV9-GABRAα5 viral vector construct produces functional α5-

containing GABAAR, as indicated by the restoration of the ability of MRK-016 

administration to trigger gamma power oscillations in α5 KO mice, I am regrettably unable 

to continue these experiments as part of my thesis project. However, based on these initial 

results, I am optimistic that the viral overexpression construct I developed with the aid of 

the University of Maryland Viral Vector Core will provide a means to continue tests of 

these hypotheses. 

 

(Prediction 3-1) I predict that the overexpression of the α5 subunit within the prelimbic 

and infralimbic cortex of the mPFC will facilitate the generation of gamma power 

oscillatory activity in α5 KO animals. 

 Alpha5 and GFP overexpression control viral constructs were bilaterally infused 

into the mPFC of 8-week-old male and female α5 KO animals to ensure their age matched 

our prior EEG studies by the time of recording. EEG transmitter leads were then implanted 

unilaterally into the frontal cortex at the site of viral infusion. Every knockout animal 

infused with pAAV9-GABRAα5 virus demonstrated increased gamma power following 3 

mg/kg MRK-016 (i.p) compared to vehicle administration. While this preliminary study 

was not sufficiently powered (indeed, our prior EEG studies required two cohorts of 

animals), there was a clear trend of increased gamma power over 60 min following MRK-
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016 dosing. Additionally, while 2-way ANOVA did not reach treatment effect significance, 

MRK-016 evoked increases in gamma power in pAAV9-GABRAα5 animals that were 

significantly greater than in those infused with pAAV9-GFP viral construct at the 20-min 

time point, consistent with my findings in the prior aim. Alpha5 KO animals given pAAV9-

GFP, predictably, did not show an increase in gamma power compared to vehicle due to 

the aforementioned necessity of α5-containing GABAARs.  

 But are MRK-016’s disinhibitory actions exclusively in the mPFC sufficient to 

reverse chronic-stress induced deficits in reward behavior? Ideally, this would be tested 

behaviorally, utilizing cohorts of α5 KO animals with and without α5 overexpression 

subjected to a chronic stress paradigm and administered MRK-016 (and, perhaps, ketamine 

as a positive control). Although I was not able to conduct these experiments, I can make a 

number of inferences based on a review of the literature. 

 Perhaps the most predictive finding comes from the pair of experiments that 

identified antidepressant-like effects of rhythmic stimulation in the rodent infralimbic 

cortex of the mPFC (Kumar et al., 2013; Fuchikami et al., 2015). The study by Fuchikami 

et al. (2015) found a significant, but only very minor restoration in sucrose preference 

following bilateral infralimbic stimulation, but no significant difference in unilateral 

stimulation compared to GFP-control animals (Fuchikami et al., 2015). While this study 

has a number of caveats, including high (75%+) sucrose preferences in control animals and 

the lack of a specific stress paradigm (though it can be argued the surgeries, forced-swim 

and food-deprivation these animals experiences constitute some form of chronic 

unpredictable stress), it is still instructive and suggests only weak antidepressant-like action 
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is achieved from mPFC activation alone, or perhaps critical synapses that underly stress-

induced anhedonia are not in the mPFC. 

 And what about the hippocampus? Ketamine administration is regularly found to 

have an effect in the hippocampus, be it changes in synaptic activity, protein expression, 

or neuronal morphology (Nosyreva et al., 2013; Zanos et al., 2016; Treccani et al., 2019). 

Indeed, if these effects are ultimately mediated by disinhibition of pyramidal cells and 

upregulation of activity-dependent plasticity processes as a consequence of the generation 

of gamma power, they would likely have to occur locally. Entrainment of cortical gamma 

to hippocampal targets is not expected because transmission of gamma power is distance 

dependent (Sirota et al., 2008; Strüber et al., 2017). Regardless of the necessary site of 

action, pharmacologically targeting one population of α5-containing GABAARs through 

systemic administration of GABA-NAMs is difficult. It is the benzodiazepine site formed 

by α and γ subunits that mediates the receptor’s affinity for allosteric modulators, and these 

subunits are all but guaranteed to be α5 and γ2 based on expression patterns (Pirker et al., 

2000). 

Conclusions: I conclude that α5 overexpression in the medial prefrontal cortex of α5 KO 

mice may be sufficient to promote the generation of high-frequency gamma power, but the 

robust, rapid antidepressant-like properties of MRK-016 on hedonic behavior and 

weakened hippocampal synaptic functional may require disinhibitory actions at both the 

medial prefrontal cortex and hippocampus.  
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Chapter 4: Establishing mechanisms of target engagement for ketamine and its 

hydroxynorketamine metabolites 

Experiment 4-1 Introduction: 

 As explained in great detail in the background to this thesis, ketamine has attracted 

significant clinical attention for its rapid antidepressant properties and has guided the 

development of new therapeutics, but its potent NMDAR antagonism challenges its 

widespread use. Perhaps the most fascinating recent finding regarding ketamine is that its 

hydroxynorketamine (HNK) metabolites reverse depression-like behaviors in preclinical 

studies, but without undesirable ketamine-like effects on motor coordination or self-

administration (Zanos et al., 2016). These actions are hypothesized to be driven by an 

AMPAR-, rather than NMDAR-mediated mechanism. (2R,6R)-HNK reduces immobility 

time in the forced swim test both one and 24 h after its administration to mice, and these 

effects at both time points are blocked by pretreatment with the competitive AMPAR-

antagonist NBXQ prior to HNK administration, as has also been seen with ketamine 

administration (Maeng et al., 2008; Koike & Chaki, 2014). Additionally, (2R,6R)-HNK 

potentiates hippocampal SC-CA1 synaptic transmission while NMDARs are blocked by 

the competitive antagonist APV, and (2R,6R)-HNK does not displace radiolabeled MK-

801 (Zanos et al., 2016; Riggs et al., 2020). Both (2R,6R)-HNK and ketamine converge on 

similar downstream pathways, including increased expression of GluA1 and GluA2 

subunits and BDNF (Zanos et al., 2016). These neuroplastic effects may ultimately be 

mediated by similar use-dependent plasticity processes, as both ketamine and (2R,6R)-

HNK evoke high-frequency gamma oscillations (Zanos et al., 2016). 
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These findings suggest that the mechanism of action of ketamine as an 

antidepressant may involve, at least in part, its metabolic conversion to pharmacologically 

active hydroxynorketamine metabolites that, in turn, act directly through an AMPAR-

mediated, rather than a NMDAR-antagonizing and disinhibitory, process (Riggs et al., 

2020). This provocative conclusion, however, was not without some debate. Ketamine and 

its stereoselective hydroxynorketamine metabolites share significant structural similarity, 

and it was not unreasonable to expect hydroxynorketamines to have some degree of 

NMDAR antagonism that contributes to the antidepressant effects of ketamine. Indeed, 

given the inverted U-shaped dose-response curve for ketamine, it may be concluded that 

hydroxynorketamine’s behavioral and synaptic actions have the capacity for mild NMDA 

blockade. Suzuki et al. (2017) proposed a similar theory and reported that 10 μM (2R,6R)-

HNK did not significantly reduce whole-cell NMDA charge transfer, although at a higher 

concentration (50 μM) (2R,6R)-HNK and ketamine reduced NMDAR activity by roughly 

40% and 80%, respectively. Application of 50 μM (2R,6R)-HNK also reduced the 

amplitude of spontaneous NMDAR-mediated mEPSCs (Suzuki et al., 2017). Notably, the 

10 mg/kg dose of (2R,6R)-HNK used in Zanos et al. (2016) to reverse chronic 

corticosterone-induced deficits in sucrose preference and female urine preference, as well 

as in forced swim and learned helplessness assays (Zanos et al., 2016), lacked effects in a 

study by Yang et al. (2016) in forced swim, tail suspension, and sucrose preference tests 

(Yang et al., 2016). 

The experiments described here were designed to examine the concentration-

response relationship for ketamine and (2R,6R)-HNK to inhibit NMDARs and to 
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determine whether concentrations that block these receptors are relevant to the 

antidepressant-relevant doses of each chemical.  

 

Hypothesis (4-1): Antidepressant-relevant concentrations of (2R,6R)-HNK will not inhibit 

hippocampal SC-CA1 NMDAR-mediated transmission. 
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Experiment 4-1 Results: 

(Results from this chapter represent the multidisciplinary contributions of over a dozen 

neuroscientists and are adapted from a previously published work entitled “Antidepressant-

relevant concentrations of the ketamine metabolite (2R,6R)-hydroxynorketamine do not 

block NMDA receptor function.” (Lumsden et al., 2019). For the purposes of this thesis, I 

will highlight only my own contributions to this work in this chapter and cite the 

contributions of others, where appropriate). 

 

 To determine the properties of an antidepressant-relevant dose of (2R,6R)-HNK, it 

is vital to quantify the concentration of the compound in vivo following administration of 

an antidepressant-like dose. A 10 mg/kg (i.p) dose of (2R,6R)-HNK was found previously 

to exert antidepressant-like effects in mice (Zanos et al., 2016) and, in this study, 

significantly reduced forced swim immobility time compared to an equivalent volume of 

saline vehicle. This dose was found to produce a maximal plasma concentration of (2R,6R)-

HNK of 25 μM shortly after administration, and 8 μM in the hippocampus after 

approximately 30 min after treatment.  

 Because 50 μM, but not 10 μM (2R,6R)-HNK inhibited NMDAR activity in a 

previous study (Suzuki et al., 2017), it was critical to determine a complete concentration-

response relationship. Hippocampal slices were prepared from male CD-1 mice between 

70 to 84 days old. Recordings of fEPSPs were performed in Mg2+-free ACSF as to leave 

NMDARs unblocked, and 50 μM DNQX was perfused into slices for 15 min to block the 

AMPAR-mediated component of the SC-CA1 fEPSP, leaving an isolated NMDAR-
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dependent fEPSP. Slices were then superfused with, and while blinded to, a range of 

concentrations of either (R,S)-ketamine or (2R,6R)-HNK or with saline vehicle control. 

Finally, 80 μM D-APV was applied to demonstrate that the fEPSPs recorded under these 

experimental conditions were in fact mediated by NMDARs. The degree to which 

NMDAR-mediated transmission was inhibited by individual concentrations of each 

compound were plotted, and an IC50 was calculated using a four-parameter Hill plot. 

 While (R,S)-ketamine modestly (20%) inhibited NMDAR-mediated fEPSPs at the 

lowest concentration (3 μM), 10 μM robustly and nearly completely antagonized fEPSPs 

(Figure 13A,D). In contrast, 10 μM, 50 μM and 100 μM concentrations of (2R,6R)-HNK 

did not significantly antagonize NMDAR-mediated fEPSPs compared to saline vehicle 

(Figure 13B,D). Roughly half of the NMDAR field was antagonized by 200μM 

concentrations of (2R,6R)-HNK, and it was completely eliminated at 1mM concentrations. 

The IC50 for ketamine and (2R,6R)-HNK in these experiments were thus calculated as 4.5 

μM and 211.9 μM respectively.  

 Because (S)-ketamine is a more potent NMDAR antagonist than (R)-ketamine 

(Zeilhofer et al., 1992) and racemic ketamine is metabolized into hydroxynorketamines 

stereoselectively (Desta et al., 2012), the concentration-response relationship for (2S,6S)-

HNK to block fEPSPs was also evaluated. Superfusion of 10μ M (2S,6S)-HNK did not 

reduce SC-CA1 NMDAR-mediated fEPSPs. At 100 μM and 300 μM, (2S,6S)-HNK 

blocked NMDA fEPSPs by approximately 50% and 100%, respectively. The IC50 for 

(2S,6S)-HNK was calculated to be 47.2 μM (Figure 13C,E). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3426663/
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Figure 13. Concentration–response relationship for (R,S)-ketamine, (2R,6R)-HNK, and 

(2S,6S)-HNK to inhibit NMDAR fEPSPs in the CA1 field of mouse hippocampal slices. 

NMDAR-mediated fEPSPs were recorded before and after superfusion of slices with 

various concentrations of ketamine (KET), (2R,6R)-HNK, and (2S,6S)-HNK. (A–C) 

Sample recordings of fEPSPs obtained before and during exposure to the slices to KET, 

(2R,6R)-HNK, or (2S,6S)-HNK are shown. Traces in blue represent baseline potentials. 

Traces in red, green, and orange represent fEPSPs recorded in the presence of ketamine, 

(2R,6R)-HNK, or (2S,6S)-HNK, respectively. Traces in gray represent fEPSPs recorded 

after application of APV. Graphs of changes in fEPSP slope as a function of concentrations 

of (D) KET and (2R,6R)-HNK and (E; 2S,6S)-HNK. The respective vehicle control values 

are plotted in blue. Data points and error bars represent mean and SEM, respectively [n = 

4–7 slices/test compound concentration; (R,S)-KET and (2R,6R)-HNK control, n = 36; 

(2S,6S)-HNK control, n = 19 (controls for each concentration were run separately for 

blinding purposes)]. The IC50 values of ketamine, (2R,6R)-HNK, and (2S,6S)-HNK were 

found to be 4.5, 211.9, and 47.2 µM, respectively.
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Experiment 4-2 Introduction: 

While the previous experiments demonstrate the concentration-response 

relationship of racemic ketamine and hydroxynorketamine metabolites on NMDAR-

receptor function, the disparity between these results and the findings of Suzuki et al. may 

be a factor of the ambient temperature at which experiments were conducted. Indeed, a 

number of characteristics of CA1 pyramidal cells vary with temperature, with a decrease 

of 10oC from the physiological temperature of 37oC increasing membrane resistance and 

slowing action potential kinetics (Thompson et al., 1985). Whole-cell currents mediated by 

NMDAR activation are significantly reduced at 25oC compared to 35oC, likely owing to 

changes in the kinetics of transitions between active and desensitized states, and glutamate 

unbinding (Cais et al., 2007), although the inhibitory effects of the non-competitive 

NMDAR antagonist ifenprodil were not found to be temperature dependent (though were 

more variable at higher temperatures; Korinek et al., 2010). 

 

Hypothesis (4-2): Antidepressant-relevant concentrations of (2R,6R)-HNK will not inhibit 

NMDA receptor function at physiological temperatures 
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Experiment 4-2 Results: 

 As before, hippocampal slices were prepared from male CD-1 mice between 70 to 

84 days old. Recordings were performed in Mg2+-free ACSF containing 50 μM DNQX, 

maintained at 32-35oC through the use of a heating chamber for the duration of each slice 

experiment. Superfusion of the slices with 10 μM ketamine reduced NMDAR-mediated 

hippocampal SC-CA1 fEPSPs by roughly 75% and complete antagonism was observed 

with 100 μM ketamine (Figure 14A,B). In contrast, superfusion of the slices with either 

10 μM or 100 μM (2R,6R)-HNK had no significant effect on the NMDAR-mediated 

fEPSPs compared to saline vehicle wash-in. Notably, NMDAR fEPSPs appeared larger by 

visual inspection at these higher temperatures (Figure 14A). 

 

Figure 14. Effects of (R,S)-ketamine and (2R,6R)-HNK to inhibit NMDAR fEPSPs in the 

CA1 field of mouse hippocampal slices at 34°C. NMDAR-mediated fEPSPs were recorded 

before and during superfusion of slices with either 10 or 100 μM concentrations of (R,S)-

ketamine (KET) or (2R,6R)-HNK maintained at 32-35°C. (A, B) Sample recordings of 

fEPSPs obtained before and during exposure to the slices to 100 μM or (2R,6R)- HNK are 

shown. Traces in blue represent baseline potentials. Traces in red and green represent 

fEPSPs recorded in the presence of ketamine or (2R,6R)-HNK respectively. Traces in gray 

represent potentials recorded after application of 80 μΜ APV. (B) Changes in fEPSP slope 

as a function of concentrations of KET and (2R,6R)-HNK compared to vehicle control 

values. Graph and error bars represent mean and standard error of the mean, respectively 

(n = 4-6 slices/condition; one-way ANOVA: F(4, 19) = 15,34; p<0.001. **p<0.01 per Holm 

Sidak’s post-hoc test. 
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Experiment 4-3 Introduction: 

 Because ketamine is a robust NMDAR antagonist and its historical use in human 

healthcare depended upon that property for its use in anesthesia, the prevailing hypothesis 

underlying ketamine’s antidepressant mechanism implicated NMDAR antagonism on 

interneurons as a key mediator for transient upregulation of excitatory cell activity. Thus, 

a number of compounds that inhibit or otherwise modulate glutamatergic transmission have 

entered clinical trials for human depression (Newport et al., 2015; Henter et al., 2021) but, 

regrettably, have found only minimal success in studies of human MDD.  

This remains perplexing, as even pharmacotherapies with ketamine-like 

mechanistic similarities fail to reverse depressive symptoms. For example, memantine, 

similarly to ketamine, blocks the open ion channel of NMDARs, (Gideons et al., 2014; 

Johnson & Kotermanski, 2006). However, it is not superior to placebo in clinical trials of 

MDD (Kishi etal., 2017). A similar pharmacological mechanism but lack of significant 

clinical outcomes is shared by lanicemine (Sanacora et al., 2016). Nitrous oxide, like 

ketamine, is a noncompetitive NMDAR antagonist, though it is not an open channel 

blocker (Mennerick et al., 1998; Sanders et al., 2008). A pilot clinical trial of nitrous oxide 

for treatment-resistant depression identified a promising, yet ultimately not significant, 

reduction of HAM-D scores after one treatment (though this study’s use of only 20 

individuals likely limited its predictive power; Nagele et al., 2014). Additionally, as 

ketamine’s preclinical antidepressant-like activity is hypothesized to rely on a degree of 

NMDAR-mediated transmission (Zanos et al., 2016; Chowdhury et al., 2017), the glycine-

site NMDAR partial agonist rapastinel (Zhang et al., 2008) appeared to be a promising 

alternative but was future clinical work was withdrawn by its parent company after the 



 

123 
 

failure to meet primary or secondary endpoints in a large phase III clinical trial involving 

nearly 500 participants (ClinicalTrials.gov identifier: NCT03560518).  

A review of the mechanisms of the many putative NMDAR-mediated 

antidepressants identified following the publication of Berman et al. (Berman et al., 2000) 

is outside the scope of this thesis. However, the repeated clinical trial failure of compounds 

other than ketamine suggests that simple NMDAR modulation is not the sole mediator of 

antidepressant effectiveness. These difficulties are perhaps explained by the recent 

discovery that hydroxynorketamine metabolites have their own bespoke antidepressant-

like properties in preclinical models of depression that are independent of NMDAR-

mediated actions (Zanos et al., 2016). Metabolism of ketamine to these metabolites occurs 

in both humans (Zarate et al., 2012) and rodents (Zanos et al., 2016). It is therefore critical 

to determine if this metabolism to hydroxynorketamines is necessary to the antidepressant 

actions of ketamine. To do so, we used a deuterated analog of ketamine that is not readily 

metabolized to hydroxynorketamine by liver CYP450 enzymes. Application of deuterated 

ketamine should result in a much lower concentration of HNK than what is produced by 

ketamine. Indeed, Zanos et al. (2016) observed significantly reduced efficacy of deuterated 

ketamine in behavioral assays of antidepressant action compared to ketamine, suggesting 

that ketamine’s antidepressant actions are independent of NMDAR blockade. 

Interpretation of this result requires a demonstration that deuterated ketamine is an 

equivalent NMDAR antagonist at the concentrations expected in these experiments. 

  

Hypothesis (4-3): A deuterated analog of R-ketamine (R-d2-ketamine) will inhibit 

NMDAR-mediated transmission with comparable efficacy as R-ketamine. 
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Experiment 4-3 Results: 

(Results from this chapter reflect the collaboration of a number of neuroscientists and are 

adapted from a previously published work entitled “(R)-Ketamine exerts antidepressant 

actions partly via conversion to (2R,6R)-hydroxynorketamine, while causing adverse 

effects at sub-anaesthetic doses.” (Zanos et al., 2019). For the purposes of this thesis, I will 

highlight only my own contributions to this work in this chapter and cite the contributions 

of others, where appropriate). 

 

R-ketamine and a deuterated analog (R-d2-ketamine) was administered at 10mg/kg 

(i.p.) to male CD-1 mice. Similar plasma and brain levels of R-ketamine and R-d2-ketamine 

were observed following dosing. Additionally, while the levels of deuterated and unlabeled 

R-norketamine metabolite were identical in both samples, significantly less deuterated 

(2R,6R)-hydroxynorketamine was observed compared to its unlabeled analogue. 

Male CD-1 mice between 9-11 weeks of age at the onset of the experiment were 

administered 2.5, 5, and 10 mg/kg doses of R-ketamine and R-d2-ketamine (i.p), and their 

immobility in the forced swim test was assessed 24 h later. A significant decrease in 

immobility time compared to saline-treated controls was observed in mice given 5 or 

10 mg/kg R-ketamine, or 10 mg/kg R-d2-ketamine. Similarly, helpless mice identified 

through a learned helplessness inescapable shock paradigm and treated with 5 or 10 mg/kg 

R-ketamine or with 10 mg/kg R-d2-ketamine demonstrated significantly fewer escape 

failures compared to saline-treated control mice. Sucrose preferences of these helpless 

animals were measured 48 h later, and animals treated with 2.5, 5, or 10 mg/kg R-ketamine 
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or with 5 or 10 mg/kg R-d2-ketamine had higher significantly sucrose preference than saline 

control animals. 

 To confirm that both R-ketamine and R-d2-ketamine demonstrate similar 

antagonism of NMDAR-mediated transmission, hippocampal slices were prepared from 

male CD-1 mice. SC-CA1 fields were recorded in Mg2+-free ACSF, then slices were 

superfused for 15 min with 50 μM DNQX to block AMPAR-mediated transmission. A 

wash-in of 2, 6, 20, or 60 μM concentrations of R-ketamine or R-d2-ketamine was 

performed for 30 min, and remaining NMDAR-mediated activity was antagonized with 80 

μM D-APV (Figure 15B). The degree to which NMDAR-mediated transmission was 

inhibited by individual concentrations of each compound were plotted and concentration-

response curves were constructed. IC50s were calculated using a four-parameter Hill 

equation. The calculated IC50s for R-ketamine and R-d2-ketamine were 9.96 and 7.73 μM, 

respectively (Figure 15A). 

 

 

 

 

 

 

 

 



 

126 
 

 

 

 

 

 

 

Figure 15. Concentration–response relationships of NMDA receptor-mediated fEPSP 

slope as a function of compound concentration for (R)-KET and (R)-d2-KET. (A; R)-

Ketamine inhibited electrically evoked NMDA receptor-mediated fEPSPs in the CA1 

hippocampal region of mouse brains with an IC50 of 9.96 μM (95% confidence intervals: 

8.21–12.08μM) and (R)-d2-ketamine with an IC50 of 7.73 μM (95% confidence intervals: 

6.14–9.71μM. (B) Typical traces of NMDA receptor-mediated fEPSPs in slices from 

mouse CA1 stratum radiatum in response to stimulation of the Schaffer collateral axons 

before and after perfusion of either 6- or 60-μM (R)-KET and (R)-d2-KET.

A B 
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Chapter 4 Discussion: 

 Ketamine has emerged as a leading rapid-acting antidepressant therapeutic, though 

its dissociative properties and abuse potential limit its clinical use. Because of this, 

administration of ketamine for major depression is conducted in an inpatient setting, which 

may be disruptive and increase the financial burden of treatment. The finding that 

ketamine’s mechanism of action may involve an NMDAR-independent action mediated by 

its major hydroxynorketamine metabolites therefore has significant clinical relevance, as 

it presents a means by which to retain ketamine’s robust antidepressant effects while 

minimizing its undesirable off-target effects. The aforementioned experiments provide 

robust evidence that antidepressant-relevant concentrations of (2R,6R)-HNK do not block 

NMDAR function, and that metabolism of ketamine to this compound contributes to 

ketamine’s antidepressant effects. 

 

Hypothesis (4-1): Antidepressant-relevant concentrations of (2R,6R)-HNK will not inhibit 

NMDAR receptor function. 

 As previously described, (2R,6R)-HNK has antidepressant-like effects in a number 

of depression-relevant rodent behavioral tasks (Zanos et al., 2016). These effects occur 

independent of NMDAR activation, as (2R,6R)-HNK does not displace the NMDAR 

antagonist MK-801 in vitro and potentiates hippocampal SC-CA1 fields while NMDAR-

mediated transmission is blocked by APV (Zanos et al., 2016; Riggs et al., 2020). However, 

it was found that a 50 μM, but not 10 μM, wash-in of (2R,6R)-HNK modestly inhibits 

NMDAR activity in whole-cell patch-clamp recordings, though this effect was markedly 
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less pronounced compared to an equivalent concentration of (R,S)-ketamine (Suzuki et al., 

2017). Therefore, in order to rectify these disparate results, it became necessary to answer 

the following questions: What is the in vivo concentration of (2R,6R)-HNK after an 

antidepressant-like dose? What are the effects of that concentration on NMDAR function? 

 Administration of 10 mg/kg (2R,6R)-HNK significantly reduces FST immobility 

time both 1 h and 24 h after treatment (Lumsden et al., 2019), as well as reduces latency to 

feed in the NSF (Lumsden et al., 2019, Zanos et al., 2016) and chronic corticosterone-

induced deficits in the SPT (Zanos et al., 2016). In vivo, this 10 mg/kg dose produces a 

maximal concentration of (2R,6R)-HNK of approximately 25 μM in plasma and 8 μM in 

the hippocampus (Lumsden et al., 2019), a concentration found by Suzuki et al. to have 

minimal effect on NMDAR-function (Suzuki et al., 2017).  

 A wash-in of 10 μM (2R,6R)-HNK in hippocampal slices did not reduce 

hippocampal SC-CA1 NMDAR-mediated fEPSPs, nor was there a significant change in 

fEPSP slope following perfusion of 100μM (2R,6R)-HNK. The concentration-response 

relationship for (2R,6R)-HNK to inhibit NMDA fEPSPs was evaluated using 

concentrations ranging from 10 μM to 1 mM, and the IC50 of (2R,6R)-HNK was calculated 

to be 211.9 μM. This is in sharp contrast to the robust NMDAR inhibition observed from 

(R,S)-ketamine wash-in (IC50 of 4.5 μM). In addition, (2R,6R)-HNK was found to be 

significantly less potent than its enantiomer, (2S,6S)-HNK (IC50 of 47.2 μM). The 

conclusion that (2S,6S)-HNK is roughly 4 times more potent than (2R,6R)-HNK mirrors 

previous findings with S- and R- enantiomers of ketamine (White et al., 1985; Domino, 

1965). 
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While it is always important to provide evidence of a compound’s mechanism of 

action, it is especially critical to do so when one’s findings are counter to the established 

consensus. A hypothesis that is tested through multiple robust, multidisciplinary techniques 

is significantly stronger than those that only explore it through one. In addition to my 

NMDAR-fEPSP slice electrophysiological contributions to this work, the 

dose/concentrationresponse relationships for ketamine and (2R,6R)-HNK to inhibit 

NMDAR function were assessed through analysis of: (i) NMDA-induced lethality in mice, 

(ii) frequency and amplitude of NMDAR-mediated mEPSCs in rat hippocampal slices, and 

(iii) amplitude of whole-cell currents evoked by activation of distinct NMDAR subtypes 

ectopically expressed in Xenopus oocytes. In each of these assays, a 10 μM concentration 

of (2R,6R)-HNK was found to be insufficient to significantly inhibit NMDAR function. 

Indeed, in nearly every aforementioned assay, the IC50 or ED50 of (2R,6R)-HNK was 

calculated to be greater than 200 μM. 

 

Hypothesis (4-2): Antidepressant-relevant concentrations of (2R,6R)-HNK will not inhibit 

NMDA receptor function at physiological temperatures 

 Because the kinetics and activity of NMDARs vary with temperature (Thompson 

et al., 1985; Cais et al., 2008), it was suggested that the temperature at which recordings 

were obtained could contribute to the discrepancy between our findings and the findings 

of Suzuki et al. Ambient temperature is rarely a variable explored in many 

electrophysiological studies. In the majority of cases, conditions are merely stated to be at 

“room temperature,” a nebulous and colloquial term that generally encompasses 
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approximately 20-25°C but may fluctuate with the season and climate-control system 

programming in the testing facilities, or simply the whims of the facilities management.   

In this study, NMDA-induced lethality was assessed as a means to determine in 

vivo potency of ketamine and its metabolites to block an effect induced by NMDA. Briefly, 

acute administration of a high dose of NMDA to rodents induces seizures that become very 

severe and eventually lead to death; seizures and lethality induced by NMDA are prevented 

by pretreatment with NMDAR antagonists (Czuczwar et al., 1982; Leander et al., 1988). 

A standard 10 mg/kg (i.p.) dose of ketamine, sufficient to mediate antidepressant-like 

effects in rodents (Zanos et al., 2016), abolished NMDA (200 mg/kg, i.p.)-induced lethality 

by 75%, while 100 mg/kg (i.p.) (2R,6R)-HNK was unable to prevent the lethal effect of 

NMDA (Lumsden et al., 2019). As these assays were conducted in vivo, and, therefore, at 

rodent body temperature, it was likely that (2R,6R)-HNK’s NMDAR antagonism is 

temperature independent. This conclusion was supported by electrophysiological 

recordings of mouse SC-CA1 NMDAR-mediated fEPSPs conducted at 32-35oC, as these 

experiments identified no significant inhibitory effect of (2R,6R)-HNK at either 10 μM or 

100 μM on NMDA fEPSPs.  

 

Hypothesis (4-3): A deuterated analog of R-ketamine (R-d2-ketamine) will inhibit NMDAR-

mediated transmission compatibly to R-ketamine. 

 The finding that (2R,6R)-HNK has antidepressant-like properties that are 

independent of NMDAR antagonism has a critical impact on our understanding of 

ketamine’s antidepressant mechanism. Although NMDAR antagonists other than ketamine 
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have shown antidepressant-like properties in preclinical studies, only ketamine has seen 

repeated success in clinical trials, culminating in its FDA approval for use in treating MDD. 

This suggests that rapid antidepressant action is not solely mediated by a reduction of 

NMDAR function but is enhanced by a property unique to ketamine—potentially mediated 

in part by the action of its hydroxynorketamine metabolites (Chou et al., 2018; Pham et al., 

2018; Zanos et al., 2016).  

 The extent to which (2R,6R)-HNK contributes to the antidepressant-like effects of 

ketamine is only now being robustly explored. Ketamine is metabolized primarily through 

the action of cytochrome P450 enzymes in the liver (Portmann et al., 2010), producing 

hydroxynorketamines which readily cross the blood-brain barrier (Highland et al., 2019). 

However, direct infusion of R-ketamine into the rodent brain (where it is not readily 

metabolized; Moaddel et al., 2015) still yields antidepressant-like effects (Shirayama & 

Hashimoto, 2017) as does systemic administration of R-ketamine co-administered with a 

cytochrome P450 inhibitors (Yamaguchi et al., 2018). 

 We examined the degree to which metabolism of ketamine is necessary for its 

antidepressant-like effects using a deuterated analogue of R-ketamine. An intraperitoneal 

injection of R-d2-ketamine results in markedly reduced (4.5-7-fold less) conversion to 

deuterated (2R,6R)-HNK as quantified in samples of plasma and whole brain tissue. Before 

the use of R-d2-KET in behavioral assays, it is critical to confirm whether its mechanistic 

activity is identical to R-ketamine. Both compounds have similar affinity for the NMDA 

receptor, as assessed through MK-801 displacement. In this study, I examine the 

concentration-response relationships for both R-ketamine and R-d2-ketamine to block 

NMDAR-mediated transmission in the SC-CA1 field of the mouse hippocampus. The two 
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compounds were not significantly different functionally, with IC50s of 9.96 μM and 

7.73 μM for R-ketamine and R-d2-ketamine, respectively. 

 Both compounds evoked significant behavioral responses in  tests of behavioral 

despair (learned helplessness and forced swim tests) and hedonic behavior via the sucrose 

preference test. However, R-ketamine consistently produced significant reversal of 

depression-like behaviors at lower dosages than R-d2-ketamine. Taken together, this 

evidence suggests that the metabolism of R-ketamine to (2R,6R)-HNK is critical to 

ketamine’s antidepressant-like behavioral responses. Because ketamine’s broad 

antagonism of NMDARs underlies its psychotomimetic and dissociative effects, 

challenging its widespread clinical use, this finding is valuable because it recapitulates that 

(2R,6R)-HNK contributes to ketamine’s antidepressant actions, and suggests ketamine’s 

undesirable off-target effects may be minimized through the use of lower concentrations 

of its R- enantiomer. 

 

Conclusion: 

 Based on the results of the aforementioned experiments, I conclude that ketamine’s 

antidepressant-like activity is enhanced by its metabolism to (R,S)-hydroxynorketamine, 

and that the anti-anhedonic and antidepressant-relevant synaptic effects of these 

metabolites are mediated through a mechanism that is independent of NMDAR antagonism. 
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Chapter 5: Identifying the rapid antidepressant-like actions of psilocybin and the 

necessity of 5-HT2A receptor activation 

 

Experiment 5-1 Introduction: 

 Although psychedelic compounds have been used by humans for millennia for 

ritualistic or shamanistic purposes, their use in the treatment of neuropsychiatric disorders 

only began in earnest in the mid-20th century, spurred on by Albert Hofmann’s accidental 

discovery of LSD in 1943 (Hofmann, 1971). Near global prohibition of psychedelics in the 

late 1960s ultimately stymied their continued research, but evidence emerging from 

modern studies have given the compounds renewed attention both in the public eye and 

among psychiatric neuroscientists. Similar to other serendipitous discoveries for which the 

mechanism of action is not comprehensively understood (such as the discovery of 

monoamine antidepressants), psychedelic compounds exert robust therapeutic clinical 

effects in otherwise intractable mood disorders like treatment-resistant depression 

(Carhart-Harris et al., 2018; Carhart-Harris et al., 2017), existential end of life anxiety in 

terminally ill individuals (Ross et al., 2016; Griffiths et al., 2016), and post-traumatic stress 

disorder (Oehen  et al., 2013; Mithoefer et al., 2013). 

 The consciousness-altering effects of psychedelics have historically been desirable 

in anthropological contexts, providing the user with perceptual connection to a sacred 

realm and viscerally enhancing religious ceremonies (Barrett et al., 2018). It is due to these 

theological applications that ethnobiologist Carl Ruck coined the term “entheogen” in order 

to separate the use of these drugs in spiritual wellness from the negative connotations of 
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the terms “psychedelics” or “hallucinogens,” which may allude to psychosis and mental 

illness (Ruck et al., 1979). These subjective effects of these compounds can be assessed in 

the clinic through either Mystical Experience Questionnaire (Pahnke & Richards, 1966; 

Barrett et al., 2015), or, more recently, the Altered States of Consciousness Questionnaire 

(Dittrich, 1998). The focus of both scales varies somewhat, but both quantify perceptual 

changes to spirituality, transcendence of time and space, and mood. 

 These dramatic alterations of perception, however, are a challenge to the use of 

psychedelics in a clinical context. For example, psilocybin-assisted therapy involves 

multiple predosing visits where the patient is acquainted with the monitoring staff and room 

in which the drug is to be administered in order to reduce anxiety. As psilocybin’s 

psychological effects persist for up to 6 h (Passie et al, 2002), the dosing session takes 

place over an 8-h period, and integrative therapy sessions begin the day after dosing, then 

recur for several days afterwards (Tai et al., 2021; ClinicalTrials.gov identifier: 

NCT04433858). This, of course, is a major financial and time commitment and is in stark 

contrast to the use of serotonergic antidepressant pharmacotherapies, which are simply 

prescribed for home dosing and do not produce noticeable changes in perception or 

consciousness.  

Shockingly, a patent has been filed for this psychedelic-assisted therapy 

methodology, which includes such foundational components as “administering an effective 

amount of psilocybin or an active metabolite” as the patient “lies in the bed or on the couch 

for approximately 4-8 h” with “at least one psychological support session before” and “at 

least three psychological support sessions after administration of the psilocybin” 

(International Patent Application: PCT/IB2020/053688). Regardless of whether this is a 
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valid application of patent law (absurdly, the use of “a bed or a couch” and rooms 

“decorated with muted colors” are included in the patent), if psilocybin is to be used 

commercially in a clinical context, it is likely to continue to require a significant time 

commitment for patients and providers. 

One of the most fervently debated questions surrounding use of psychedelics in 

psychiatric medicine is the necessity of their subjective, consciousness-altering effects. 

Psilocybin’s profound psychedelic experiences are routinely reported as being among of 

the most personally and spiritually meaningful events in patients’ lives (Griffiths et al., 

2018; Griffiths et al., 2006). The intensity of psychedelic experiences significantly 

correlates with a number of positive personality changes, including an increased sense of 

gratitude, forgiveness, and one’s meaning in life (Griffiths et al., 2018). In addition, it 

predicts the remission of depressive symptoms (Davis et al., 2021; Davis et al., 2020) and 

end of life anxiety (Griffiths et al., 2016). 

However, it is important to note that the aforementioned studies reporting 

correlations between psychedelic mystical experiences and positive psychological 

outcomes do so using a range of doses of psilocybin. It is, therefore, difficult to conclude 

that it is the intensity of the experience itself mediating the therapeutic effect rather than 

increased psilocybin doses producing greater levels of 5-HTR activation. Indeed, 

psilocybin-mediated alterations of perceptions in humans are dose dependently blocked by 

the 5-HT2AR antagonist ketanserin (Vollenweider et al., 1998), which also acutely reduces 

psilocybin’s self-reported mood enhancement in one study of 17 individuals (Kometer et 

al., 2012). This study utilized healthy, non-depressed individuals however, and it is, 

therefore, difficult to extrapolate this finding to effects of 5-HT2AR blockade on 
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psilocybin’s sustained antidepressant effects. For example, chronic dosing of fluoxetine 

does not further enhance the mood of healthy individuals (Gelfin et al., 1998). 

Insight into the necessity of 5-HT2AR activation in mediating the antidepressant-

like actions of psychedelics can be gleamed from preclinical rodent studies. Activation of 

5-HT2ARs in rodents produces a distinct head-twitching behavior (Willins & Meltzer, 

1997; Halberstadt et al., 2020), which is abolished by ketanserin and other 5-HT2AR 

antagonists (Schreiber et al., 1995). While this behavior bears little resemblance to the 

human psychedelic state, it provides an effective behavioral measure of 5-HT2AR 

activation in vivo.  

Numerous studies show rapid antidepressant-like behavioral effects of psychedelic 

compounds in rodents, such as a reduction of forced swim immobility time in response to 

N,N-dimethyltryptamine (DMT), LSD, and psilocybin (Cameron et al., 2018; Hibicke et 

al., 2020). Tabernanthalog, a chemical analogue to the plant-derived psychoactive 

compound ibogaine (Rodrı́guez et al., 2020), reduces forced swim test immobility without 

the induction of a head-twitch response (somewhat paradoxically, as this behavioral effect 

is blocked by ketanserin; Cameron et al., 2021). It is, therefore, important to determine the 

necessity of 5-HT2AR activation in mediating psilocybin’s antidepressant-like effects in a 

range of hedonic behaviors in order to translate this pharmacological approach to human 

clinical trials. 

Hypothesis (5-1): Psilocybin has rapid-acting antidepressant-like effects in a rodent model 

of stress-induced anhedonia that do not require 5-HT2AR activation. 
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Experiment 5-1 Results: 

(Results from this chapter represent the contribution of all members of our lab and adapted 

from a previously published work entitled “Harnessing psilocybin: antidepressant-like 

behavioral and synaptic actions of psilocybin are independent of 5-HT2R activation in 

mice.” (Hesselgrave et al., 2021). Regarding this results chapter, I ran one of two cohorts 

of animals through a chronic multimodal stress paradigm and assessed their hedonic 

behavior). 

 

Eight-week-old male C57Bl/6J mice were exposed to a chronic multimodal stress 

protocol for 10-14 days (Figure 16A), sufficient to induce significant decreases in their 

sucrose preference and female urine preference scores. Stress-susceptible mice were 

identified and sorted into balanced groups based on their post-stress hedonic behavior and 

administered pretreatment of 2 mg/kg ketanserin or an equivalent volume of saline vehicle 

(i.p.). One hour later, mice were given 1 mg/kg psilocybin or saline. Hedonic behaviors 

were reassessed 24 h later, and a significant increase in both female urine and sucrose 

preferences was observed in groups treated with psilocybin, regardless of ketanserin 

pretreatment (Figure 16B,C). Neither saline nor ketanserin alone significantly increased 

hedonic behavior.  

Because the rodent head-twitching response is mediated by 5-HT2AR activation, we 

quantified head twitches to assay the effectiveness of ketanserin pretreatment in vivo. 

Immediately following the administration of the second injection of either saline or 

psilocybin, these animals were transferred to their home cages with the lid off and their 
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behavior was recorded. The number of head twitches within the first 15 min of these 

recordings were examined by 3 experimenters blinded to treatment, and events identified 

by 2 of the 3 were counted as head twitches. Mice administered psilocybin without 

ketanserin pretreatment displayed significantly more head twitching compared to those 

receiving vehicle or ketanserin alone. Ketanserin pretreatment reduced the number of 

psilocybin-induced head twitches, which was comparable to that seen in vehicle-treated 

mice, confirming the 5-HT2AR antagonism of ketanserin at the given dose (Figure 17A). 

Notably, 2 of the 8 ketanserin-pretreated mice still displayed high head (>15/15 

min) twitching behavior, while 1 of the 7 mice administered psilocybin alone had minimal 

(3/15 min) head twitching. In order determine the degree to which 5-HT2AR activation 

mediates restoration of hedonic behavior, psilocybin-treated mice were divided into high 

(>7/15 min, greater than any of the control mice) and low (<7/15 min, comparable to 

control mice) groups. Post-hoc separation of hedonic behaviors after treatment yielded a 

significant restoration of both sucrose and female urine preferences compared to post-stress 

values in both high and low twitching mice treated with psilocybin (Figure 17B,C). 
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Figure 16. Restoration of hedonic behavior after chronic stress by psilocybin is unaffected 

by ketanserin. (A) Experimental timeline illustrating when hedonic behaviors were 

measured in relation to CMMS and drug treatment. (B) CMMS significantly decreased 

sucrose preference (SP) compared to baseline across all treatment groups: vehicle–vehicle 

(gray; P = 0.0012; n = 12), ketanserin–vehicle (blue; P = 0.0012; n = 6), vehicle–psilocybin 

(yellow; P = 0.0012; n = 13), and ketanserin–psilocybin (green; P = 0.0012; n = 7). 

Treatment with psilocybin (1 mg/kg, i.p.) signific antly increased SP compared to values 

after CMMS, whether animals were pretreated with ketanserin (2 mg/kg; P = 0.042) or a 

vehicle control (P = 0.0012). Neither injection with vehicle (P = 0.078) nor ketanserin 

alone (P = 0.87; n = 6) had a significant effect on SP following CMMS. Three-way 

repeated-measures ANOVA revealed a significant effect of stress (F2,68 = 60.26, P < 

0.0001) and interaction of Stress × Psilocybin (F2,68 = 4.50, P = 0.015) but not for Stress × 

Psilocybin × Ketanserin (F2,68 = 0.05917, P = 0.9426). (C) CMMS significantly decreased 

preference for female urine compared to baseline: vehicle–vehicle (P = 0.013; n = 6), 

ketanserin–vehicle (P = 0.0012; n = 4), vehicle–psilocybin (P = 0.0012; n = 5), and 

ketanserin–psilocybin (P = 0.0012; n = 4). Treatment with psilocybin significantly 

increased preference for the scent of female urine compared to values after CMMS whether 

animals were pretreated with ketanserin (P = 0.0024) or vehicle (P = 0.0012). Following 

CMMS, neither injection with vehicle (P = 0.43) nor ketanserin alone (P = 0.072) had a 

significant effect on female urine preference. Stress significantly reduced female urine 

preference in all groups (F2,30 = 43.41, P < 0.0001), and a three-way repeated-measures 

ANOVA showed a significant interaction between Stress × Psilocybin (F2,30 = 4.26, P < 

0.024) but not between Stress × Psilocybin × Ketanserin (F2,30 = 0.8677, P = 0.4302). The 

figure bars represent the group means ± SEM. The reported post hoc comparisons were 

corrected with the Holm-Sidak method. *P < 0.05; **P < 0.005; ns, not significant. 
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Figure 17. Pretreatment with ketanserin effectively blocks 5-HT2A activation. (A) 

Pretreatment with ketanserin (2 mg/kg) 60 min prior to psilocybin (1 mg/kg) administration 

prevents head twitching during the 15 min immediately following drug injection in mice 

(ket-psil versus ket-veh, P = 0.26). The difference between groups (F3,25 = 6.96, P = 0.0015) 

was driven by the increase in head twitching seen in vehicle–psilocybin animals (veh-veh 

versus veh-psil, P = 0.0045). (B) In animals treated with psilocybin (n = 14), both with and 

without ketanserin, there was no effect of head twitching (F1,12 = 0.53, P = 0.48) but a 

significant effect of time (F2,24 = 38.90, P < 0.0001), revealing significant differences 

between stress and posttreatment SPT in both high head twitching (P = 0.0005) and low 

head twitching (P = 0.038) mice. Of these also used in the FUST (n = 9), there was no 

effect of head twitching (F1,7 = 0.1040, P = 0 0.7565) but a significant effect of time (F2,14 

= 23.05, P < 0.0001), showing a significant difference in female urine preferences between 

high (P = 0.0007) and low (P = 0.0086) head twitching mice between poststress and 

posttreatment timepoints. 
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Experiment 5-2 Introduction: 

 While psilocybin holds exciting promise as an antidepressant, much of the 

mechanistic understanding of psychedelics stems from (and is limited by) human studies, 

which primarily focus on neuroimaging. Psychedelics like psilocybin acutely 

desynchronize activity between the anterior and posterior cingulate cortices and the 

prefrontal cortex (Carhart-Harris et al., 2012) promoting an increase in functional 

connectivity across the brain that persists for weeks after administration (Barrett et al., 

2020). Ultimately, this gives us a very “big picture” view of the actions of these compounds, 

but their effects on synaptic physiology and receptor pharmacology can only be examined 

with the requisite depth in animal and in vitro models.  

Similar to ketamine, GABA-NAMs, and SSRIs, emerging evidence suggests 

serotonergic psychedelics have robust effects on synaptic plasticity. In vitro administration 

of LSD, DMT, or psilocin to rat primary cerebral cortical cultures increases dendritic 

arborization (Ly et al., 2018). A similar trend is observed in vivo, where class I Drosophilia 

neurons experienced increased dendritic branching in response to LSD. Additionally, 

ibogaine (Cameron et al., 2021) and psilocybin (Shao et al., 2021) promote spine growth 

in the rodent frontal cortex, as does DMT in the dentate gyrus (Lima da Cruz et al., 2019). 

Psychedelics also upregulate the production of of synaptic pro-growth factors like c-fos 

(Nichols & Sanders-Bush, 2002; González-Maeso et al., 2007) and BDNF (Vaidya et al., 

1997; Ly et al., 2018).  

These effects have been presumed to be mediated through 5-HT2AR activation. For 

example, the psychedelic compound 2,5-dimethoxy-4-iodoamphetamine (DOI) enhances 

the formation of dendritic spines in vivo and in vitro (Ly et al., 2018; Jones et al., 2009; Mi 
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et al., 2017). DOI is a 5-HT2A, 5-HT2B and 5-HT2C receptor agonist, and has strong affinity 

for these receptors over other serotonin receptor subtypes (Baxter et al., 1995). Ibogaine’s 

enhancement of dendritic arborization of rat cortical neurons in vivo is also prevented by 

ketanserin pretreatment (Cameron et al., 2021).  

However, there is also evidence that serotonergic psychedelics promote 

morphological changes through 5-HT2AR-independent mechanisms. For example, 

dendritic remodeling is still observed following 2 months of chronic “microdosing” of 

DMT in rats at a dose not expected to produce psychedelic alterations of perception 

(1 mg/kg vs a standard hallucinogenic dose 10 mg/kg). Notably, this dosing protocol 

resulted in a decrease of layer V pyramidal cell dendritic spines, an effect only observed 

in female mice. Stronger evidence of 5-HT2AR independence is that psilocybin’s induction 

of spine growth in mouse cortical neurons is not blocked by pretreatment of 1 mg/kg 

ketanserin, a dose sufficient to abolish the head twitch response (Shao et al., 2021). In 

contrast to these morphological observations, there is a paucity of functional evidence of 

changes in synaptic transmission. Only an increase in mEPSC frequency and amplitude 

has been correlated to an increase in spine formation rate in both male and female mice 

treated with psilocybin (Shao et al., 2021).  

 

Hypothesis (5-2): Psilocybin strengthens chronic stress-weakened synapses within the 

TA-CA1 pathway through a 5-HT2AR-independent mechanism. 
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Experiment 5-2 Results: 

(Hippocampal slice preparation and TA-CA1 recordings were performed by Natalie 

Hesselgrave. Together, we also performed the blinded quantification of AMPA:NMDA 

ratios.) 

 Following the completion of hedonic behavioral assays for the prior hypothesis, 

hippocampal slices were prepared from these animals and hippocampal TA-CA1 

AMPA:NMDA ratios were quantified. Calculated AMPA:NMDA ratios were significantly 

greater among stress-sensitive mice administered 1 mg/kg psilocybin, regardless of 

ketanserin pretreatment, compared to mice given vehicle or ketanserin alone (Figure 

18A,B). This increase in TA-CA1 synaptic strength was driven by an increase in AMPAR-, 

rather than NMDAR-mediated transmission (Figure 18C,D), and AMPA:NMDA ratios 

correlated with a change in animal’s sucrose preference between baseline and post-

treatment timepoints (Figure 18E). 

 As ketanserin pretreatment did not entirely abolish head twitches in all animals 

treated with psilocybin nor did psilocybin promote more frequent head twitching responses 

in each animal, AMPA:NMDA ratios were categorized as before into post-hoc high and 

low head-twitching groups. If 5-HT2AR activation were necessary to the synaptic-

strengthening actions of psilocybin, one might predict that AMPA:NMDA ratios would be 

higher in the high than in the low head-twitching group. We observed no significant 

difference of the AMPA:NMDA ratios between psilocybin-treated animals in either group 

(Figure 18F). 
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Figure 18: Psilocybin strengthens hippocampal TA-CA1 synapses following CMMS. (A) 

Example field EPSPs (fEPSPs) from a single stimulation intensity from one hippocampal 

slice per group, recorded in Mg2+-free ACSF (black), after wash-in of DNQX (50 µM; dark 

gray) and then APV (80 µM; light gray) to isolate AMPA- and NMDAR-mediated 

components. (B) Mice subjected to CMMS and treated with psilocybin had higher 

AMPA/NMDA ratios compared to stressed mice given only vehicle (gray, n = 12) or 

ketanserin (blue, n = 7), regardless of whether they were pretreated with ketanserin (green, 

n = 7; P = 0.0002) or vehicle (yellow, n = 13; P = 0.0003). Two-way ANOVA showed a 

significant effect of psilocybin (F1,34 = 34.79, P < 0.0001) but not ketanserin × psilocybin 

(F1,34 = 1.422, P = 0.2414). (C) Psilocybin increased the AMPA/FV ratio of the fEPSP 

(two-way ANOVA: F1,34 = 4.378, P = 0.044). (D) Treatment with psilocybin did not change 

the NMDA/FV ratio of the fEPSP (two-way ANOVA: F1,34 = 2.077, P = 0.16). (E) Changes 

in sucrose preference in individual mice between baseline and post-treatment 

measurements were significantly correlated with the average AMPA:NMDA ratio, a 

measure of TA-CA1 synaptic strength (y = 1.725x–44.06, R2= 0.18, p = 0.0072). (F) A 

two-tailed, unpaired t test comparing AMPA/NMDA ratios between high (n = 8) and low 

(n = 6) head twitching mice found no difference between groups (P = 0.7717). *P < 0.05; 

***P < 0.0005; ns, not significant.
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Chapter 5 Discussion: 

Psilocybin has rapid acting antidepressant properties in human clinical trials, performing 

at least as well as chronic SSRI administration (Carhart-Harris et al., 2021). It has also 

found clinical success in numerous other mood disorders and may have a role in the 

treatment of substance abuse. A key characteristic of psilocybin and other serotonergic 

psychedelics is the dramatic alterations of perception and consciousness experienced by 

users. These psychedelic experiences are generally considered to be key to their 

psychological effects, allowing the user to gain newfound insight that manifests in positive 

behavioral outcomes. Additionally, these mind-altering effects last for hours coupled with 

psilocybin’s decades long history of recreational use limit its therapeutic potential; , clinical 

use of psilocybin has historically required multiple lengthy inpatient visits. Therefore, we 

asked if the activation of the 5-HT2AR, which is necessary to mediate the psychedelic 

experience in humans, is required for psilocybin’s antidepressant-like actions in a rodent 

model of stress-induced anhedonia. 

 

Hypothesis 5.1: Psilocybin has rapid-acting antidepressant-like effects in a rodent model 

of stress-induced anhedonia that do not require 5-HT2AR activation. 

Consistent with other preclinical behavioral studies of psychedelics, we show 

evidence that psilocybin has rapid antidepressant-like effects in chronic stress-induced 

anhedonia in mice. Because most studies to date assess antidepressant action through 

measures of forced swim test immobility (Hibicke et al., 2020; Cameron et al., 2018; 

Hibicke et al., 2020; Rodrı́guez et al., 2020; Cameron et al., 2021), our findings are notable 



 

146 
 

because they provide the first evidence of psilocybin’s actions on depression-relevant 

hedonic tasks. Additionally, antagonism of pro-hallucinogenic 5-HT2ARs does not block 

the antidepressant-like properties of psilocybin, though it is sufficient to significantly 

reduce 5-HT2AR-mediated head-twitching behaviors. 

It is worth noting a few limitations of the use of ketanserin in this study. In the 

Systemic administration of 1 mg/kg ketanserin (s.c.) to Sprague-Dawley rats blocks 5-

HT2AR occupancy by only 30% in the cerebral cortex (Smith et al., 1995). The low 

effectiveness of ketanserin has been associated with its poor passive transport kinetics 

across the blood brain barrier of rodents, as is observed with the related compound 

altanserin (Syvänen et al., 2009). We were aware of this limitation and used a higher (2 

mg/kg) dose of ketanserin to maximize 5-HT2AR antagonism. While 2 of the 8 ketanserin-

pretreated mice that were administered psilocybin still displayed frequent head twitching 

behavior, we confirmed the activity of this 2 mg/kg dose of ketanserin in a separate cohort 

of animals by its ability to block decreases in oscillatory delta power within hippocampal 

area CA1 in vivo by a dose of psilocybin ten times higher than that used in behavioral 

experiments (10 mg/kg vs 1 mg/kg). While we can only speculate as to the cause of 

increased head-twitching in ketanserin-treated animals, it is notable that non-psychedelic 

5-HT2AR agonists like ibogaine analogues, (Cameron et al., 2021), lisuride, and ergotamine 

(González-Maeso et al., 2007) do not cause head-twitching in rodents. The 5-HT2AR is 

critical to mediate the psychedelic response, however, as mice lacking this receptor do not 

display head-twitching activity in response to serotonergic psychedelics (González-Maeso 

et al., 2007). Together, these findings suggest that the mind-altering properties of 

psychedelics may be mediated by biased agonism, or that the head-twitching response in 
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rodents is a product of the activation of peripheral 5-HT2ARs (Okamoto et al., 2002; Canal 

et al., 2012). 

Ketanserin, however, has high bioavailability in humans (Persson et al., 1991). 

While other 5-HT2AR antagonists demonstrate greater in vivo affinity and selectivity in the 

primate brain such as MDL-100,907 (López-Giménez et al., 1998), ketanserin has been 

studied clinically for decades and is well tolerated at clinically relevant doses (Vanhoutte 

et al., 1988; Andrén et al., 1983), speeding the translation of a ketanserin-psilocybin co-

therapeutic approach to human clinical trials for major depression. While other means to 

isolate psilocybin’s antidepressant properties from their dramatic perceptual effects have 

been proposed, such as the administration of psilocybin while under deep anesthesia 

(Yaden et al., 2020), this approach is more clinically invasive than current dosing protocols 

and any findings would likely be confounded by the antidepressant-like properties of many 

anesthetics, such as ketamine or isoflurane (Zhang et al., 2019). Therefore, the co-

administration of a 5-HT2AR agonist with a serotonergic psychedelic provides the most 

direct means by which to determine the necessity of the psychedelic experience to the 

antidepressant response.  

Because psilocybin is rapidly metabolized to psilocin, a molecule with high affinity 

for nearly every 5-HTR (Halberstadt & Geyer, 2011), it likely has converging mechanisms 

with traditional SSRI treatment. Insights from SSRIs suggest that their behavioral actions 

in humans may be independent of 5-HT2AR activation, as many of these compounds are 

antagonists at this receptor (Marek et al., 2003) or are enhanced by co-administration with 

a bespoke 5-HT2AR antagonist (Marek et al., 2005; Hirose & Ashby, 2002). This 

phenomenon may result from the finding that activation of 5-HT2ARs desensitize 5-HT1ARs 
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(Zhang et al., 2004; Yuen et al., 2008). Augmentation of SSRI treatment with a 5-HT1AR 

agonist (buspirone) is associated with better clinical outcomes in treatment-resistant 

depression (Joffe & Schuller, 1993; Bouwer & Stein et al., 1997; Dimitriou & Dimitriou, 

1998). Third-generation SSRI molecules, including vilazodone and vortioxetine, are now 

designed with a degree of 5-HT1AR agonism (Celada et al., 2013), though it is worth noting 

these newer compounds do not significantly outperform earlier SSRIs in meta-analyses 

(Cipriani et al., 2018). 

 

Hypothesis 5.2: Psilocybin strengthens chronic stress-weakened synapses within the TA-

CA1 hippocampal field through a mechanism that does not require 5-HT2AR activation. 

Stress-sensitive animals administered psilocybin were found to have higher 

AMPA:NMDA ratios measured in the field of hippocampal TA-CA1 synapses, and this 

ratio positively correlates with the restoration of hedonic behavior. This is an action that 

psilocybin shares with chronic SSRI administration (Kallarackal et al., 2013) and the 

actions of GABA-NAMs (Fischell et al., 2015), serving as a synaptic substrate of a 

depression-like state and the actions of persistent antidepressant-like activity in rodents. 

Our finding that psilocybin strengthens excitatory synapses corroborates findings 

that serotonergic psychedelics also increase the frequency and amplitude of spontaneous 

EPSCs in pyramidal cells in layer V of the PFC both in vitro and in vivo (Ly et al., 2018; 

Shao et al., 2021). Thus, because application of serotonin also increases the frequency of 

spontaneous EPSCS in these cells, which is significantly reduced by an AMPAR, but not 

NMDAR antagonist (Zhang et al., 2008), we can presume these excitatory effects are 



 

149 
 

mediated by AMPAR transmission—as we have demonstrated in the TA-CA1 field of the 

hippocampus. 

The means by which psilocybin exerts these synaptic actions are unknown. GABA-

NAMs, ketamine, and other NMDAR-antagonists are hypothesized to strengthen synapses 

through the disinhibition of glutamatergic transmission in pyramidal cells and the 

activation of activity-dependent long-term plasticity processes. There is some evidence of 

a glutamatergic mechanism underlying psilocybin’s actions. For example, an increase in 

cortical glutamatergic synaptic activity is observed after administration of psychedelics, 

including LSD (Muschamp et al., 2004; Lambe & Aghajanian, 2006), DOI (Lambe & 

Aghajanian, 2006; Béïque et al., 2007), psilocybin (Mason et al., 2020), or serotonin 

(Aghajanian & Marek, 1997; Aghajanian & Marek,1999). There is mixed evidence if this 

is accompanied by transient increases in high-frequency gamma power, however, (Goda et 

al., 2013; Tyls et al., 2016; Pallavicini et al., 2021; Muthukumaraswamy  et al., 2013) and 

we did not observe significant changes in LFP gamma power in the area CA1 of the mouse 

hippocampus in this study, nor was there an increase in cortical EEG gamma power of 

psilocybin-treated mice (data not shown). 

What are the key serotonin receptors underlying the synaptic actions of psilocybin? 

Because the increase in hippocampal TA-CA1 AMPA:NMDA ratios in mice administered 

psilocybin was not prevented by ketanserin pretreatment, we predict these effects are 

driven by a 5-HT2AR-independent mechanism. Our prior work has identified 5-HT1BRs as 

being critical to the behavioral and synaptic actions of SSRIs (Cai et al., 2013). The SSRI 

imipramine acutely potentiates rat hippocampal TA-CA1 synapses in vitro, an effect that 

is blocked by bath application of the 5-HT1BR antagonist isamoltane. Additionally, the 5-
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HT1BR agonist anpirtoline selectively potentiates these synapses through an AMPAR-

mediated process, an effect also blocked by isamoltane wash-in, and concomitant with 

increased phosphorylation of GluA1 subunits (Cai et al., 2013). Concordantly, 

administration of the 5-HT1BR antagonist SB-224,289 prevents the recovery of chronic-

stress induced deficits in sucrose preference by fluoxetine (Cai et al., 2013). Anpirtoline 

has also been shown to reduce immobility time in the forced swim test in mice (O'Neill & 

Conway, 2001) and rats (Schlicker et al., 1992). 

Psilocin has high affinity for nearly all serotonin receptors, including 5-HT1BRs, 

which are highly expressed in the rodent (Malleret et al., 1999) and human (Varnäs et al., 

2005) hippocampus. Highest expression is observed in the CA1 SLM (Aït Amara et al., 

1995; Sari et al., 1999), suggesting a role for this receptor in the psilocybin-driven increases 

in TA-CA1 synaptic strength and concomitant restoration of hedonic behavior. Future 

studies determining the necessity of the 5-HT1BR to the behavioral and synaptic effects of 

psilocybin using either pretreatment with an antagonist and a line of knockout animals are 

necessary. 

The persistent effects of ketamine and GABA-NAMs are predicted to be driven by 

a transient period of high AMPA throughput at excitatory pyramidal cells and their synaptic 

targets (Cavalleri et al., 2018; Jourdi et al., 2009) converging on the release of the 

neurotrophin BDNF (Lepack et al., 2014). This drives various plasticity processes through 

the mTOR pathway that converge on the synthesis and trafficking of proteins (Zhou et al., 

2013) including excitatory receptor subunits (Wang et al., 2006), scaffolding proteins (Li 

et al., 2010), and sustained dendritic remodeling (Kumar et el., 2005; Phoumthipphavong 

et al., 2016; Duman et al., 2011). Psychedelics exert similar effects, likely through a 
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serotonergic signaling mechanism, whereby they upregulate other pro-growth factors 

(Nichols & Sanders-Bush, 2002; González-Maeso et al., 2007; Vaidya et al., 1997; Ly et 

al., 2018) and induce sustained dendritic arborization (Shao et al., 2021; Ly et al., 2018; 

Cameron et al., 2021; Lima da Cruz et al., 2018). These results mirror psilocybin’s 

induction of numerous functional connectivity alterations in the human brain (Carhard-

Harris et al., 2017; Kometer et al., 2012; Barrett et al., 2020), with the increased 

serotonergic signaling mediated by the actions of SSRIs showing comparable 

morphological effects in vivo (Waller et al., 2016; McAvoy et al., 2015). Regardless of the 

underlying mechanism, synaptic plasticity is presumably necessary to underly 

antidepressant action (Bessa et al, 2009; Shakesby et al., 2002; Duman & Duman, 2015; 

Duman et al., 2016). 

The exact serotonergic targets through which the morphological effects of 

psilocybin occur are unknown, though numerous studies show necessary and sufficient 

activation of individual receptors including 5-HT1A (Yan et al., 1997), 5-HT2A (Jones et al., 

2009), 5-HT7s (Speranza et al., 2017), and others (Schill et al., 2020; Segi-Nishida et al., 

2017; Yoshida et al., 2011). Psilocin’s high potency at a range of serotonin receptors 

complicates the identification of those needed for psilocybin-induced increase in spine 

density and synaptogenesis. Still, because the process of long-term remodeling occurs over 

days (Knott et al., 2006) and the function of dendritic spines (let alone their discrete 

physical and functional variations) are still poorly understood, it is possible that robust 

morphological changes mediated by serotonergic transmission require the intracellular 

signaling contributions from multiple receptors. 
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Conclusion: 

Psilocybin has rapid antidepressant-like actions in a mouse chronic-stress induced model 

of anhedonia. These effects are independent of predicted 5-HT2AR activation, as 

pretreatment with the antagonist ketanserin suppressed psilocybin-induced head twitching 

and reductions in CA1 delta oscillatory power but did not prevent psilocybin’s actions on 

reversing deficits in hedonic behavior or hippocampal TA-CA1 synaptic strength. 
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Supplementary Figures: 
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Figure 19: MRK-016 reduces escape failures in an inescapable shock paradigm of learned 

helplessness. (A) Helpless mice administered 3mg/kg MRK-016 (i.p., n=5) demonstrate 

significantly fewer escape failures during individual trial bouts compared to those given 

vehicle (n=5). 2-way ANOVA identifies significant effect of treatment (F 1,8 = 5.438, 

p=0.0480). (B) MRK-016 significantly reduces the total number of escape failures during 

all trials in helpless mice (two-tailed unpaired t-test p=0.048, t=2.332, df=8). (C) Helpless 

mice administered 3mg/kg MRK-016 trend toward a reduced escape latency during 

individual trial bouts compared to those receiving vehicle. 2-way ANOVA identifies effect 

of treatment as  (F 1,8 = 3.822, p=0.0863). (D) Helpless mice trend toward a significantly 

lower escape latency averaged across all trials (two-tailed unpaired t-test p=0.0863, 

t=1.955, df=8). 

A B 

C D 
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Cumulative Thesis Discussion 

Major depressive disorder is a serious public health concern, owing to its high 

prevalence, the severity and duration of its symptoms, and its high comorbidity with 

suicidal ideation. While a variety of antidepressant pharmacotherapies have been 

developed over the preceding decades, these compounds have a wide range of off-target 

effects, significantly delayed onset of action, and, most troubling, the majority of depressed 

individuals will remain refractory to treatment. Continued neuropsychiatric research on the 

underlying etiology of depression has refined antidepressant treatment somewhat, but their 

near universally shared mechanisms of modulating synaptic monoamine concentrations 

have remained fundamentally unchanged since their serendipitous discovery in the 1950s. 

 The groundbreaking discovery at the turn of the century that a single subanesthetic 

dose of the long-used anesthetic ketamine has rapid-acting antidepressant properties in 

individuals otherwise refractory to antidepressant treatment has had an incredible impact 

on our understanding of the neurobiology of MDD and the ways in which to treat it. 

Throughout the course of human history, disorders of negative affect were believed to 

result from a diverse range of internal and external factors. Ultimately, there is likely to be 

no one singular “cause” for depression, but scientific advances and the development of 

robustly validated preclinical models have led to an understanding that an aberrant 

imbalance of excitatory and inhibitory neurotransmission within reward and emotional-

processing synaptic circuitry underlies many psychiatric disorders. Notably, chronic stress 

has repeatedly been identified as a risk factor for the onset of depressive symptoms and is 

consistently shown to exert deleterious effects on excitatory synapses in rodent models that 

parallel findings seen in human major depression. 
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 Throughout the previous pages of this thesis, I have discussed in great detail the 

actions and effects of four different rapid-acting antidepressant compounds. Yet, despite 

significant disparities in their individual target engagements and mechanisms of action, 

these compounds share remarkably similar downstream mechanisms with each other, 

converging on the upregulation of AMPAR-mediated activity that can activate activity-

dependent plasticity processes through increased synthesis of BDNF and activation of 

mTOR signaling pathways. All in all, this transient burst of excitatory glutamatergic 

neurotransmission puts mood-relevant synaptic circuitry in a highly plastic state of flux, 

allowing for the long-term morphological remodeling of neurons and strengthening of 

individual synapses. These effects applied over countless individual neurons dramatically 

alter network activity, restoring the balance of excitatory and inhibitory neurotransmission 

to a healthy normal and ultimately rescuing depression-like behavioral deficits, which 

persists long after the compound is cleared from the brain.  

The GABA-NAM MRK-016 has rapid antidepressant-like activity that is mediated 

at an allosteric, α5-containing benzodiazepine-binding site on the GABAAR. By decreasing 

the inhibitory contribution of GABA, likely on pyramidal cells, MRK-016 promotes a 

transient increase in fast AMPAR-mediated glutamatergic transmission, strengthening 

stress-weakened synapses in a use-dependent manner, as seen in the increased 

AMPA:NMDA ratios of hippocampal TA-CA1 synapses. An increase in TA-CA1 synaptic 

strength is positively correlated with a restoration of hedonic behavior in mice, providing 

a potential link between hippocampal AMPAR-mediated transmission and a depression-

like state. 
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A subanesthetic dose of ketamine also induces rapid antidepressant effects in both 

humans and animal models. This was previously hypothesized to be driven by the NMDAR 

antagonism of inhibitory interneurons, disinhibiting pyramidal cell activity, thereby also 

triggering a transient period of elevated synchronous activity and turning on activity-

dependent synaptic strengthening mechanisms. I have been pleased to collaborate with the 

Gould lab in their work showing that the antidepressant actions of ketamine are enhanced 

through conversion to its hydroxynorketamine metabolites. Moreover, administration of 

(2R,6R)-hydroxynorketamine alone has antidepressant-like properties in mice, potentiates 

AMPAR-mediated transmission directly, and does not block NMDAR function at 

antidepressant-relevant concentrations. 

The serotonergic psychedelic psilocybin has recently been found to relieve 

symptoms of a range of mood disorders, including treatment-resistant major depression. 

There has been significant debate about the necessity its subjective mind-altering effects 

to its therapeutic actions, as these may challenge the widespread clinical usage of 

psychedelics. We have shown that, in mice, activation of pro-hallucinogenic 5-HT2ARs is 

not necessary for psilocybin’s rapid antidepressant-like actions. The 5-HT2AR-independent 

actions of psilocybin were also confirmed synaptically, as psilocybin strengthened TA-

CA1 synapses by increasing AMPAR-mediated transmission, and this effect was not 

blocked by the 5-HT2AR antagonist ketanserin.  

The effects of each of these compounds ultimately converge downstream on 

increased glutamatergic transmission. Widely used serotonergic therapeutics have also 

been shown to upregulate the activity of excitatory synapses, further supporting the validity 

of this model to human psychiatric illness. Notably, each of these compounds I studied in 
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this thesis achieve their behavioral and synaptic effects within days of administration, in 

sharp contrast to the month-long chronic dosing required of most serotonin reuptake 

inhibitors. 

It is important to note that one of the major limitations of this study is the use of 

male mice for all experiments. While it can be somewhat safely assumed that the synaptic 

effects of these compounds will be conserved between the sexes, it is unknown if female 

rodents will demonstrate equivalent behavioral responses. Male mice were used because 

their behavior in stress-induced models of anhedonia have been well-validated over the 

preceding decades. However, higher incidences of depression are reported in women than 

men and is it therefore unfortunate that the field has been slow to identify robust stress 

paradigms for female animals. Similarly, all behavioral experiments only incorporated 

juvenile mice. While depression is more common in younger individuals, suicide remains 

a leading cause of death in aged populations. There is also evidence that GABAergic 

activity decreases with age, suggesting there may be unique neurobiological etiology of 

depression in older patients. If the restoration of a proper excitatory and inhibitory balance 

is considered a crucial mechanism of antidepressant action, the use of a GABA-NAM like 

MRK-016 may be unsatisfactory in these individuals. 

Additionally, we presume that increased AMPAR-throughput will mediate 

neuroplastic effects based on prior findings and literature review, but we did not confirm 

changes in expression of any neurotrophic factors or receptor subunits. As synaptic 

plasticity is hypothesized to underly the persistent action of rapid antidepressants, and 

neuroplastic deficiencies are often observed in major depression, it is critical to determine 

the underlying signaling mechanisms mediating their actions.  
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In addition to these points, there remain a number of unresolved questions regarding 

the mechanisms of these compounds. As MRK-016 and L655,708 have differing potency 

as α5-containing GABA-NAMs, despite similar effects in preclinical models, how much 

inhibition of GABAergic transmission is necessary to a rapid antidepressant response? 

L655,708 has behavioral and synaptic actions through only a <20% reduction of α5-

containing GABAARs transmission, though it has much higher affinity than MRK-016 at 

these receptors. Do GABA-NAMs exert their effects through α5-containing pyramidal 

cells or is there a necessary contribution of interneurons? This can be tested with our gabra-

5 viral construct because its CaMKII promoter limits expression to pyramidal cells. To this 

point, is targeting other α subunit-containing GABAARs a viable strategy for antidepressant 

action? It is likely GABAergic disinhibition occurs following treatment with other subunit-

selective GABA-NAMs, though localization at emotion and reward-processing regions is 

likely critical. Additionally, is there therapeutic relevance to the reduction in lower 

frequency EEG powers observed in the cortices of animals treated with MRK-016 or 

ketamine, or is this just a natural consequence of network desynchronization? While 

synaptic network dynamics are only recently being understood, to what extent can the 

hippocampus entrain gamma power to the prefrontal cortex (and vice versa)? While direct 

transmission of high-frequency oscillations is unlikely, synchrony at lower frequencies is 

common and their resonance may ultimately contribute to the long-distance generation of 

gamma power. 

In regard to psilocybin treatment, what are the critical serotonin receptors necessary 

for its antidepressant actions if it is not the 5-HT2AR, and where are they located? We 

expect 5-HT1BRs are critical, but this must be tested. Is there a role for other monoamine 
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receptor targets? Additionally, does psilocybin also rely on a ketamine-like surge of 

glutamate release or does it act directly on synapses? Are its synaptic and behavioral 

actions blocked via pretreatment with an AMPAR antagonist? While site-specific 

microdialysis can determine increased glutamate concentration, presumably some degree 

of AMPA-mediated transmission is required, suggested by increased hippocampal 

AMPA:NMDA ratios. Furthermore, because ketanserin may only provide a partial block 

of the receptor, do 5-HT2AR KO mice respond behaviorally to psychedelics, and how does 

this compare to their response to serotonergic antidepressants? These experiments will be 

important to thoroughly account for the mechanisms and required target engagement of 

psilocybin, though 5-HT2AR-mediated transmission is likely not necessary to the actions 

of serotonergic antidepressants. 

 Of course, scientific discoveries do not occur in a vacuum, and observations 

stemming from one hypothesis often lead to the development of many subsequent 

hypotheses and future experiments. Still, while psychiatric illness is an incredibly complex 

and heterogenous problem that we have only just recently begun to fully conceptualize, I 

am proud that my contributions, however slight they may be, may someday guide the 

development of new therapeutics to relieve major depressive disorder more quickly, safely, 

and effectively. 
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