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Abstract 
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Dissertation Directed by: Todd D. Gould, MD, Professor, Departments of Psychiatry, 
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Ketamine rapidly alleviates symptoms of treatment-resistant major depression within hours 

of a single administration. While this may offer a new and promising trajectory for novel 

therapeutic development, rapid antidepressant mechanisms of action have proven especially 

enigmatic. Here, I applied an in vitro-à-in vivo approach to identify the cellular actions of 

(2R,6R)-hydroxynorketamine (HNK) – a secondary metabolite of ketamine that exerts rapid 

antidepressant-like effects sine dissociative properties and abuse potential. I found that 

(2R,6R)-HNK promotes a rapid potentiation of glutamate release at hippocampal Schaffer 

collateral synapses, an important site of antidepressant action that serves as a conduit in the 

regulation of mood and cognition. This potentiation proved to be a synapse-selective 

calcium-mediated phenomenon that involves the rapid induction of cyclic adenosine 

monophosphate dependent protein kinase, known to actuate vesicle-associated 

phosphoproteins to enhance glutamate release. These properties confer (2R,6R)-HNK with 

an ability to restore Schaffer collateral-dependent plasticity and cognitive function in a 

preclinical model of treatment-resistant major depression. My findings are the first to 

establish a cellular mechanism by which (2R,6R)-HNK gives rise to sustained adaptations in 

synaptic transmission and behavior and provides a novel framework for the development of 

improved therapeutic options for depression. 
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Preface 

I used to consider it a misfortune to have compulsory knowledge of psychiatric disease. 

Indeed, the first six years of my life were completely defined by the sociopathy and 

addictions of my then Father. While I could often avoid the line of fire, my Mom was the 

one who paid the ultimate price, both physically and psychologically. The day eventually 

came when he would have taken her life had she not readily come to that very realization 

herself. That moment was the first and only time she ever pled to me – a child, but a burden 

of existence then – to run and get help…to which he replied that – if I did – I would never 

see him again. He was mostly right.  

 

I wish I could say that psychiatric disease remained there, just an imperfection of the past. 

But for better or for worse, it continued to find its way into my life in ways that ultimately 

shaped the person I have become. I initially pursued higher education because I bore 

witness to the deafening amount of suffering that these psychiatric conditions can cause. I 

remained on this trajectory, however, because of the excruciating silence left in the wake 

of those I lost forever to this suffering. Whether it be by the unrelenting grip of addiction 

or the irreparability of suicide, their absence is always with me. 

 

Biomedical research is therefore as a serious endeavor to me. While I very much enjoy the 

scientific process, I see it as an opportunity first, to create a better future – one that is not 

so completely devoid of hope that our loved ones are driven to escape by whatever means 

necessary. This dissertation is my attempt at making the most of this opportunity. I hope to 

follow it with a lifetime of similar effort.   
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Chapter 1. Introduction and Background 1 

1.1  Depression 

Major depressive disorder is the leading cause of disability in the world and is characterized 

by an amalgam of symptoms that can severely undermine overall quality of life (Vos et al., 

2017). Depressed individuals are not only burdened by near-constant sadness, but also 

suffer from a diminished sense of self-worth, extreme fatigue, difficulty concentrating, 

disruptions to sleep, and a reduced ability to experience pleasure (i.e., anhedonia). 

Antidepressants, which historically were thought to exert their effects by modulating 

monoamines in the central nervous system, include monoamine oxidase inhibitors and 

tricyclic/tetracyclic and selective monoamine reuptake inhibitors (Figure 1.1). While these 

antidepressants can be effective (Cipriani et al., 2018), several weeks of continuous 

treatment is required for a clinically significant therapeutic effect to emerge (Sinyor et al., 

2010). Additionally, many patients are prone to symptom relapse (Fornaro et al., 2019, 

Sim et al., 2016) or fail to respond to antidepressant treatment altogether (Gaynes et al., 

2020, Trevino et al., 2014). Antidepressants also have undesirable side effects (Jakobsen 

et al., 2017) that contribute to treatment discontinuation, even in patients who do respond 

(Demyttenaere et al., 2001). Unfortunately, a lack of effective treatment can lead to 

negative coping strategies, like substance abuse, deliberate self-harm, and attempted or 

completed suicide, making novel antidepressant development an urgent clinical priority. 

 
1  Some of the content in this Chapter, written originally by the author, has been previously published and 

was reproduced with permission:  

Riggs LM, Gould TD (2021). Ketamine and the Future of Rapid-Acting Antidepressants, Annual Review 

of Clinical Psychology. https://doi.org/10.1146/annurev-clinpsy-072120-014126 

Highland JN, Zanos P, Riggs LM et al., (2021). Hydroxynorketamines: Pharmacology and Potential 

Therapeutic Applications, Pharmacological Reviews. https://doi.org/10.1124/pharmrev.120.000149 

https://doi.org/10.1146/annurev-clinpsy-072120-014126
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1.2  Traditional Antidepressants 

The first medication considered to have significant antidepressant efficacy was the 

hydrazine compound iproniazid, which was prescribed to an estimated 600,000 depressed 

patients during its first year in psychiatric use (Maxwell and Eckhardt 1990). Iproniazid is 

a derivative of the antituberculosis agent, isoniazid, and is chemically distinguished from 

isoniazid by its isopropyl moiety that enhances its potency to inhibit monoamine oxidase 

(Smith et al., 1963, Zeller and Barsky 1952, Zeller et al., 1955). Monoamine oxidase is an 

enzyme that catalyzes the oxidative deamination of the amine-containing neuromodulators, 

serotonin, norepinephrine, and dopamine. Given that iproniazid had greater antidepressant 

efficacy than isoniazid, its antidepressant properties were attributed to its actions as a 

monoamine oxidase inhibitor (MAOI). Although the use of iproniazid was eventually 

discontinued due to its hepatotoxicity, these findings formed the basis of subsequent drug 

development efforts (López-Muñoz et al., 2007), leading to the synthesis of more selective 

MAOIs that were later used as antidepressants (Figure 1.1). These discoveries were among 

the first to suggest that depression is a neuropsychiatric disease, i.e., physiologic in origin. 

The role of monoamines in the antidepressant actions of MAOIs gained additional 

traction when the antidepressant properties of monoamine reuptake inhibitors were 

discovered. As with iproniazid, this discovery arose through clinical happenstance – the 

chlorpromazine-derived tricyclic monoamine reuptake inhibitor, imipramine, was being 

investigated as a potential neuroleptic but was instead found to improve depressive 

symptoms (Kuhn 1958, Lehmann et al., 1958). This discovery led to the development of 

other imipramine-like tricyclic antidepressants (TCAs; Fangmann et al., 2008), which, 

together with MAOIs, represent the first generation of antidepressants (Figure 1.1). TCAs 
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Figure 1.1. Antidepressant treatment advances receiving FDA approval for depression.  

Iproniazid, a monoamine oxidase inhibitor, was initially used in the treatment of tuberculosis. It was soon 

discovered that iproniazid possesses antidepressant properties, which were attributed to its actions as an 

MAOI. Iproniazid is often credited for having brought pharmacotherapeutic strategies to the forefront of 

depression treatment. Later, it was discovered that the chlorpromazine derivative, imipramine, also has 

antidepressant properties. Imipramine is a TCA that is thought to exert its effects by reducing monoamine 

reuptake. Thus, while MAOIs reduce monoamine degradation, TCAs help maintain them in the synapse after 

having been released. These observations led to the hypothesis that monoamines have a direct and causal role 

in the etiology of depression and formed the basis of future drug design. While additional MAOIs and TCAs 

entered the drug market, their use was associated with adverse effects that warranted more specific 

therapeutic approaches. Upon investigating the specificity of other chlorpromazine derivatives, it was 

discovered that fluoxetine (then, LY110140) acts as an SSRI, and thus it became the first SSRI to be 

implemented as an antidepressant. The improved side effect profile of SSRIs made them a favored alternative 

to the first generation of antidepressants (blue) and spurred the use and development of other monoamine-

selective agents that comprised the second generation of antidepressants (teal and green) that include SNRIs. 

However, while these advances represent a major turning point in the treatment of depression, 

monoaminergic-based treatments require several weeks of continuous administration to take effect, whereas 

many patients fail to respond altogether. The possibility for a rapid-acting therapeutic option came at the turn 

of the century when it was discovered that (R,S)-ketamine rapidly alleviates symptoms of depression within 

hours of a single subanesthetic dose administration (Berman et al., 2000). It was later shown that the rapid 

antidepressant effects of ketamine extend to patients who do not respond to traditional monoaminergic-based 

pharmacotherapies (Zarate et al., 2006a). This finding led the FDA to later approve the (S)-ketamine 

stereoisomer for treatment-resistant major depression (orange). Drug discovery efforts thus shifted from 

monoaminergic-based mechanisms of action to those that modulate glutamatergic transmission (gold). While 

the success of ketamine as an antidepressant spurred active investigation into glutamatergic-based 

mechanisms of action, other NMDAR antagonists and glutamatergic-based compounds have not yet shown 

the rapid and sustained antidepressant properties of ketamine (Newport et al., 2015). Abbreviations: FDA, 

US Food and Drug Administration; MAOI, monoamine oxidase inhibitor; NMDAR, N-methyl-D-aspartate 

glutamate receptor; SNRI, serotonin-norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake 

inhibitor; TCA, tricyclic antidepressant; TeCA, tetracyclic antidepressant. This image has been previously 

published and was reproduced with permission (Riggs and Gould, 2021). 
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are primarily distinguished from MAOIs, in that they act to maintain monoamines in the 

synapse after release whereas MAOIs reduce monoamine degradation prior to release. 

These observations led to the hypothesis that monoamines have a causal role in the etiology 

of depression, which established the foundation upon which several decades of drug 

development would come to depend. 

The advent of first-generation antidepressants was a significant advance for the 

treatment of depression and helped prompt investigation into its underlying 

pathophysiology. However, MAOIs have adverse properties that limit their use (e.g., 

hypertension, nephrotoxicity, hepatic necrosis, and tyramine-precipitated intracranial 

hemorrhage) whereas TCAs induce side effects that make them an unfavorable alternative 

(e.g., tachycardia, dizziness, hypotension, blurred vision, memory impairment, 

drowsiness). It thus became necessary to identify novel compounds that could exert 

antidepressant effects with improved biological specificity and safety. Since imipramine 

had been previously derived from the diphenhydramine congener, chlorpromazine, 

diphenhydramine analogs were synthesized to identify derivatives that had the therapeutic 

efficacy of imipramine but that lacked its undesirable side effects (Molloy et al., 1994). 

Given that serotonin and norepinephrine are present in distinct neuronal populations, it was 

hypothesized that more precise pharmacological approaches could be used to target a single 

monoamine system. This led to subsequent investigation into the selectivity with which 

diphenhydramine-derived compounds could inhibit monoamine reuptake (Wong et al., 

2005). Initial studies focused on serotonin because of its then purported role in depression 

(Schildkraut 1965, Weil-Malherbe and Szara 1971) and in the antidepressant actions of 

MAOIs (Coppen et al., 1963, Shore and Brodie 1958) and TCAs (Carlsson 1970, Carlsson 
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et al., 1968). It was discovered that one of these compounds, LY110140, acted as a 

selective serotonin reuptake inhibitor (SSRI; Wong et al., 1974), which subsequently 

became the first SSRI to be approved as an antidepressant, named fluoxetine (Prozac; 

Wong et al., 2005; Figure 1.1).  

SSRIs are distinguished from TCAs mainly by their higher potency and selectivity 

to inhibit serotonin reuptake. The antidepressant efficacy of SSRIs was taken as further 

support for the unique contribution of serotonin in the actions of antidepressant 

compounds. However, while some first-generation antidepressants showed modest 

specificity to enhance serotonin levels, pharmacological observations seemed to 

collectively suggest that norepinephrine (and to a lesser extent, dopamine) could still have 

a prominent role in the pathophysiology or heterogeneity of depression (Bunney and Davis 

1965, Maas 1978, Schildkraut 1965). Given that many patients failed to respond to SSRIs, 

it was hypothesized that some patients may belong to a biochemical subgroup that responds 

more favorably to compounds that preferentially block the reuptake of norepinephrine 

(Nolen et al., 1988, Nyström and Hällström 1987). While crossover studies (i.e., in which 

both drug classes are sequentially administered within each patient) failed to support such 

specificity in drug response (Nolen et al., 1988, Nyström and Hällström 1987), this idea 

contributed to the development of compounds that differentially target the serotonin, 

norepinephrine, and dopamine reuptake transporters. These include selective 

norepinephrine-, serotonin-norepinephrine-, and dopamine-norepinephrine reuptake 

inhibitors, which together with SSRIs, represent the second generation of antidepressants 

(Figure 1.1). Today, these drugs are the first line of treatment for depression. 
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While second-generation antidepressants have less off-target effects than do first-

generation antidepressants, they still have adverse properties that affect their tolerability 

(e.g., nausea, irritability, insomnia, sexual dysfunction; Jakobsen et al., 2017, Papakostas 

2008). All antidepressants require several weeks of continuous treatment to exert a full 

therapeutic effect (Sinyor et al., 2010), though many patients either fail to respond (Gaynes 

et al., 2020, Trevino et al., 2014) or experience symptom relapse (Fornaro et al., 2019, Sim 

et al., 2016). There is also a lack of convincing evidence for the monoamine hypothesis, 

which is based on the assumption that monoamines have a direct and causal role in the 

etiology of depression itself. Predictions that extend from this hypothesis are that (a) a 

reduction in monoamines will increase depression susceptibility; (b) the extent of that 

reduction is associated with the severity of depression; (c) antidepressant response is 

contingent upon, and mirrors the time course of, monoamine restoration; and (d) symptom 

relapse is due to the reemergence of a deficit in monoamine levels. There has been a lack 

of convincing evidence to support these predictions, so it is generally accepted that the 

monoamine hypothesis cannot fully explain depression symptomatology – nor can it foster 

the development of treatments that will be widely effective (Hirschfeld 2000).  

1.3  Rapid-Acting Antidepressants 

Ketamine as a Prototype Rapid-Acting Antidepressant 

The possibility for a more effective and rapid-acting therapeutic option came at the turn of 

the century when it was discovered that a subanesthetic dose of ketamine could rapidly 

alleviate symptoms of depression within hours of a single administration (Berman et al., 

2000) – an effect that extends to patients who do not respond to monoaminergic-based 

pharmacotherapies (Zarate et al., 2006a). This finding spurred active investigation into 
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rapid antidepressant mechanisms of action and led the US Food and Drug Administration 

to later approve the (S)-ketamine stereoisomer for treatment-resistant major depression 

(Figure 1.1).  

Ketamine is a phencyclidine-derived dissociative anesthetic that was synthesized 

in an effort to minimize the duration of anesthetic action and to reduce the severity of 

postanesthetic emergence delirium (Domino 2010, Domino et al., 1965). Two decades after 

it was initially synthesized, it was discovered that ketamine acts as a noncompetitive N-

methyl-D-aspartate receptor (NMDAR) antagonist (Anis et al., 1983, Lodge et al., 1983). 

NMDARs belong to the ionotropic class of glutamate receptors that specialize in fast 

synaptic transmission, which also includes α-amino3-hydroxy-5-methyl-4-isoxazole-

propionic acid receptors (AMPARs) and kainate receptors. Ketamine is a use-dependent 

open-channel blocker that competes with magnesium binding deep within the channel pore, 

where it remains bound when the receptor transitions to a closed conformation (Glasgow 

et al., 2018, MacDonald et al., 1987). Its rapid off-rate upon channel reopening is thought 

to confer it with a shorter duration of anesthetic action than its structural analog, 

phencyclidine (Domino 2010, Domino et al., 1965).  

While ketamine is believed to exert its anesthetic effects by blocking NMDAR-

mediated synaptic transmission (Zanos et al., 2018a), some early preclinical data suggested 

that NMDAR antagonism may have antidepressant potential (Trullas and Skolnick 1990). 

Specifically, increases in escape-directed behavior in forced swim test (Porsolt et al., 1977) 

and tail suspension test (Steru et al., 1985) were then considered an accurate predictor of 

antidepressant action. With this approach, NMDAR antagonists were found to dose-

dependently reduce behavioral despair, and to a degree that was comparable to that of 
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traditional antidepressants with known clinical efficacy (Trullas and Skolnick 1990). 

Similar results were later observed following ketamine administration (e.g., Chaturvedi et 

al., 1999, Maeng et al., 2008, Mantovani et al., 2003), providing circumstantial support for 

the role of NMDAR inhibition in its clinical antidepressant actions (Berman et al., 2000, 

Zarate et al., 2006a).  

These findings led to a significant effort to understand how blocking NMDAR 

transmission could account for the unique antidepressant properties of ketamine. In the 

same year in which it was discovered that ketamine relieves treatment-resistant major 

depression (Zarate et al., 2006a), it was found that the NMDAR inhibitor, memantine, lacks 

clinical antidepressant effects, even after seven weeks of continuous treatment (Zarate et 

al., 2006b). A meta-analysis of six double-blind, randomized, placebo-controlled trials 

later revealed that memantine is not superior to placebo in antidepressant efficacy (Kishi 

et al., 2017). While memantine functionally inhibits the NMDAR comparably to ketamine, 

it is thought that modest differences in its trapping behavior [71% versus 86%, respectively 

(Mealing et al., 1999)] could account for its lack of antidepressant effects. However, even 

high-affinity NMDAR channel blockers do not show the same preclinical antidepressant-

like actions of ketamine (e.g., Autry et al., 2011, Maeng et al., 2008, Zanos et al., 2016), 

nor has any NMDAR antagonist that has been tested clinically (Gould et al., 2019). While 

it is possible that NMDAR antagonists lack antidepressant action because they inhibit the 

NMDAR in a manner that is adequately distinct from that of ketamine (Duman et al., 

2019b), this has made it challenging to develop new compounds based on its acute 

antidepressant mechanism of action (Newport et al., 2015). 
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Ketamine Promotes Glutamatergic Synaptic Transmission and Synaptoneogenesis 

Efforts to understand how ketamine exerts its effects have revealed that AMPAR activation 

is essential to this process (Figure 1.2). AMPARs are a highly abundant unit of fast 

synaptic transmission that serve many diverse physiological roles throughout the brain. 

Unlike NMDARs, AMPARs do not have a voltage-dependence of activation and thus 

faithfully pass excitatory current upon glutamate binding. AMPARs are thus capable of 

gating the voltage-dependent processes that dictate the extent of calcium influx. This is of 

mechanistic relevance to the AMPAR-dependent antidepressant actions of ketamine, since 

calcium acts as a second messenger to regulate synaptic transmission, membrane 

excitability, gene expression, and synaptoneogenesis (Kawamoto et al., 2012, Redmond 

and Ghosh 2005). Indeed, the AMPAR-mediated activity-dependent rise in intracellular 

calcium triggers the release of brain-derived neurotrophic factor (BDNF; Jourdi et al., 

2009, Zhang and Lipton 1999), which is required for ketamine to exert its antidepressant-

like effects (Lepack et al., 2015, 2016; Li et al., 2010; Liu et al., 2012). BDNF is a soluble 

protein that promotes neuronal survival and can contribute to the formation of new synaptic 

connections (synaptoneogenesis). It does this by binding to its receptor, tropomyosin 

receptor kinase B (TrkB), which recruits the intracellular signaling molecules that are 

needed to execute structural changes. BDNF-TrkB activity orchestrates mTORC1 

formation, which is a specialized protein complex that regulates protein synthesis and cell 

proliferation (Jourdi et al., 2009, Zhang and Lipton 1999). Ketamine initiates 

synaptoneogenesis in an AMPAR/BDNF/mTORC1-dependent manner (Lepack et al., 

2015, 2016; Li et al., 2010; Liu et al., 2012), believed to support a lasting increase in the 

efficacy of synaptic transmission (Deyama and Duman 2020, Duman et al., 2019a). 
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Figure 1.2. Putative rapid antidepressant mechanisms of action.  

Ketamine is an NMDAR antagonist that acts as an anesthetic at higher doses than those effective for 

depression (Zanos et al., 2018a). At subanesthetic doses, ketamine possesses acute dissociative and 

psychotomimetic effects, which are followed by its rapid antidepressant properties (occurring within hours) 

that are sustained for several days to weeks. A few hypotheses have been set forth to explain how ketamine 

exerts its antidepressant actions. Subanesthetic doses of ketamine lead to an acute increase in extracellular 

glutamate, which is proposed to shift the activational balance toward increased glutamatergic versus inhibitory 

mediated synaptic transmission. It is proposed that this increase in glutamate release is due to ketamine's 

preferential blockade of NMDARs localized to inhibitory interneurons that typically decrease activity of 

excitatory transmission (Duman 2014). Such disinhibition would result in an increase in AMPAR-mediated 

synaptic transmission, leading to the activity-dependent release of BDNF. BDNF-TrkB-dependent recruitment 

of mTORC1 subsequently increases the synthesis of synaptic proteins that can enhance the efficacy of synaptic 

transmission. For instance, this process may underlie the synaptogenic properties of ketamine, which involve 

an upregulation of GluA1-containing AMPARs in the PSD. Alternatively, ketamine has been proposed to block 

synaptic NMDARs that respond preferentially to spontaneously released glutamate at rest (Kavalali and 

Monteggia 2020), though magnesium typically occludes the NMDAR channel pore at negative membrane 

potentials. This blockade is proposed to remove the eukaryotic elongation factor 2–mediated inhibition of 

BDNF synthesis, a process that is independent of mTORC1 activity. Ketamine may also exert its effects by 

selectively inhibiting extrasynaptic NMDARs whose activity is associated with excitotoxicity through 

mTORC1 inhibition of protein synthesis (Miller et al., 2014). Ketamine is rapidly metabolized to a number of 

molecules, including hydroxynorketamines, which have been implicated in ketamine's rapid antidepressant 

mechanism of action (Highland et al., 2021). Ketamine metabolites, such as (2R,6R)-HNK, promote glutamate 

release independent of NMDAR blockade or glutamatergic network disinhibition (Riggs et al., 2020), possibly 

through a mechanism downstream of mGluR2 activity (Zanos et al., 2019b). Other compounds that manifest 

ketamine-like preclinical antidepressant-relevant actions are proposed to exert similar synaptic effects, but 

through mechanisms that are distinct from NMDAR inhibition. NMDAR-PAMs promote NMDAR activity 

upon glutamate binding, which induces the activity-dependent release of BDNF. GABAR-NAMs decrease tonic 

inhibition of glutamatergic neurons, while mGluR2 antagonists attenuate mGluR2-dependent inhibition of 

glutamate vesicle release. Abbreviations: AKT, protein kinase B; AMPAR, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; eEF2K, eukaryotic elongation 

factor 2 kinase; GABAR, γ-aminobutyric acid receptor; HNK, hydroxynorketamine; mGluR2, metabotropic 

glutamate receptor 2; mTORC1, mechanistic target of rapamycin complex 1; NAM, negative allosteric 

modulator; NMDAR, N-methyl-D-aspartate glutamate receptor; PAM, positive allosteric modulator; p-eEF2, 

phosphorylated eukaryotic elongation factor 2; PSD, postsynaptic density; TrkB, tropomyosin receptor kinase 

B; VGCC, voltage-gated calcium channel. This image has been previously published and was reproduced with 

permission (Riggs and Gould, 2021). 
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An interesting revelation, is that the sustained antidepressant actions of ketamine 

also require AMPAR activity (Koike and Chaki 2014, Zanos et al., 2016). This led to early 

hypotheses that the long-lasting effects of ketamine are due in part to sustained adaptations 

in the number and/or function of AMPARs – a common mechanism by which synaptic 

plasticity has been shown to manifest (Huganir and Nicoll 2013). It was later shown that 

ketamine increases the expression of GluA1-containing AMPARs one day (Adaikkan et 

al., 2018, Li et al., 2010, Yamada and Jinno 2019, Zanos et al., 2016), but not one hour (Li 

et al., 2010, Zanos et al., 2016) post-administration. These findings suggest that the acute 

AMPAR-activity-dependent actions of ketamine on BDNF release initiate a synaptogenic 

process that involves a sustained increase in AMPAR expression (Figure 1.2). This may 

underlie ketamine’s ability to restore stress-related synaptic deficits (Li et al., 2011), for 

instance, by promoting the efficacy of synaptic transmission and dendritic outgrowth in 

regions like the prefrontal cortex (Li et al., 2010). Consistent with this, longitudinal 

observations of cortical spine formation in vivo reveal that corticosterone-mediated 

depressive-like phenotypes emerge along the same timecourse that reduced synaptic 

integrity is observed, and that ketamine reverses these deficits in part through targeted 

dendritic spine remodeling at those synapses (Moda-Sava et al., 2019). While ketamine 

exerts its preclinical antidepressant-like effects as early as 1 hr post-administration, this 

form of structural plasticity is not evident until at least twelve hours later (Moda-Sava et 

al., 2019). These observations collectively support a model in which ketamine rapidly 

triggers the activity-dependent release of BDNF, which then promotes structural changes 

that improve synaptic efficacy and involves an upregulation of AMPARs (Figure 1.2). 
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The role of BDNF in antidepressant action is not unique to ketamine, but has long 

been implicated in the antidepressant efficacy of monoaminergic-based treatments as well 

(Duman et al., 1997). In fact, the delay in therapeutic onset of traditional antidepressants 

mirrors the slow time course along which adaptations in BDNF expression occur (Deyama 

and Duman 2020, Duman et al., 2019a). In a detailed review, Alt et al. (2006) proposed 

that by modulating AMPAR activity, one could potentially overcome the limitations of 

traditional antidepressants by rapidly triggering BDNF signaling – a process that could 

give rise to the “holy grail” of treatment, as they aptly described. It would now appear that 

ketamine is one such treatment, and indeed, ketamine has been shown to initiate 

synaptogenic processes through a rapid AMPAR-dependent increase in BDNF release. 

Additional mechanistic validity for the role of BDNF-TrkB signaling in antidepressant 

action comes from preclinical discoveries with other putative antidepressant compounds 

that promote AMPAR-dependent BDNF-TrkB activity through varying mechanisms of 

action (Duman et al., 2019b, Zanos et al., 2018b). These include NMDAR glycine site 

agonists and antagonists, NMDAR positive allosteric modulators, γ-aminobutyric acid 

receptor negative allosteric modulators, metabotropic glutamate receptor 2 antagonists, 

muscarinic acetylcholine receptor antagonists, and ketamine metabolites (see 1.4 

Hydroxynorketamine Metabolites). Thus, the literature so far suggests that antidepressants 

exert their effects through an increase in the efficacy of synaptic transmission and that the 

onset of those effects depends in part on the time course along which adaptations in BDNF 

occur. A mechanistic distinction between rapid- and slow-acting antidepressants is that the 

former leads to a rapid increase in BDNF release on the order of minutes whereas the latter 

leads to an increase in BDNF expression on the order of weeks, presumably, as a 
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consequence of prolonged increases in monoaminergic signaling. It is hypothesized that 

distinct rapid-acting compounds can similarly elicit BDNF release through an acute 

potentiation of AMPAR activity (Zanos, Thompson, et al., 2018; Duman et al., 2019). 

1.4  Hydroxynorketamine Metabolites  

In recent years, it has become increasingly accepted that NMDAR inhibition accounts for 

the anesthetic properties of ketamine and not its antidepressant effects per se (Zanos et al., 

2018a). This possibility was raised by preclinical studies that examined the antidepressant 

potential of ketamine metabolites, namely, (2R,6R)-hydroxynorketamine (HNK; Figure 

1.3). Preventing the metabolism of ketamine to (2R,6R)-HNK blocks its antidepressant-

like effects whereas direct administration of (2R,6R)-HNK mimics its antidepressant-like 

effects (Zanos et al., 2016). A controversial view that has stemmed from these observations 

is that the antidepressant actions of ketamine depend, in part, on its metabolism to (2R,6R)-

HNK. In my view, it is even more noteworthy that (2R,6R)-HNK lacked the dissociative 

properties and abuse potential of ketamine in these preclinical studies (Zanos et al., 2016). 

Understanding how (2R,6R)-HNK exerts its effects could help foster the novel therapeutic 

innovations that are needed generate compounds with improved safety and efficacy. 
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Figure 1.3. Metabolic formation of hydroxynorketamines from ketamine.  

(R,S)-ketamine (KET) is N-demethylated to form (R,S)-norketamine (norKET), which is then hydroxylated 

to form the HNKs. Alternatively, ketamine can be directly hydroxylated to form 6-hydroxyketamines (HKs), 

which are then N-demethylated to form (2,6)-HNKs. This image has been previously published and was 

reproduced with permission (Highland et al., 2021).  
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Synaptic Pharmacodynamics of (2R,6R)-Hydroxynorketamine  

Glutamatergic Synaptic Transmission 

NMDAR Binding. Given that ketamine is a well-established NMDAR antagonist, initial 

studies sought to test whether HNKs might inhibit the NMDAR to exert their effects (Zanos 

et al., 2016; Morris et al., 2017). Some HNKs bind to the same site on the NMDAR as 

ketamine, albeit at relatively higher concentrations (Ki 0.25-1.06 µM for HNKs; Highland 

et al., 2021). Among the twelve HNKs, (2S,6S)-HNK has greater NMDAR binding affinity 

(Ki 7.34-21.19 µM) relative to the other stereoisomers (Ki > 100 µM for (2R,6R)-, (2R,6S)-, 

(2S,6R)-, (2R,5R), (2S,5S)-, (2R,5S)-, (2S,5R)-, (2R,4R)-, (2S,4S)-, (2R,4S), and (2S,4R)-

HNK; Moaddel et al., 2013; Morris et al., 2017). Neither (2R,6R)- nor (2S,6S)-HNK 

displace radiolabeled MK-801 at 10 µM, which suggests they do not bind at this site on 

NMDARs at concentrations that are associated with their antidepressant-like actions in 

vivo (Zanos et al., 2016; Lumsden et al., 2019; Highland et al., 2019). These observations 

suggest that HNK stereoisomers have a lesser affinity than ketamine for the MK-801 

binding site (Highland et al., 2021). 

 

NMDAR Inhibition. While HNKs do not markedly displace MK-801 binding, it is still 

possible they act at site distinct from that of MK-801. One way to address this, is to assess 

whether HNKs influence NMDAR channel function. In Xenopus laevis oocytes, (2S,6S)-

HNK blocks NMDAR-mediated currents with up to 22-fold greater potency than (2R,6R)-

HNK regardless of subunit composition (Lumsden et al., 2019). In HEK-293 cells in which 

GluN2A- and GluN2B-containing NMDARs have been ectopically expressed, ketamine 

inhibits NMDAR-mediated currents with ~100-fold greater potency than (2R,6R)-HNK 
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(Abbott and Popescu, 2020). In mouse hippocampal slices, (2R,6R)- and (2S,6S)-HNK 

inhibit NMDAR-mediated field excitatory postsynaptic potentials (fEPSPs) with an IC50 

of 211.9 and 47.2 µM, respectively, relative to ketamine (IC50 = 4.5 µM; Lumsden et al., 

2019). In rat hippocampal slices, (2R,6R)-HNK inhibits NMDAR-mediated miniature 

excitatory postsynaptic currents (mEPSCs) with an IC50 of 63.7 µM, which is 

approximately 10-fold greater than that of ketamine (IC50 = 6.4 µM; Lumsden et al., 2019). 

In cultured hippocampal neurons, a high concentration of (2R,6R)-HNK (50 µM) leads to 

a 40% reduction in NMDAR-mEPSCs whereas no effects are observed at antidepressant-

relevant concentrations (10 µM; Suzuki et al., 2017). An alternative approach to assessing 

NMDAR function, is to examine how drug pretreatment modulates NMDA-induced 

lethality in vivo. In mice, (2R,6R)-HNK attenuates NMDA-induced lethality with an ED50 

of 227.8 mg/kg, which is ~12 to 35-fold lower than that of (2S,6S)-HNK (ED50 = 18.6 

mg/kg) and ketamine (ED50 = 6.4 mg/kg; Lumsden et al., 2019). Thus, at antidepressant-

relevant concentrations, (2R,6R)-HNK does not appear to have any measurable binding to, 

or functional effects on, the NMDAR. However, a recent study showed that a two-hour 

preincubation of mouse hippocampal slices with ketamine, (2S,6S)-HNK, or (2R,6R)-HNK 

attenuates long-term potentiation (LTP) at Schaffer collateral synapses with an IC50 of 1.6, 

1.0, and 7.8 µM, respectively (Kang et al., 2020). Since Schaffer collateral LTP requires 

NMDAR-mediated synaptic transmission, these observations provide circumstantial 

support for the concept that (2R,6R)-HNK inhibits NMDARs. However, given the direct 

evidence that (2R,6R)-HNK does not bind to or inhibit the NMDAR, an alternative 

explanation is that LTP was occluded by the functional and/or structural plasticity that 

occurred during the drug preincubation period (see Glutamate Receptor Signaling and 
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Structural Plasticity). If the lack of LTP in this study were due in fact to NMDAR 

blockade, then ketamine would have exerted a stronger inhibition of LTP than (2S,6S)-

HNK given its higher potency to inhibit the NMDAR; the authors instead observed the 

opposite (Kang et al., 2020). While threshold responses did not differ among the groups in 

this study, a more detailed examination of the input-output relationship would be needed 

to adequately rule out an effect of occlusion (see Chapter 3 and Chapter 4). Indeed, in the 

stress-susceptible Wistar Kyoto rat strain, hippocampal Schaffer collateral LTP is restored 

a few hours after (2R,6R)-HNK administration (5 mg/kg, intraperitoneal [i.p.], 

Aleksandrova et al., 2020), which suggests that these effects may be occluded when LTP 

is intact (Kang et al., 2020). Overall, the available data provides strong support that 

(2R,6R)-HNK does not inhibit the NMDAR to exert its antidepressant-like effects.  

 

Glutamate Release. A growing body of evidence suggests that (2R,6R)-HNK enhances 

glutamate release to promote excitatory synaptic transmission (Chou et al., 2018; Pham et 

al., 2018; Riggs et al., 2020; Table 1.1). Systemic administration of (2R,6R)-HNK (10 

mg/kg, i.p.) to mice leads to an increase in extracellular glutamate in the prefrontal cortex 

one day later (Pham et al., 2018). These effects are independent of changes in glutamate 

reuptake and are mimicked by bilateral intracortical infusion of (2R,6R)-HNK (1 nM per 

hemisphere; Pham et al., 2018). Systemic administration of (2R,6R)-HNK (30 mg/kg, i.p.) 

to mice increases the frequency and amplitude of hypocretin- and serotonin-evoked 

spontaneous EPSCs (sEPSCs) recorded from pyramidal neurons of the prefrontal cortex 

one day later (Fukumoto et al., 2019). In rat hippocampal slices, (2R,6R)-HNK bath 

application leads to a concentration-dependent potentiation of fEPSPs (EC50 = 3.3 µM) that   
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Table 1.1. (2R,6R)-HNK Promotes Glutamatergic Synaptic Transmission 
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is correlated with reduced paired-pulse facilitation (IC50 = 3.8 µM, i.e., a measure inversely 

related to release probability)and occluded in conditions in which glutamate release is 

already potentiated (Riggs et al., 2020). In pyramidal neurons of the hippocampus, 

(2R,6R)-HNK bath application (10 µM) increases the frequency, but not amplitude, of 

mEPSCs (Riggs et al., 2020). These results collectively suggest that (2R,6R)-HNK acutely 

promotes glutamate release in the prefrontal cortex and hippocampus, which does not 

require NMDAR activation or inhibition (Riggs et al., 2020; Zanos et al., 2016).  

In addition to the prefrontal cortex and hippocampus, (2R,6R)-HNK exerts effects 

on glutamatergic synaptic transmission in midbrain structures. Systemic administration of 

(2R,6R)-HNK (10 mg/kg, i.p.) to chronically stressed rats promotes glutamate release, 

increases the frequency and amplitude of mEPSCs, enhances AMPA-evoked excitatory 

currents, and restores the expression of calcium-permeable AMPARs in the ventrolateral 

periaqueductal grey when assessed one day later (Chou et al., 2018; Ye et al., 2019). These 

effects are mimicked by bath application of (2R,6R)-HNK (10 µM) in ventrolateral 

periaqueductal gray slices prepared from chronically stressed rats (Chou et al., 2018). The 

effects of (2R,6R)-HNK on AMPAR-mediated synaptic transmission have also been 

studied in the ventral tegmental area and nucleus accumbens (Yao et al., 2018). Systemic 

(2R,6R)-HNK (10 mg/kg, i.p.) administration to mice suppresses the frequency and 

amplitude of mEPSCs and decrease AMPAR-mediated synaptic transmission in 

dopaminergic neurons of the ventral tegmental area (Yao et al., 2018). In the nucleus 

accumbens, (2R,6R)-HNK (10 mg/kg, i.p.) suppresses LTP without altering synaptic 

efficacy or glutamate release (Yao et al., 2018). This suggests that (2R,6R)-HNK can 

modulate the efficacy with which plasticity can be induced while also leaving basic 
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properties of synaptic transmission intact. The opposing outcomes observed in the 

prefrontal cortex and hippocampus vs. the ventral tegmental area and nucleus accumbens 

are consistent with a more comprehensive model of plasticity changes in depression 

susceptibility (Berton and Nestler, 2006; Yu and Chen, 2011). The rapid and sustained 

synaptic effects (2R,6R)-HNK in various regions of the mesocorticolimbic system may 

underlie its ability to modulate network activity. In mice, systemic administration of 

(2R,6R)-HNK (10 mg/kg, i.p.) increases electro-corticographic high frequency oscillations 

in the 30-80 Hz gamma (γ) band range (Zanos et al., 2016, 2019b). In depressed patients 

receiving a ketamine infusion, peak plasma (2R,6R;2S,6S)-HNK levels are associated with 

increased resting-state whole-brain γ power 6-9 hr later (Farmer et al., 2020). While at least 

one study failed to detect an increase in γ power following (2R,6R;2S,6S)-HNK (20 mg/kg, 

i.p.) administration to mice (Kohtala et al., 2019), these results suggest that (2R,6R)-HNK 

acts throughout the mesocorticolimbic system and confers network changes that may be 

relevant to its rapid and/or sustained antidepressant-like effects.  

Currently, it is unknown how (2R,6R)-HNK promotes glutamate release in regions 

like the prefrontal cortex and hippocampus. Some studies suggest that (2R,6R)-HNK might 

modulate release probability via cyclic adenosine monophosphate (cAMP)-dependent 

signaling. For instance, in C6 cells, (2R,6R)-HNK leads to a rapid accumulation of 

intracellular cyclic adenosine monophosphate (cAMP) within 15 min of in vitro exposure 

(Wray et al., 2019). In mice, both the antidepressant-like effects and the induction of γ 

oscillations by (2R,6R)-HNK can be bidirectionally modulated by altering the activity of 

metabotropic glutamate 2 receptors (mGluR2) in vivo (Zanos et al., 2019b). Given that 

mGluR2 is an autoreceptor that is negatively coupled to adenylyl cyclase (AC) and tonically 
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suppresses cAMP-dependent glutamate release (Schoepp, 2001), these findings provide 

preliminary support that increases in cAMP may be implicated in (2R,6R)-HNK’s acute 

synaptic mechanism of action (see Chapter 3). 

Glutamate Receptor Signaling. (2R,6R)- and (2S,6S)-HNK modulate the activity of targets 

downstream of glutamate receptor activation, including BDNF (Zanos et al., 2016; 

Fukumoto et al., 2019; Lumsden et al., 2019; Anderzhanova et al., 2020) and mTORC1 

(Paul et al., 2014; Fukumoto et al., 2019; Lumsden et al., 2019). For instance, hippocampal 

BDNF levels are increased in mice 30 min (Lumsden et al., 2019) and 24 hr after systemic 

(2R,6R)-HNK administration (10 mg/kg, i.p.; Zanos et al., 2016). (2S,6S)-HNK (10 mg/kg, 

i.p.) enhances extracellular BDNF levels in the prefrontal cortex of mice 30-90 min after 

treatment (Anderzhanova et al., 2020). (2R,6R)-HNK (10 and 50 nM) also induces a rapid 

(< 60 min) AMPAR-dependent increase in BDNF release in rat primary cultures 

(Fukumoto et al., 2019). (2R,6R)-HNK may enhance BDNF signaling by promoting 

surface expression of TrkB, for instance, by inhibiting its interactions with the activating 

protein 2 (AP-2) adaptor protein complex (Fred et al., 2019) or stabilizing it in cholesterol-

dense lipid rafts (Casarotto et al., 2021). This has potentially important implications with 

regard to the key targets downstream of BDNF-TrkB signaling, including mTORC1 (Paul 

et al., 2014; Singh et al., 2016; Fukumoto et al., 2019; Lumsden et al., 2019). In mice, 

mTOR phosphorylation is increased in the hippocampus (Lumsden et al., 2019) and 

prefrontal cortex (Fukumoto et al., 2019) 30 min following (2R,6R)-HNK administration 

(10 and 30 mg/kg, i.p., respectively). In rat primary cultures, a 1-hr exposure to (2R,6R)-

HNK (1-50 nM) promotes mitogen-activated protein kinase activity, which depends on 

AMPAR activation and BDNF-TrkB signaling (Fukumoto et al., 2019), though, an 
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activity-independent disinhibition of BDNF expression via eukaryotic elongation factor 2 

(eEF2) dephosphorylation has also been proposed (Suzuki et al., 2017; Kavalali and 

Monteggia, 2020).  

A BDNF-dependent increase in AMPAR expression is thought to underlie the 

sustained antidepressant-like effects of (2R,6R)-HNK (Zanos et al., 2016; Ho et al., 2018; 

Shaffer et al., 2019). In mice, the expression of hippocampal GluA1- and GluA2-

containing AMPARs is increased 24 hr, but not 1 hr, after systemic administration of 

(2R,6R)-HNK (10 mg/kg, i.p.; Zanos et al., 2016). In rat primary hippocampal cultures, a 

concentration-dependent increase in AMPAR surface expression has also been observed 

following either a 90-min (1-10 µM) or 180-min (0.1-10 µM) exposure to (2R,6R)-HNK 

(Shaffer et al., 2019). In U251-MG human glioblastoma cells, a 24-hr exposure to (2R,6R)-

HNK increases GluA1- (200-400 nM), GluA2- (400 nM), and GluA4- (400 nM) mRNA 

expression (Ho et al., 2018). In primary cultures of human astrocytes, (2R,6R)-HNK (400 

nM) increased GluA4-, but not GluA1- and GluA2-, expression (Ho et al., 2018). However, 

additional studies are needed to understand the longer-term effects of (2R,6R)-HNK on 

AMPAR activity and expression, since at least one study shows that a low dose of (2R,6R)-

HNK (0.075 mg/kg, i.p.) attenuates AMPAR- and NMDAR-mediated hippocampal 

pyramidal burst firing, albeit, one-week post-administration (Chen et al., 2020).  

Monoaminergic Synaptic Transmission 

In addition to increasing glutamatergic synaptic transmission, HNKs are known to affect 

other neurotransmitter systems (Can et al., 2016; Pham et al., 2018; Ago et al., 2019). In 

the mouse prefrontal cortex, (2R,6R)-HNK, but not (2S,6S)-HNK, increases extracellular 

concentrations of serotonin (10-20 mg/kg, i.p.; Pham et al., 2018; Ago et al., 2019) and 
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norepinephrine (20 mg/kg, i.p.; Ago et al., 2019) whereas neither (2R,6R)- nor (2S,6S)-

HNK treatment (20 mg/kg, i.p.) alters extracellular dopamine levels (Ago et al., 2019). 

Neither (2R,6R)-HNK nor (2S,6S)-HNK modulate monoaminergic transport activity up to 

10 µΜ (Can et al., 2016), which suggests that (2R,6R)-HNK modulates monoaminergic 

synaptic transmission indirectly, likely via direct actions on glutamatergic signaling 

described herein. When assessing cholinergic signaling in the KXa3b4R2 cell line, neither 

(2R,6R)-HNK nor (2S,6S)-HNK were found to modulate the activity of α3β4 nicotinic 

receptors at concentrations up to 100 µM (Moaddel et al., 2013). In α7-expressing KXα7R1 

cell line, (2R,6R)-HNK and (2S,6S)-HNK inhibited acetylcholine-evoked currents at 100 

µM and 1000 µM (Moaddel et al., 2013). (2R,6R)-HNK (10 µM) lacks activity at native 

α7 nicotinic receptors in response to acetylcholine (1 mM) or choline (10 mM) application 

onto CA1 interneurons of rat hippocampal slices (M. Alkondon, unpublished). 

Structural Plasticity 

Changes in the efficacy of synaptic transmission often correspond with structural 

modifications to synaptic connections, which can include changes to the size of the cell 

body; number and/or length of dendrites (i.e., dendritic arborization/retraction); and/or 

number, size, and shape of dendritic spines. (2R,6R)-HNK has been shown to promote such 

structural and morphological changes (Cavalleri et al., 2018; Collo et al., 2018). Using a 

translational in vitro approach, Cavalleri et al., (2018) investigated the time-dependent 

effects of (2R,6R)-HNK on neuronal morphology, given that it remains in circulation at 

sub-micromolar concentrations for several hours after ketamine administration in humans 

(Zhao et al., 2012). The authors resport that (2R,6R)-HNK (0.5 µM; 1- to 6-hour exposure) 

leads to dendritic outgrowth in primary cultures of mouse mesencephalic dopamine 
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neurons and in cultures of induced pluripotent stem cell (iPSC)-derived dopamine neurons 

from healthy donors. A 1-hr exposure to (2R,6R)-HNK increases the number and length of 

dendrites and the size of dopaminergic cell bodies, effects that were more robust after a 6-

hr exposure (Cavalleri et al., 2018) and dependent on both AMPAR- and mTORC1 activity 

(Collo et al., 2018). These data support that (2R,6R)-HNK can induce structural plasticity 

of mouse and human-derived dopaminergic neurons, with a time course and concentration 

dependence relevant to those observed after ketamine administration in patients with 

depression. However, more studies are needed to clarify the structural plasticity-related 

effects of (2R,6R)-HNK since (a) Michaëlsson et al., (2019) failed to observe an effect of 

racemic (2R,6R;2S,6S)-HNK (1-100 µM) on cell proliferation in neurosphere cultures and 

(b) Fukumoto et al., (2019) failed to observe an effect (2R,6R)-HNK (30 mg/kg, i.p.) on 

cortical spine density 24 hr after administration. Collectively, the literature suggests that 

(2R,6R)-HNK promotes glutamate release to potentiate AMPAR-mediated synaptic 

transmission, which gives rise to a BDNF-dependent increase in  synaptic efficacy that is 

maintained in part via AMPAR upregulation.   
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1.5  Specific Aims 

Subanesthetic ketamine rapidly alleviates symptoms of treatment-resistant major 

depression within hours of a single administration. While this discovery represents a major 

theoretical and clinical advance, ketamine has dissociative properties and abuse potential 

that limit its use for psychiatric indications. (2R,6R)-HNK is a secondary metabolite of 

ketamine that shows rapid and sustained antidepressant-like actions in preclinical studies, 

yet lacks the undesirable effects of ketamine. Understanding how (2R,6R)-HNK exerts 

these effects may provide a novel framework for the development of improved therapeutic 

options for depression. While this topic has gained a lot of scientific interest, the precise 

mechanism of action of (2R,6R)-HNK has proven especially enigmatic. To address this, I 

applied a multidisciplinary in vitro-à-in vivo approach to investigate how (2R,6R)-HNK 

gives rise to sustained adaptations in synaptic transmission and behavior. The series of 

studies described herein addressed the following specific aims: 

1. Determine if (2R,6R)-HNK’s synaptic effects are mediated pre- or postsynaptically. 

2. Determine the signaling mechanisms involved in (2R,6R)-HNK’s synaptic effects. 

3. Determine if (2R,6R)-HNK’s synaptic effects promote hippocampal function in vivo.  
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Chapter 2. (2R,6R)-hydroxynorketamine rapidly potentiates hippocampal 

glutamatergic transmission through a synapse-specific presynaptic mechanism 2 

2.1  Introduction 

It is hypothesized that rapid-acting antidepressants restore the balance between excitation 

and inhibition throughout the mesocorticolimbic system, known to be disrupted in 

depression (Zanos et al., 2018; Thompson et al., 2015; Murrough et al., 2017; Abdallah et 

al., 2018). Similar to both ketamine (Maeng et al., 2008) and non-NMDAR-antagonists 

with rapid antidepressant potential (Zanos et al., 2018), α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) activation is required for the rapid 

antidepressant-like effects of the ketamine metabolite, (2R,6R)-hydroxynorketamine 

(HNK). (2R,6R)-HNK has shown rapid and sustained antidepressant-relevant behavioral 

and cellular actions in vitro and in vivo (Zanos et al., 2016; Pham et al., 2018; Yao et al., 

2018; Cavalleri et al., 2018; Chou et al., 2018; Collo et al, 2018; Ho et al., 2018; Wray et 

al., 2018; Highland et al., 2018). Given its low potency to inhibit NMDAR function relative 

to ketamine (Zanos et al., 2016; Suzuki et al., 2017; Zanos et al., 2017; Lumsden et al., 

2019), (2R,6R)-HNK is spared adverse effects (Zanos et al., 2016; Highland et al., 2018). 

While (2R,6R)-HNK acutely potentiates AMPAR-mediated synaptic transmission in the 

hippocampus (Zanos et al., 2016), it is unknown how it exerts these effects. In the current 

Chapter, I show that (2R,6R)-HNK selectively enhances excitatory synaptic transmission 

in the hippocampus through a concentration-dependent increase in glutamate release.  

 
2  Some of the content in this Chapter, written originally by the author, has been previously published and 

was reproduced with permission:  

Riggs LM et al., (2020). (2R,6R)-hydroxynorketamine rapidly potentiates hippocampal glutamatergic 

transmission through a synapse-specific presynaptic mechanism. Neuropsychopharmacology. 

https://doi.org/10.1038/s41386-019-0443-3. 
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2.2  Materials and Methods 

Animals 

For extracellular slice electrophysiology, male and female Sprague Dawley rats (postnatal 

day [PD] 28 on arrival; Charles River, MA) were acclimated to the vivarium (University 

of Maryland, Baltimore, MD) for at least 1 week prior to experiments. For whole-cell slice 

electrophysiology, male Sprague Dawley rats (PD8 on arrival; Charles River, MA) were 

acclimated to the vivarium with a nursing dam until weaning (PD21), and experiments 

occurred at PD25-35. All rats were housed three per cage under standard conditions (12-h 

light-dark cycle) with food and water available ad libitum. All experimental procedures 

were approved by the University of Maryland Baltimore Animal Care and Use Committee 

and were conducted in full accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. 

Compounds 

(2R,6R)-HNK was synthesized at the National Center for Advancing Translational 

Sciences (Bethesda, MD), and absolute and relative stereochemistry were confirmed by 

small molecule x-ray crystallography (Morris et al., 2017). 6,7-dinitroquinoxaline-

2,3(1H,4H)-dione (DNQX, 50 µM; Sigma-Aldrich, St. Louis, MO) was used to block the 

AMPAR-mediated component of the fEPSP, and 2-amino-5-phosphonopentanoic acid 

(AP5, 80 µM; Tocris) was used to block the NMDAR-mediated component of the fEPSP. 

The positive allosteric modulator of the AMPAR, phenyl-1,4-bis-alkylsulfonamide 

(CMPDA, 1 µM; Tocris) was used to potentiate AMPAR-mediated synaptic transmission. 

Recording ACSF for whole-cell mEPSCs contained the sodium channel blocker, 

tetrodotoxin (TTX, 0.3 µM; Enzo Life Sciences, Farmingdale, NY), and the NMDA- and 
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GABAB receptor blockers, AP5 (80 µM; Sigma-Aldrich, St. Louis, MO) and CGP52432 

(2 µM; Tocris), respectively. ω-Conotoxin-GVIA (1 µM; Sigma-Aldrich, St. Louis, MO) 

and ω-Agatoxin-IVA (1 µM; Sigma-Aldrich, St. Louis, MO) were used to block N- and 

P/Q-type calcium channels, respectively. Recording pipettes for whole-cell experiments 

contained the sodium channel blocker, QX-314 (Lidocaine N-ethyl bromide; Sigma-

Aldrich, St. Louis, MO). In 80% of the cells, 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX, 10 µM; Sigma-Aldrich, St. Louis, MO) was bath applied to confirm that mEPSCs 

were AMPAR-mediated. All compounds were diluted to their final concentration in ACSF. 

Extracellular Slice Electrophysiology 

Standard methods were used to prepare transverse hippocampal slices (400-µm thickness). 

Dissecting and recording artificial cerebrospinal fluid (ACSF) contained (in mM): 120 

NaCl, 3 KCl, 1 NaH2PO4, 25 NaHCO3, 1.5 MgSO4·7H2O, 2.5 CaCl2, and 20 glucose, and 

was carbogenated with 95% O2, 5% CO2. Nominally free Mg2+ recording ACSF contained 

(in mM): 120 NaCl, 3 KCl, 1 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, and 20 glucose, and was 

carbogenated with 95% O2, 5% CO2. Slices were kept at an ACSF interface in a humidified 

holding chamber for at least one hour prior to recordings. Slices were then transferred to a 

submersion-type recording chamber and superfused at a rate of 1.5 mL/min at room 

temperature (20-22°C). Concentric bipolar tungsten electrodes were used to electrically 

stimulate (100 µs duration at 0.05 Hz) Schaffer collateral afferents in the stratum radiatum 

(SC-CA1), or temporoammonic afferents in the stratum lacunosum-moleculare (TA-CA1). 

Under standard experimental conditions, ACSF-filled recording pipettes (3-5 MΩ) were 

placed in the stratum radiatum of the CA1 field to record field excitatory postsynaptic 

potentials (fEPSPs) evoked by Schaffer collateral stimulation. For dual electro-
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physiological recordings of SC- and TA-stimulation evoked fEPSPs, both SC and TA 

afferents were stimulated in an alternating fashion, and recording pipettes were placed in 

the stratum radiatum and the stratum lacunosum-moleculare of the CA1 field, respectively. 

Stimuli were set to 150% of threshold intensity, resulting in fEPSPs of 0.2-0.5 mV. 

Responses were amplified (×1000), filtered (3 kHz), and digitized (10 kHz). pClamp 

software was used to analyze the slope (mV/ms) of the initial 1.5-ms rising phase of the 

fEPSP. Only recordings exhibiting a stable presynaptic fiber volley across the experiment 

and <15% increase/variation in the fEPSP during baseline were included in the analyses. 

Modest changes in the fiber volley occurred as a result of nominally Mg2+-free conditions 

and were accounted for by normalizing the slope of the fEPSP to the fiber volley amplitude 

on a response-by-response basis. Test compounds were bath applied. Individual slope 

values plotted as a function of time reflect the mean of three consecutive sweeps (1 min). 

Paired pulse ratios with an interstimulus interval of 50 ms were generated at the end of the 

baseline recording, and again, during the last minute of the test compound superfusion; 

paired pulse values were calculated from the mean of five consecutive sweeps, second 

pulse (P2)/first pulse (P1). Change in paired pulse was calculated as drug PPR (P2) – 

baseline PPR (P1)/P1×100. 

Whole-Cell Slice Electrophysiology 

The whole-cell patch-clamp technique was used to record miniature excitatory 

postsynaptic currents (mEPSCs) from the soma of CA1 pyramidal neurons voltage 

clamped at −60 mV in hippocampal slices continuously superfused with TTX-containing 

ACSF. Standard procedures were used to prepare transverse hippocampal slices (300-µm 

thickness). Dissecting ACSF contained (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 
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NaHCO3, 1 MgCl2, 2 CaCl2, and 25 glucose, and was carbogenated with 95% O2, 5% CO2. 

Slices were stored in an immersion ACSF holding chamber for at least one hour, at which 

time they were transferred to a submersion-type recording chamber and superfused at a 

rate of 2 mL/min at room temperature (20-22°C). Recording pipettes (3.5-5 MΩ) were 

filled with a solution that contained (in mM): 130 Cs methanesulfonate, 10 CsCl; 2 MgCl2, 

10 EGTA, 20 CsOH, 10 HEPES (pH adjusted with CsOH to 7.3). mEPSCs were recorded 

using an LM-EPC7 amplifier (List Electronic, Darmstadt, Germany), filtered (3 kHz), 

digitized (10 kHz) (Digidata 1332A, Molecular Devices Corp., Union City, CA), and 

acquired using the Clampex 9.2 software (Molecular Devices Corp.). Amplitude and 

frequency of mEPSCs were analyzed using the Mini Analysis software (v. 6.0.7, 

Synaptosoft Inc., Fort Lee, NJ). mEPSCs were identified with the amplitude threshold of 

4-5 pA. The amplitude threshold for automated event detection was set at three times the 

standard deviation of the baseline noise. Events automatically detected by the software 

were visually inspected and manually rejected if they did not show a typical synaptic 

waveform. The detection threshold was fixed for all recordings obtained from any given 

cell. Recordings exhibiting a stable baseline and a current leak below 100 pA were included 

in the analyses. Individual data points plotted as a function of time reflect the mean 

amplitude or mean frequency of mEPSCs recorded in 5-min bins. Cumulative distribution 

plots of mEPSC amplitude and interevent interval were generated using a total of 250 

events randomly selected from recordings obtained for the 5 min before and between 20 

and 25 min after beginning of superfusion of the cells in each treatment group (VEH vs. 

(2R,6R)-HNK). 
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Stereotaxic Surgery 

Rats were anesthetized with isoflurane using a precision vaporizer with 4% to 4.5% in an 

induction chamber. Once anesthetized, rats were placed onto a stereotaxic frame (David 

Kopf Instruments, Tujunga, CA) and anesthesia was maintained at 1-2% through a nose-

cone for the remainder of the surgery. A 33-gauge syringe (Hamilton Company, Reno, NV) 

was used to inject 0.3 µL of AAV9-Syn-ChrimsonR-tdT (Addgene, Watertown, MA) into 

the CA3 region of the dorsal hippocampus (-3.3 mm anterior/posterior; 3.7 mm  

medial/lateral; -3.7 dorsal/ventral). Rats were then returned to the vivarium for three weeks 

to allow for full recovery and viral expression. 

Statistical Analyses 

All experiments were performed in a randomized fashion and conducted and analyzed by 

experimenters blind to the treatment. Data were analyzed with GraphPad Prism Software 

7.04, with statistical significance defined as p < 0.05. Data were found to be normally 

distributed (D'Agostino and Pearson) and homogenous (Brown-Forsythe). In extracellular 

slice electrophysiology experiments, statistical comparisons were made by comparing the 

mean baseline response to the mean response during the last 5 min of superfusion with the 

test compound. In whole-cell electrophysiology experiments, statistical comparisons were 

made by comparing the mean baseline results to the mean of results obtained during the 

first significant time-bin (15-20 min) of the superfusion of slices with test compounds. 

Within-slice two-group comparisons were assessed with paired two-tailed t tests and 

between-slice two-group comparisons were assessed with unpaired t tests. Cumulative 

distribution plots of inter-event intervals and amplitude were analyzed by the Kolmogorov-

Smirnov test. Between group comparisons of three or more groups were assessed with one-
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way analysis of variance (ANOVA) followed by Holm-Šídák post-hoc comparisons. Two-

way repeated measures ANOVA were used when treatment and pathway (SC-CA1 vs. TA-

CA1; repeated measure) and when treatment and time (repeated measure) were 

independent factors. If a significant interaction was detected, the Holm-Šídák post-hoc test 

was used for pairwise group comparisons. Planned comparisons were made once treatment 

effects were established at SC-CA1 synapses (e.g., SC-CA1 vs. TA-CA1 dual recording 

experiment). A four-parameter Hill function was used to derive the EC50 and IC50 from the 

concentration-response relationships, and linear regression was used to identify significant 

correlations between paired pulse ratios and fEPSP slopes. 

2.3  Results 

(2R,6R)-HNK causes an NMDAR-independent enhancement of AMPAR-mediated 

synaptic transmission in hippocampal slices from male and female rats 

(2R,6R)-HNK was bath applied (superfused) onto transverse hippocampal slices from male 

Sprague Dawley rats and Schaffer collateral (SC)-CA1 field excitatory postsynaptic 

potentials (fEPSPs) were recorded (Figure 2.1A) To determine whether NMDAR activity 

modulated the potentiating effects of (2R,6R)-HNK, experiments were performed in 

hippocampal slices continuously superfused with ACSF containing the competitive 

NMDAR antagonist, 2-amino-5-phosphonopentanoic acid (AP5, 80 µM; Figure 2.1B). 

(2R,6R)-HNK potentiated SC-CA1 fEPSPs to 153 ± 13% of baseline in the presence of 

AP5 (Figure 2.1B,C; t(6) = 3.928, p = 0.0077, n = 7), indicating that the acute enhancement 

in AMPAR-mediated synaptic transmission is NMDAR-activity-independent. 

To determine whether biological sex influenced the (2R,6R)-HNK-induced 

potentiation, hippocampal slices from male and female rats were superfused with (2R,6R)-
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HNK (10 µM) for 1 h. In hippocampal slices from male rats (Figure 2.1D), (2R,6R)-HNK 

significantly increased the slope of SC-CA1s to 162 ± 14% of baseline (Figure 2.1D,E; 

t(5) = 4.424, p = 0.0069, n = 6), without changing fiber volley (FV) amplitude (Figure 

2.1E). The effect of (2R,6R)-HNK did not reverse following a 30-min washout with 

(2R,6R)-HNK-free ACSF (158 ± 12%; Figure 2.1E). We observed similar results with the 

use of hippocampal slices from females (Figure 2.1F,G), in which (2R,6R)-HNK led to a 

157 ± 14% potentiation of SC-CA1 fEPSPs (Figure 2.1F,G; t(5) = 4.018, p = 0.0101, 

n = 6); this effect also persisted during washout (166 ± 19%). In both cases, fEPSPs were 

blocked by superfusion of the slices with DNQX (50 µM)-containing ACSF (Figure 

2.1E,G), indicating that the synaptic potentials were mediated by AMPARs under these 

recording conditions. There was no significant difference between results obtained from 

male- and female-derived slices at the (2R,6R)-HNK concentration tested (t(11) = 0.1511, 

p = 0.8826), suggesting that intrinsic organizational sex differences do not modulate the 

potentiation induced by (2R,6R)-HNK. We note that rats were of prepubertal age and 

therefore activational effects of fluctuating hormones are not implicated in our findings.  
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Figure 2.1. (2R,6R)-HNK causes an NMDAR-independent enhancement of AMPAR-

mediated synaptic transmission in hippocampal slices from male and female rats.  

(A) Drug were bath applied (superfused) onto transverse hippocampal slices and Schaffer collateral (SC)-

CA1 field excitatory postsynaptic potentials (fEPSPs) were recorded. (B) Representative traces of SC-CA1 

fEPSPs recorded from male Sprague Dawley rats in the presence of 2-amino-5phosphonopentanoic acid 

(AP5, 80 µM). Individual sweeps across the procedure (light gray) are overlaid with terminal averages during 

baseline (gray) and after (2R,6R)-HNK superfusion (blue). (C) (2R,6R)-HNK superfusion enhanced the slope 

of SC-CA1 fEPSPs in the presence of AP5 (n = 7). fEPSP slope was significantly higher during the last 10 

min of (2R,6R)-HNK superfusion when compared to baseline. (D) Representative traces from male Sprague 

Dawley rats and female Sprague Dawley rats (F). Individual sweeps across the procedure (light gray) are 

overlaid with terminal averages during baseline (gray), (2R,6R)-hydroxynorketamine (HNK) superfusion 

(blue), and 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) superfusion (black). (E) Bath application of 

(2R,6R)-HNK (10 µM) to male (n = 6) and (G) female (n = 6) hippocampal slices enhanced the slope of SC-

CA1 fEPSPs, which were mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPARs), given that they were blocked by DNQX (50 µM). The (2R,6R)-HNK-induced potentiation of 

fEPSPs persisted in (2R,6R)-HNK-free artificial cerebrospinal fluid (ACSF), and did not influence 

presynaptic fiber volley (FV) amplitude. fEPSP slope was significantly higher during the last 10 min of 

(2R,6R)-HNK superfusion when compared to baseline. *p < 0.05, **p < 0.01. Points and error bars represent 

mean and standard error of the mean, respectively. A similar version of this image has been previously 

published and was reproduced with permission (Riggs et al., 2020). 
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(2R,6R)-HNK exerts its acute synaptic effects through a concentration-dependent 

increase in the probability of glutamate release 

Experiments in which slices were superfused with ACSF containing various concentrations 

of (2R,6R)-HNK (0.3, 1, 3, 10, 30 µM; Figure 2.2A) revealed that the (2R,6R)-HNK-

induced potentiation of SC-CA1 fEPSPs was concentration-dependent (Figure 2.2B). 

(2R,6R)-HNK had no effect on FV amplitude, regardless of concentration (data not shown). 

When comparing fEPSP slopes recorded in the presence of each concentration to that 

recorded during baseline (Figure 2.2D), (2R,6R)-HNK induced a significant synaptic 

potentiation at 3 µM (t(6) = 3.465, p = 0.0134, n = 7), 10 µM (t(6) = 5.981, p = 0.0010, 

n = 7), and 30 µM (t(6) = 3.985, p = 0.0072, n = 7). Such potentiation was not observed in 

slices superfused with vehicle (VEH; t(3) = 1.565, p = 0.2155, n = 4) or (2R,6R)-HNK at 

0.3 µM (t(4) = 0.2314, p = 0.8284, n = 5) or 1 µM (t(7) = 1.237, p = 0.2561, n = 8). Between-

group comparisons revealed a significant main effect of (2R,6R)-HNK on the change in 

SC-CA1 fEPSPs (Figure 2.2E; F(5,32) = 8.299, p < 0.0001), with the fEPSP slopes being 

significantly larger in the presence of 10 µM than VEH (p = 0.0075) or (2R,6R)-HNK at 

0.3 µM (p = 0.0024) and 1 µM (p = 0.0029). Likewise, fEPSP slopes were larger in the 

presence of 30 µM (2R,6R)-HNK than VEH (p = 0.0065) or (2R,6R)-HNK at 0.3 µM 

(p = 0.0020) and 1 µM (p = 0.0024). Analysis of the concentration-response relationship 

generated by plotting the change in fEPSP slope as a function of (2R,6R)-HNK 

concentration revealed an EC50 of 3.3 µM (Figure 2.2F). 

We next asked whether changes in presynaptic release probability could account 

for this potentiation by measuring paired pulse ratios (PPRs) before and after (2R,6R)-HNK 

superfusion. (2R,6R)-HNK-induced increases in fEPSP slope significantly correlated with 
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changes in PPR (Figure 2.2C; R2 = 0.2784, p = 0.0007), indicating that the degree of 

change in glutamate release probability significantly predicts the magnitude of the 

potentiation induced by (2R,6R)-HNK. When compared to baseline (Figure 2.2G), 

(2R,6R)-HNK led to a significant reduction in PPR at 3 µM (t(6) = 3.57, p = 0.0118), 10 µM 

(t(6) = 2.994, p = 0.0242), and 30 µM (t(6) = 6.677, p = 0.0005), but not under VEH 

(t(3) = 0.69, p = 0.5398), 0.3 µM (t(4) = 1.101, p = 0.3328), or 1 µM (t(7) = 2.063, p = 0.0780) 

conditions. When comparing among concentrations, there was a significant main effect of 

(2R,6R)-HNK on the PPR change (Figure 2.2H; F(5,32) = 4.007, p = 0.0062), with the 

change observed in slices superfused with (2R,6R)-HNK at 10 µM (p = 0.0094) and 30 µM 

(p = 0.0093) being significantly larger than that seen in VEH-superfused slices. The IC50 

for (2R,6R)-HNK to reduce PPR from baseline was 3.8 µM (Figure 2.2I). 

Next, we sought to test the persistence of the presynaptic potentiation following a 

period of bath application that roughly approximates the preclinical pharmacokinetic 

profile of (2R,6R)-HNK (Figure 2.2J). A 15 min bath application of (2R,6R)-HNK 

increased the slope of the fEPSP (Figure 2.2J,K; F(4,28) = 8.129, p = 0.0002, n = 8), which 

was significantly higher than baseline (p = 0.0039), and remained elevated in (2R,6R)-

HNK-free ACSF at 45 min (p < 0.0001), 75 min (p = 0.0059), and 105 min (p = 0.0929). 

In addition, (2R,6R)-HNK led to a significant reduction in PPR (Figure 2.2L; 

F(4,28) = 4.283, p = 0.0079), which was significantly lower than at baseline (p = 0.0265), 

and that persisted for at least 45 min in (2R,6R)-HNK-free ACSF (p = 0.0048). Changes in 

fEPSP slope across the procedure were significantly correlated with changes in PPR 

(Figure 2.2M; R2 = 0.4932, p < 0.0001). 
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Figure 2.2. (2R,6R)-HNK exerts its acute synaptic effects through a concentration-

dependent increase in the probability of glutamate release. 

(A) Representative paired pulse ratio (PPR) traces generated before (t = 0; gray) and after (t = 60; blue/black) 

(2R,6R)-hydroxynorketamine (HNK) superfusion. (B) (2R,6R)-HNK enhanced field excitatory postsynaptic 

potentials (fEPSPs) in a concentration-dependent fashion. (C) The fEPSP slope increase induced by (2R,6R)-

HNK correlated with changes in PPR. Dotted line indicates 95% confidence interval. (D) When compared to 

baseline (open circles), fEPSP slope increased in the presence of (2R,6R)HNK at 3 µM (n = 7), 10 µM (n = 

7), and 30 µM (n = 7) concentrations, but not in the presence of VEH (n = 4) or (2R,6R)-HNK at 0.3 µM (n 

= 5) or 1 µM (n = 8). (E) Ten and 30 µM (2R,6R)-HNK increased fEPSP relative to VEH and (2R,6R)-HNK 

at 0.3 or 1 µM conditions. (F) The (2R,6R)-HNK-mediated increase in fEPSP EC50 = 3.3 µM. (G) When 

compared to baseline, changes in PPR were decreased by (2R,6R)-HNK at 3, 10, and 30 µM, but not by VEH 

or (2R,6R)-HNK at 0.3 or 1 µM. (H) Ten and 30 µM (2R,6R)-HNK decreased PPR relative to VEH. (I) The 

(2R,6R)-HNK-mediated decrease in PPR IC50 = 3.8 µM. (J) Superfusion of (2R,6R)-HNK for 15 min 

enhanced the slope of SC-CA1 fEPSPs (n = 8), (K) which persisted up to 1 h in (2R,6R)-HNK-free ACSF, 

but that was not significantly different from baseline by 1.5 h of washout. (L) The changes in PPR were 

significantly correlated with the magnitude of the fEPSP change induced by (2R,6R)-HNK across the 

procedure (M). Dotted line indicates 95% confidence interval. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. Points/bars and error bars represent mean and standard error of the mean, respectively. A similar 

version of this image has been previously published and was reproduced with permission (Riggs et al., 2020). 
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Raising release probability occludes the presynaptic effects of (2R,6R)-HNK 

Removal of extracellular Mg2+ augments AMPAR-mediated responses in CA1 through an 

NMDAR-independent enhancement in glutamate release probability (Hamon et al., 1987). 

If (2R,6R)-HNK increases the probability of glutamate release, then it should also 

potentiate NMDAR-mediated fEPSPs. However, we previously found that (2R,6R)-HNK 

failed to potentiate NMDAR-mediated currents under Mg2+-free conditions (Lumsden et 

al., 2019). This apparent discrepancy could be reconciled if the (2R,6R)-HNK-induced 

potentiation of NMDAR-mediated responses was occluded by the enhanced release 

probability produced by removal of Mg2+. We tested this prediction by recording AMPAR-

mediated responses from slices superfused with either Mg2+-containing ACSF (n = 8) or 

nominally Mg2+-free ACSF (n = 12) prior to their superfusion with (2R,6R)-HNK. We 

tested whether postsynaptically evoked responses are maintained under these conditions 

by following the (2R,6R)-HNK superfusion with application of the AMPAR positive 

allosteric modulator, phenyl-1,4-bis-alkylsulfonamide (CMPDA; Timm et al., 2011). 

Consistent with our predictions, application of Mg2+-free ACSF potentiated 

AMPAR-mediated fEPSPs and decreased PPR (Figure 2.3). There was a significant main 

effect of Mg2+-free conditions on the fEPSP slope (Figure 2.3A-C; F(3,33) = 11.83, 

p < 0.0001), with removal of Mg2+ increasing SC-CA1 fEPSP slopes to 170 ± 9% of 

baseline (p = 0.0060). Under these conditions, (2R,6R)-HNK failed to potentiate responses 

further (175 ± 9% of baseline), whereas CMPDA significantly enhanced SC-CA1 fEPSPs 

to 239 ± 37% of baseline (p = 0.0001), consistent with its direct postsynaptic actions at 

AMPARs (Timm  et al., 2011). There was a significant main effect of nominally free Mg2+ 

on the change in PPR (Figure 2.3D; F(2,22) = 9.658, p = 0.0001), which significantly 
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decreased PPR values from baseline (p = 0.0017). Under these conditions, (2R,6R)-HNK 

failed to decrease PPRs further, suggesting that its presynaptic effects were occluded by 

the change in release probability that were induced by lowering the concentration of Mg2+. 

On the other hand, there was a main effect of (2R,6R)-HNK on the change in the fEPSP 

slope under normal Mg2+ conditions (Figure 2.3B,E; F(3,21) = 39.54, p < 0.0001), with 

(2R,6R)-HNK potentiating SC-CA1 fEPSPs to 151 ± 11% of baseline (p = 0.0007). Similar 

to nominally free Mg2+ conditions, CMPDA potentiated SC-CA1 fEPSPs to 217 ± 16% of 

baseline (p < 0.0001). There was a significant main effect (Figure 2.3F; F(2,14) = 7.277, 

p = 0.0068) for the change in PPR induced by (2R,6R)-HNK (p = 0.0062). Thus, we 

conclude that the nominal absence of Mg2+ occluded the presynaptic plasticity induced by 

(2R,6R)-HNK, and likely accounts for the failure to observe the (2R,6R)-HNK-induced 

potentiation of NMDAR-mediated fEPSPs reported previously (Lumsden et al., 2019). The 

finding that (2R,6R)-HNK-induced potentiation was occluded by disinhibiting glutamate 

release probability supports that (2R,6R)-HNK is acting presynaptically to exert its effects 

on AMPAR-mediated synaptic transmission. As an orthogonal approach, we next assessed 

if this finding held up against the inverse prediction: Given that Mg2+ typically opposes 

calcium influx through its competitive interaction with Ca2+ within the channel pore, 

inhibiting presynaptic calcium influx should block the (2R,6R)-HNK-induced potentiation. 
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Figure 2.3. Raising release probability occludes the presynaptic effects of (2R,6R)-HNK. 

(A) Representative traces generated during baseline (t = 0; gray), after nominally free magnesium (0 mM 

Mg2+) or standard magnesium (1.5 mM Mg2+) artificial cerebrospinal fluid (ACSF) superfusion (t = 30; 

black), (2R,6R)-hydroxynorketamine (HNK) superfusion (t = 90; blue), and phenyl-1,4-bis-alkylsulfonamide 

(CMPDA) superfusion (1 µM, t = 120; red). Recordings were made in the presence of 2-amino-5-

phosphonopentanoic acid (AP5, 80 µM). (B) Lowering the concentration of Mg2+ acutely potentiated 

Schaffer collateral (SC)-CA1 field excitatory postsynaptic potentials (fEPSPs, n = 8), which occluded further 

potentiation induced by (2R,6R)-HNK under normal Mg2+ conditions (n = 12), whereas the potentiation 

induced by the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) positive 

allosteric modulator, CMPDA, remained intact. (C) Nominally free Mg2+ led to a significant potentiation 

above baseline, as did the CMPDA-induced potentiation. (D) Nominally free Mg2+ significantly reduced PPR 

from baseline. (E) Under standard Mg2+ conditions (1.5 mM), (2R,6R)-HNK led to significant potentiation 

of fEPSPs above baseline, and (F) significantly reduced PPR. PPR values were not reported for CMPDA 

conditions because the late epileptogenic effects of CMPDA prevented accurate measurement of the second 

fEPSP slope. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean 

and standard error of the mean, respectively. A similar version of this image has been previously published 

and was reproduced with permission (Riggs et al., 2020). 
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Presynaptic calcium channel blockade inhibits the presynaptic effects of (2R,6R)-HNK 

Removal of extracellular Mg2+ augments glutamate release probability, in part, through a 

disinhibition of Ca2+ influx through presynaptic calcium channels (Hamon et al., 1987). 

Given that the presynaptic effects of (2R,6R)-HNK were occluded in Mg2+-free conditions, 

this potentiation should also be sensitive to N- and P/Q-type calcium channel blockade, 

which are the predominant presynaptic calcium channels that regulate neurotransmitter 

release at SC-CA1 synapses. Consistent with this, (2R,6R)-HNK did not exert an acute 

synaptic potentiation when N-type calcium channels were blocked with the potent and 

selective inhibitor, ω-Conotoxin-GVIA (Figure 2.4A,B; F(3,6) = 15.03, p = 0.0070), which 

significantly reduced fEPSP slope relative to baseline (p < 0.0001). This was due to the 

persistent actions of ω-Conotoxin-GVIA on presynaptic Ca2+ influx, as fEPSP responses 

remained suppressed for an hour during superfusion of each VEH condition, respectively 

(Figure 2.4C; F(3,3) = 32.99, p = 0.0046). In the presence of ω-Conotoxin-GVIA, the 

AMPAR positive allosteric modulator, CMPDA, could still increase the slope of AMPAR-

mediated fEPSPs (Figure 2.4A,B; p = 0.0248). Similarly, (2R,6R)-HNK did not exert an 

acute synaptic potentiation when P/Q-type calcium channels were blocked with the potent 

and selective inhibitor, ω-Agatoxin-IVA (Figure 2.4D,E; F(3,5) = 24.91, p = 0.0031), which 

significantly inhibited fEPSP slope relative to baseline (p < 0.0001) and was increased by 

CMPDA (p = 0.0541). This was due to the persistent actions of ω-Agatoxin-IVA on 

presynaptic Ca2+ influx, as fEPSP responses remained suppressed for an hour during 

superfusion of each VEH condition, respectively (Figure 2.4F; F(3,4) = 180.70, p < 0.0001). 

When compared the (2R,6R)-HNK-induced potentiation under the VEH-treated condition 

(Figure 2.4G; F(3,3) = 9.266, p = 0.0041), both inhibitors significantly suppressed fEPSP  
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Figure 2.4. Presynaptic calcium channel blockade inhibits the presynaptic effects of 

(2R,6R)-HNK. 

(A) Representative traces generated during baseline (t = 0; gray), after ω-Conotoxin-GVIA (CONO) 

superfusion (1 µM, t = 20, green), (2R,6R)-hydroxynorketamine (HNK) superfusion (t = 50; blue), and 

phenyl-1,4-bis-alkylsulfonamide (CMPDA) superfusion (1 µM, t = 80; red). (B) ω-Conotoxin-GVIA 

suppressed Schaffer collateral (SC)-CA1 field excitatory postsynaptic potentials (fEPSPs, n = 7), which 

blocked further potentiation induced by (2R,6R)-HNK, whereas the potentiation induced by the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) positive allosteric modulator, CMPDA, 

remained intact. (C) ω-Conotoxin-GVIA persistently suppresses the fEPSP when each VEH conditions is 

applied (n = 4). (D) Representative traces generated during baseline (t = 0; gray), after ω-Agatoxin-IVA 

(AGA) superfusion (1 µM, t = 20, green), (2R,6R)-HNK superfusion (t = 50; blue), and CMPDA superfusion 

(1 µM, t = 80; red). (E) ω-Agatoxin-IVA suppressed SC-CA1 fEPSPs (n = 6), which blocked further 

potentiation induced by (2R,6R)-HNK, whereas the potentiation induced by the AMPAR positive allosteric 

modulator, CMPDA, remained intact. (F) ω-Agatoxin-IVA persistently suppresses the fEPSP when each 

VEH conditions is applied (n = 6). (G) The synaptic potentiation induced by (2R,6R)-HNK is further 

enhanced by CMPDA. (H) CGP52432 attenuates the (2R,6R)-HNK-induced potentiation.*p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean and standard error of the 

mean, respectively. 
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responses (F(4,21) = 98.39, p < 0.0001), with the effects of ω-Agatoxin-IVA being more 

pronounced than the effects of ω-Conotoxin-GVIA (p < 0.0001). While not statistically 

significant, both inhibitors decreased the probability of glutamate release, consistent with 

the role of presynaptic calcium channel activation in the fusion of docked vesicles. 

Additionally, the acute potentiation induced by (2R,6R)-HNK was attenuated when Gi/G0-

coupled γ-aminobutyric acid B receptors (GABABR) were blocked (Figure 2.4H; t(11) = 

2.207, p = 0.0495), which typically act to suppress glutamate release through inhibition of 

adenylyl cyclase and presynaptic calcium channel activation. These results suggest that 

(2R,6R)-HNK exerts its acute potentiation through presynaptic mechanisms that are 

modulated by calcium signaling, which perhaps converge with G-protein-related signaling 

cascades that are sensitive to intracellular calcium concentrations (see Chapter 3). 

Given that paired pulse can also be influenced by postsynaptic changes, these 

results do not independently rule out whether a postsynaptic mechanism contributes to the 

acute potentiation induced by (2R,6R)-HNK. However, complementary work performed 

by our collaborator, Dr. Yasco Aracava (Albuquerque and Pereira Laboratories) revealed 

that (2R,6R)-HNK enhances the frequency, but not amplitude, of mEPSCs recorded from 

CA1 pyramidal neurons in the presence of TTX (0.3 µM). These findings provide 

additional support that (2R,6R)-HNK acutely potentiates excitatory synaptic transmission 

by increasing glutamate release independent of changes in the number and/or function of 

AMPARs (Riggs et al., 2020). Collectively, our results suggest that (2R,6R)-HNK 

promotes glutamate release through a mechanism that is modulated by the availability of 

intracellular calcium but that does not require action potential generation per se. If this is 

the case, then (2R,6R)-HNK should also potentiate glutamate release in the absence of 
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afferent stimulation. Consistent with this prediction, a one-hour preincubation of slices 

with (2R,6R)-HNK is sufficient to promote glutamate release (Figure 2.5; t(28) = 2.777, p 

= 0.0097), which supports a presynaptic calcium-dependent mechanism downstream of 

calcium channel activation. 

Figure 2.5. (2R,6R)-HNK promotes glutamate 

release in the absence of afferent stimulation. 

Slices were pre-incubated with (2R,6R)-hydroxynorketamine 

HNK (30 µM, n = 15) for one hour, and show a significant 

suppression of paired pulse facilitation relative to slices that 

were pre-incubated in the VEH-containing solution (n = 15, 

left). Drug exposure did not significantly enhance evoked 

responses to increasing current stimulation from threshold 

intensity (right). **p < 0.01. Points/bars and error bars reflect 

mean and standard error of the mean, respectively. 

 

 

The presynaptic effects of (2R,6R)-HNK occur at Schaffer collateral synapses, but not 

at temporoammonic synapses 

The processes that regulate vesicular release are diverse among excitatory synapses 

(O’Rourke et al., 2012; Chamberland et al., 2016), even within the CA1 field of the 

hippocampus (Qian et al., 2016; Ahmed  et al., 2009). Thus, if the synaptic effects of 

(2R,6R)-HNK are mediated by a selective enhancement in glutamate release, then its 

effects may vary as a function of the presynaptic afferent being stimulated. To test this 

prediction, a dual stimulation protocol was used to apply alternating stimulation to SC and 

temporoammonic (TA) afferents, respectively, which converge onto the same population 

of CA1 neurons (Figure 2.6A). TA-CA1 synapses are formed in the stratum lacunosum-

moleculare region of CA1, and project from layer III of the entorhinal cortex. In the SC-

CA1 pathway (Figure 2.6B), (2R,6R)-HNK potentiated fEPSPs to 165 ± 9% of baseline 

(Figure 2.6B; t(9) = 7.046, p = 0.0001, n = 10) and significantly reduced PPR (Figure 
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2.6C; t(9) = 5.39, p = 0.0004), whereas no change in either fEPSP (t(4) = 0.3932, p = 0.7142, 

n = 5) or PPR (t(4) = 1.409, p = 0.2317) were observed in the VEH-treated condition (data 

not shown). By contrast, in the TA-CA1 pathway (Figure 2.6D), (2R,6R)-HNK failed to 

potentiate fEPSPs (t(9) = 0.9968, p = 0.3573) or suppress PPR (Figure 2.6E; t(9) = 0.3894, 

p = 0.7061); no change in either fEPSP (t(4) = 1.552, p = 0.1956) or PPR (t(4) = 0.5895, 

p = 0.5872) were observed in the VEH-treated condition (data not shown). There were 

significant main effects of treatment (F(1,13) = 16.05, p = 0.0015) and synapse 

(F(1,13) = 23.17, p = 0.0003) on the fEPSP slope, and a treatment × synapse interaction 

(F(1,13) = 25.94, p = 0.0002; Figure 2.6F). Specifically, there was a significant fEPSP 

increase in (2R,6R)-HNK-exposed SC-CA1 synapses relative to VEH-exposed SC-CA1 

synapses (p < 0.0001) and (2R,6R)-HNK-exposed TA-CA1 synapses (p < 0.0001). The 

treatment × synapse interaction for the effect of (2R,6R)-HNK on the change in PPR did 

not reach statistical significance (Figure 2.6G; F(1,13) = 1.224, p = 0.2887), though planned 

comparisons revealed significant differences between VEH and (2R,6R)-HNK-treated 

slices in the SC-CA1 pathway (p = 0.0384), and between the SC-CA1 and TA-CA1 

pathways for (2R,6R)-HNK-treated slices (p = 0.0296). These data support that the 

presynaptic effects of (2R,6R)-HNK occur selectively at SC-CA1 synapses. 
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Figure 2.6. The presynaptic effects of (2R,6R)-HNK occur at Schaffer collateral 

synapses, but not at temporoammonic synapses.  

(A) Schematic of the dual extracellular recording arrangement. Both SC and TA afferents received alternating 

stimulation, and recording pipettes were placed in stratum radiatum and stratum lacunosum-moleculare of 

CA1, respectively. Paired pulse ratios generated before (t = 0; gray) and after (t = 60; blue/purple) (2R,6R)-

hydroxynorketamine (HNK) superfusion in SC-CA1 and TA-CA1, respectively. (B) (2R,6R)-HNK (10 µM, 

n = 10) enhanced SC-CA1 field excitatory postsynaptic potentials (fEPSPs) relative to vehicle (VEH)-treated 

control slices (n = 5). The (2R,6R)-HNK-induced potentiation of SC-CA1 fEPSPs was significant when 

compared to baseline, whereas no changes in VEH-exposed slices were observed (data not shown). (C) 

(2R,6R)-HNK significantly reduced PPR in SC-CA1 and no changes in VEH-exposed slices were observed 

(data not shown). (D) (2R,6R)-HNK had no effect on TA-CA1 fEPSPs. (E) (2R,6R)-HNK did not influence 

PPR at TA-CA1 synapses. (F) The (2R,6R)-HNK-induced potentiation of SC-CA1 fEPSPs was significantly 

higher than at VEH-exposed SC-CA1 synapses and (2R,6R)-HNK-exposed TA-CA1 synapses. (G) The 

(2R,6R)-HNK-induced decrease in PPR at SC-CA1 synapses was lower than at VEH-exposed SC-CA1 

synapses and (2R,6R)-HNK-exposed TA-CA1 synapses. ***p < 0.001, ****p < 0.0001. Points/bars and error 

bars represent mean and standard error of the mean, respectively. A similar version of this image has been 

previously published and was reproduced with permission (Riggs et al., 2020). 
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The presynaptic effects of (2R,6R)-HNK occur in response to optical stimulation of 

Schaffer collateral afferents 

I used the red-shifted channelrhodopsin, ChrimsonR, to confirm that the presynaptic effects 

of (2R,6R)-HNK occur through select activation of Schaffer collateral afferents (Figure 

2.7A). In transverse hippocampal slices, optical stimulation (625 nm) of ChrimsonR-

expressing Schaffer collateral terminals led to a robust fEPSP that varied linearly with 

increasing light output (Figure 2.7B). Bath application of (2R,6R)-HNK led to a significant 

potentiation of this optically-evoked response (Figure 2.7C; t(12) = 3.339, p = 0.0059) and 

suppressed paired pulse facilitation (Figure 2.7D; t(12) = 6.214, p < 0.0001). These 

observations confirm that Schaffer collateral stimulation is sufficient for (2R,6R)-HNK to 

promote glutamate release synapse-selectively at SC-CA1 synapses.   

 

 

Figure 2.7. The presynaptic effects of (2R,6R)-HNK occur in response to optical 

stimulation of Schaffer collateral afferents. 

(A) The red-shifted channelrhodopsin, ChrimsonR, was infused into the CA3 region of dorsal hippocampus 

(B) Electrically-recorded field excitatory postsynaptic potentials (fEPSPs) were evoked using a 625 nm LED 

light source. (C) (2R,6R)-hydroxynorketamine (HNK; 10 µM, n = 7) potentiated optically-evoked fEPSPs 

(D) suppressed paired pulse facilitation relative to VEH-exposed slices (n = 7). 
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2.4  Discussion 

Rapid-acting antidepressants are proposed to exert their effects by restoring the balance of 

synaptic excitation to inhibition throughout mesocorticolimbic circuits (Zanos et al., 2018; 

Thompson et al., 2015; Murrough et al., 2017; Abdallah et al., 2018). Preclinical studies 

have shown that, similar to ketamine (Autry et al., 2011; Maeng et al., 2008; Li  et al., 

2010), (2R,6R)-HNK causes enduring alterations in synaptic function throughout the brain 

and in behavioral tests that are used to predict antidepressant efficacy (Zanos et al., 2016; 

Pham et al., 2018; Yao et al., 2018; Cavalleri et al., 2018; Chou et al., 2018, Collo et al., 

2018, Ho et al., 2018, Wray et al., 2019; Fukumoto et al., 2019). Despite this, the 

mechanisms underlying the synaptic effects of (2R,6R)-HNK remain largely unknown. The 

results presented here demonstrate for the first time that (2R,6R)-HNK acts presynaptically 

at SC terminals to acutely enhance glutamatergic transmission in the CA1 field of the 

hippocampus. In addition, this potentiation is distinct from canonical forms of NMDAR-

dependent long-term potentiation at SC synapses (Nicoll et al., 1999), as the acute 

plasticity induced by (2R,6R)-HNK was expressed presynaptically and occurred in the 

presence of NMDAR blockade. 

A previous study from our laboratory suggests that (2R,6R)-HNK contributes to the 

antidepressant-like effects of ketamine (Zanos et al., 2016), with ketamine’s in vivo effects 

being more potently expressed in female rodents when compared to males (Zanos et al., 

2016; Carrier et al., 2013). However, here we report that (2R,6R)-HNK similarly enhanced 

glutamatergic transmission in male and female hippocampal slices at 10 µM – a concen-

tration approximating peak extracellular hippocampal levels following antidepressant 

dosing of (2R,6R)-HNK (10 mg/kg) in male mice (Lumsden et al., 2019). Consequently, 
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the current finding that potentiation of SC-CA1 synaptic transmission by (2R,6R)-HNK is 

sex-independent suggests that the direct actions of (2R,6R)-HNK on excitatory 

transmission do not explain these sex-dependent behavioral effects of ketamine. In 

addition, we conclude that organizational sex differences are not present, considering the 

prepubertal age of the female rats used, although, we cannot fully exclude that activational 

effects of female gonadal hormones could play a role. Conducting a similar study in older, 

cycling females would be needed to address whether the estrous cycle modulates the 

potentiation induced by (2R,6R)-HNK. 

The potentiation induced by (2R,6R)-HNK at SC-CA1 synapses was concentration-

dependent (3-30 µM), with a concentration of 10 µM (2R,6R)-HNK yielding a similar 

magnitude of potentiation in dorsal (Figure 2.6) and ventral (Figure 2.2) hippocampus. 

Notably, these effective concentrations of (2R,6R)-HNK are relevant to its antidepressant-

like actions in preclinical studies. For example, mice treated with 10 mg/kg of (2R,6R)-

HNK display ketamine-like antidepressant responses in the forced swim, learned 

helplessness, and novelty suppressed feeding tests, as well as in the sucrose and female 

urine preference tests following chronic corticosterone administration (Zanos et al., 2016; 

Fukumoto et al., 2019; Highland et al., 2018; Lumsden et al., 2019). At a 10 mg/kg dose, 

extracellular hippocampal concentrations peak at ~8 µM (Lumsden et al., 2019), which are 

compatible with concentrations of (2R,6R)-HNK that potentiate fEPSPs in the current 

study (EC50 of 3.3 µM). We also note that this EC50 is consistent with the maximal 

estimated unbound brain (2R,6R)-HNK concentrations (0.92-4.84 μM) calculated from 

effective doses of ketamine in rodents, but above its projected maximal human levels (≤ 

37.8 ± 14.3 nM) following administration of ketamine at antidepressant doses (Shaffer et 
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al., 2019). In addition, potentiation of glutamatergic transmission by (2R,6R)-HNK was 

observed in the presence of the NMDAR inhibitor, AP5, and therefore did not require 

NMDAR activity. This is consistent with earlier studies reporting that (2R,6R)-HNK only 

blocks NMDARs at concentrations higher than those reported here to potentiate AMPAR-

mediated fEPSPs (Zanos et al., 2016; Suzuki et al., 2017; Morris et al., 2017). In fact, 

under experimental conditions similar to the current study, (2R,6R)-HNK inhibited 

NMDAR-mediated fEPSPs at SC-CA1 synapses with an IC50 of 212 μM (Lumsden et al., 

2019). 

The potentiation of AMPAR-mediated fEPSPs by (2R,6R)-HNK was accompanied 

by a decrease in PPR, suggesting that (2R,6R)-HNK increases glutamate release 

probability. We tested the persistence of the potentiation following a period of bath 

application that roughly approximates the pharmacokinetic profile of (2R,6R)-HNK 

following an effective 10 mg/kg dose administered to mice (Zanos et al., 2016; Lumsden 

et al., 2019). Specifically, we have recently shown that maximum extracellular 

hippocampal concentrations reach ~8 µM at 10 and 20 min following intraperitoneal 

administration of an antidepressant-relevant dose of 10 mg/kg. The rate of clearance of 

(2R,6R)-HNK from the hippocampus is rapid, with ~3 µM remaining by 30 min post 

injection and ~0.3 µM by 60 min. Here, we report that a 15-min application of (2R,6R)-

HNK led to a potentiation that was sustained for an hour in (2R,6R)-HNK-free ACSF. We 

note that at 90 min following washout there was no significant difference from baseline 

(p = 0.09). Given that the pharmacokinetic profile of (2R,6R)-HNK shows that it has a 

rapid half-life and no brain-selective accumulation following systemic administration in 

vivo (Lumsden et al., 2019), it is likely that (2R,6R)-HNK is rapidly cleared when slices 
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are superfused with (2R,6R)-HNK-free ACSF. However, it is also possible that high-

affinity target binding contributes to the persistent effect we observe. 

We also found that (2R,6R)-HNK enhanced the frequency, but not amplitude, of 

mEPSCs recorded from CA1 pyramidal neurons, further supporting a presynaptic site of 

action. One hypothesis for how ketamine is proposed to exert its antidepressant effects is 

to disinhibit excitatory synaptic transmission by selectively inhibiting NMDARs localized 

on GABAergic inhibitory interneurons (Moghaddam et al., 1997; Widman et al., 2018; 

Duman, 2018). However, the effects of (2R,6R)-HNK on mEPSCs were observed in the 

presence of the sodium channel blocker, TTX, which prevents action potential generation, 

indicating that GABAergic disinhibition of glutamatergic transmission is not required for 

the (2R,6R)-HNK-induced increases in AMPAR-mediated mEPSC frequency. In addition, 

similar to a recent conclusion by Shaffer et al., (2018), our data indicate that (2R,6R)-HNK 

does not directly act on and/or increase the number of AMPARs, given that the amplitude 

of miniature events was unchanged.  

An extracellular dual stimulation protocol revealed that the (2R,6R)-HNK-induced 

presynaptic potentiation of fEPSPs was synapse-specific, as it was observed at SC-CA1, 

but not TA-CA1 synapses. While our whole-cell experiments do not definitely test through 

which synaptic input (2R,6R)-HNK is exerting its effects on mEPSC frequency, it is likely 

that the mEPSCs recorded from the soma of CA1 pyramidal neurons are mediated 

primarily by glutamate released from SC rather than TA terminals. This is because TA-

CA1 synapses are electrotonically remote from the soma of those neurons, and are largely 

outnumbered by SC-CA1 synapses (Ito et al., 2012, Megias et al., 2001, Luo et al., 2015, 

Spruston et al., 1993). While the exact mechanism by which (2R,6R)-HNK exerts its 
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synapse-specific effects remains to be determined, our results suggest that (2R,6R)-HNK 

selectively targets a presynaptic mechanism that specifically regulates glutamate release in 

SC-CA1 synapses but not in TA-CA1 synapses under these recording conditions. 

Importantly, there are topographically distinct TA-CA1 projections with marked 

differences in presynaptic protein expression and function (Ito et al., 2012), and TA 

synapses have been shown to express a form of long-term potentiation that involves the 

recruitment of presynaptic N-type calcium channels (Ahmed et al., 2009). It is possible 

that differences in the molecular mechanisms that regulate neurotransmitter release 

between these SC-CA1 and TA-CA1 synapses endow (2R,6R)-HNK with a selective effect 

on SC-CA1 synapses, for instance, through differential expression of presynaptic calcium 

channel subtypes (Ahmed et al., 2009). 

Enduring alterations in AMPAR-dependent synaptic transmission are thought to 

underlie the antidepressant-relevant behavioral effects of (2R,6R)-HNK (Highland et al., 

2021). It is important to note that the mechanisms underlying the acute presynaptic effects 

of (2R,6R)-HNK in hippocampal slices may be distinct from the sustained adaptations in 

synaptic efficacy that yield persistent antidepressant-like behavioral responses in vivo. For 

instance, while both the rapid and sustained antidepressant-like behavioral effects of 

(2R,6R)-HNK require AMPAR activation, hippocampal synaptic AMPAR protein levels 

are upregulated 24 h, but not 1 h, after systemic administration (Zanos et al., 2016). This is 

consistent with the delayed expression of AMPAR-dependent structural plasticity 

following submicromolar (2R,6R)-HNK exposure in vitro (Collo et al., 2018), and 

resembles enduring forms of synaptic plasticity that rely on de novo protein synthesis (Frey  

et al., 1988). Given the apparent reversal of (2R,6R)-HNK’s acute presynaptic effects in 
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the current study, our data suggest that an acute presynaptically-mediated change in fast 

excitation could induce a secondary, delayed postsynaptic increase in AMPAR expression, 

thereby accounting for the persistent behavioral actions of (2R,6R)-HNK. 

There is mounting evidence that the in vivo effects of (2R,6R)-HNK could be 

mediated by diverse actions throughout the brain. For instance, while (2R,6R)-HNK’s acute 

effects appear to be mediated presynaptically in the hippocampus, bath application of 

(2R,6R)-HNK (10 μM) and systemic (2R,6R)-HNK administration (10 mg/kg, i.p.) induces 

rapid pre- and postsynaptic adaptations in the ventrolateral periaqueductal gray (vlPAG), 

which are also AMPAR-dependent (Chou et al., 2018). Like the hippocampus, the vlPAG 

is subject to stress-induced impairments in glutamatergic transmission that are thought to 

contribute to the emergence of depressive-like behaviors in rodents (Ho et al., 2018), and 

that are responsive to the effects of (2R,6R)-HNK in vivo and in vitro (Chou et al., 2018). 

Similarly, direct (2R,6R)-HNK infusion into the prefrontal cortex produces brain-derived 

neurotrophic factor-tropomyosin receptor kinase B-dependent antidepressant-relevant 

actions comparable to those detected following systemic administration of (2R,6R)-HNK 

(Fukumoto et al., 2019), possibly, through a sustained enhancement in extracellular 

glutamate levels (Pham et al., 2018). In contrast, both ketamine and (2R,6R)-HNK reduce 

synaptic potentiation and AMPAR function in the ventral tegmental area-nucleus 

accumbens circuit (Yao et al., 2018). Additional circuit-level investigations conducted in 

vivo will help to unify the diverse actions of (2R,6R)-HNK throughout the 

mesocorticolimbic system. 

There remains some debate regarding the role of ketamine metabolites in the 

therapeutic antidepressant actions of ketamine. Nevertheless, (2R,6R)-HNK has been 
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shown to exert effects similar to ketamine in preclinical models of antidepressant efficacy 

and depressive-like behavior (Highland et al., 2021). In addition, (2R,6R)-HNK displays 

less evidence of adverse effects in comparison to ketamine in preclinical studies (Zanos et 

al., 2016). The current results provide critical insights regarding (2R,6R)-HNK’s 

mechanism of action, implicating immediate, synapse-selective, presynaptically mediated 

changes in synaptic strength. These findings advance a mechanistic framework for the 

development of improved therapeutic options for depression.  
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Chapter 3. (2R,6R)-hydroxynorketamine promotes glutamate release through 

cAMP-dependent protein kinase signaling independent of TrkB activation 

3.1  Introduction 

Our previous observations suggest that (2R,6R)-HNK potentiates α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptor (AMPAR) activity by promoting glutamate 

release at Schaffer collateral synapses (Riggs et al., 2020). Given its rapid timecourse, this 

phenomenon may stem from signaling networks that directly impinge on active zone 

proteins, many of which, are substrates of the second messenger-activated protein serine-

threonine kinases that are diffuse throughout metabotropic cascades (Leenders and Sheng, 

2005; Frerking and Wondolowski, 2008; Sheng, 2008; Castillo, 2012). Consistent with 

this, the antidepressant-like effects of (2R,6R)-HNK can be modulated by metabotropic 

autoreceptors (Zanos et al., 2019) that regulate glutamate release via adenylyl cyclase 

(AC)-dependent cyclic adenosine monophosphate (cAMP) production (Tanabe et al., 

1992). (2R,6R)-HNK leads to a rapid accumulation of intracellular cAMP (Wray et al., 

2019), which is known to potentiate glutamate release at Schaffer collateral synapses 

through the actions of its downstream target, cAMP-dependent protein kinase (PKA) 

(Chavez-Noriega and Stevens, 1992; Trudeau et al., 1996; Kaneko and Takahashi, 2004). 

Interestingly, cAMP is a potent regulator of brain-derived neurotrophic factor (BDNF) 

release (Iyengar, 1996; Boulanger and Poo, 1999), which is also required for (2R,6R)-HNK 

to exert its antidepressant-like effects (Fukumoto et al., 2018). Acutely, BDNF promotes 

glutamate release through a protein synthesis-independent pathway that modifies existing 

vesicle proteins downstream of its receptor, tropomyosin receptor kinase B (TrkB) (Kang 

and Schuman, 1995; Gottschalk et al., 1998; Li et al., 1998; Jovanovic et al., 2000; Ji et 
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al., 2010; Leal et al., 2015; Cheng et al., 2017). I reasoned that an increase in presynaptic 

cAMP could mediate the release of BDNF by (2R,6R)-HNK, and possibly, from 

presynaptic compartments (Dieni et al., 2012; Andreska et al., 2014; Song et al., 2017). 

This led me to test the hypothesis that (2R,6R)-HNK exerts its presynaptic potentiation 

through an acute increase in cAMP-dependent BDNF-TrkB signaling. 

3.2  Materials and Methods 

Animals 

Wistar Kyoto (WKY) rats bare phenotypic resemblance to treatment-resistant major 

depression, in that they exhibit (a) anxiety- and depressive-like behavior, (b) enhanced 

sensitivity to stress, (c) cognitive impairment, (d) resistance to traditional antidepressants, 

and (e) favorable response to rapid-acting approaches that have clinical efficacy for 

treatment-resistant major depression (Willner and Belzung, 2015; Aleksandrova et al., 

2019), including ketamine and deep brain stimulation (Willner et al., 2018; Aleksandrova 

et al., 2020). We selected the WKY model to characterize the synaptic effects of (2R,6R)-

HNK since a deficit in hippocampal plasticity contributes in part to this phenotype 

(Aleksandrova et al., 2019, 2020) and is relevant to its proposed antidepressant mechanism 

of action (Highland et al., 2021). Male WKY rats (postnatal day 28 on arrival; Charles 

River, MA) were acclimated to the vivarium (University of Maryland, Baltimore, MD) for 

at least one week prior to experiments. All rats were housed three per cage under standard 

conditions (12-h light-dark cycle) with food and water available ad libitum. All 

experimental procedures were approved by the University of Maryland Baltimore Animal 

Care and Use Committee and were conducted in full accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. 
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Compounds 

(2R,6R)-HNK (10 µM) was synthesized at the National Center for Advancing Translational 

Sciences (Bethesda, MD) and absolute and relative stereochemistry were confirmed by 

small molecule x-ray crystallography, as previously described (Morris et al., 2017). 

SQ22536 (10 µM; MedChemExpress, NJ) was used to inhibit AC whereas H-89 (10 µM; 

MedChemExpress, NJ) was used to inhibit the cAMP-dependent protein kinase, PKA. 

ANA-12 (10 µM; MedChemExpress, NJ) was used to inhibit TrkB whereas BDNF (8 nM; 

PeproTech, Inc, NJ) was used to activate TrkB. Picrotoxin (50 µM; Tocris Bioscience, 

Minneapolis, MN) was used to block γ-aminobutyric acid A (GABAA) receptors in long-

term potentiation (LTP) experiments. All compounds used in electrophysiological 

experiments were diluted to their final concentration in artificial cerebrospinal fluid 

(ACSF). When (2R,6R)-HNK was administered systemically, it was dissolved in 

pharmaceutical grade sterile saline (0.9% NaCl) and administered intraperitoneally at a 

dose of 10 mg/kg at a volume of 1 mL/kg. Vehicle (VEH)-treated rats received 1 mL/kg of 

the same sterile saline that was used to prepare the drug solutions for a given experiment.  

Extracellular Slice Electrophysiology 

A customized quad-channel extracellular recording set-up with submersion-type 

polytetrafluoroethylene chambers (Lafayette Instrument Company, Lafayette, IN) was 

used for electrophysiological recordings. Responses were recorded and digitized with a 

Model 1700 Differential AC Amplifier (A-M Systems, Sequim, WA) and Axon Digidata 

1322A (Molecular Devices, LLC, San Jose, CA). Standard collection procedures were used 

to prepare brain sections with a vibrating blade microtome (VT1200, Leica Microsystems 

Inc, Buffalo Grove, IL). We observed the most consistent results when (2R,6R)-HNK was 
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bath applied (superfused) onto thin non-hemisected coronal sections that were cut at a rate 

of 0.10-0.12 mm/s. Thus, non-hemisected coronal sections containing dorsal hippocampus 

(300-µm thickness) were used for all superfusion experiments and hemispheres were 

selected at random for each recording. For LTP experiments, standard transverse dorsal 

hippocampal slices were used (400-µm thickness) and sectioned at a rate of 0.30 mm/s. 

Dissecting and recording artificial cerebrospinal fluid (ACSF) contained (in mM): 119 

NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 1.3 MgCl2, 2.5 CaCl2, and 12.5 glucose, and 

was carbogenated with 95% O2, 5% CO2. Slices were sectioned in ice-cold ACSF and then 

immediately transferred into a room temperature recovery chamber. For bath application 

experiments, sections were transferred to a drug-incubation chamber after a one-hour 

recovery period. After 30 min of incubation (pre-treatment), slices were then transferred 

into the recording chamber, positioned immediately below the chamber inlet, and 

superfused in ACSF containing the test inhibitor at a continuous rate of 2.5 mL/min at 

room temperature using a Ismatec® Reglo Independent Channel Control Peristaltic Pump 

(Cole-Parmer, Vernon Hills, IL). A flow rate of 4-6 mL/min was used for BDNF 

experiments since its synaptic effects are flow rate-dependent (Ji et al., 2010; Guo et al., 

2018). Concentric bipolar tungsten electrodes (World Precision Instruments, Sarasota, FL) 

were used to electrically stimulate Schaffer collateral afferents in the stratum radiatum and 

ACSF-filled recording pipettes (3-5 MΩ) were placed in CA1 stratum radiatum to record 

field excitatory postsynaptic potentials (fEPSPs) that were amplified (×1000), filtered (3 

kHz), and digitized (10 kHz). Single stimuli (100 µs, 0.05 Hz) were used to monitor 

responses over time and were set to 125% of threshold intensity (≈ 40-55 µA). Following 

a 15-min baseline, the test compound was continuously superfused for 60 min. For LTP 
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experiments, input-output curves were generated in 5-µA steps starting from threshold, 

with test stimuli then set to 150% of threshold intensity (≈ 60-75 µA). After a baseline was 

established (15 min), high frequency electrical stimulation was delivered and consisted of 

four 1-s 100 Hz trains spaced by 20-s intertrain intervals (4×100 Hz). Responses to single 

pulse stimulation were then monitored for an additional 60 min to assess the persistence 

and magnitude of the high frequency-induced potentiation.  

The pClamp 11 Software Suite (Molecular Devices, LLC, San Jose, CA) was used 

to analyze the fiber volley amplitude (mV) and the fEPSP slope (mV/ms), defined as the 

rising phase of the response (1.25 ms) immediately following the fiber volley and upon 

response linearization. Responses are plotted as a function of time and reflect the mean of 

three consecutive sweeps. Within-group comparisons were made using the averaged 

response at the end of baseline (t = -5 to 0 min) vs. the averaged response at the end of the 

recording period (t = 55 to 60 min). Between-group comparisons were made using the 

averaged response at the end of the recording period for each group (t = 55 to 60 min, 

respectively). The change in fEPSP was calculated and plotted as a change from baseline 

(Equation 1). Paired pulse stimuli were generated using a 50-ms interstimulus interval at 

the end of the baseline recording (15 min), and again, during the last minute of test 

compound superfusion (60 min). Paired pulse ratios were calculated from the mean of five 

consecutive sweeps (Equation 2) and the change in paired pulse was calculated as a change 

from baseline (Equation 3): 

(1) 𝑓𝐸𝑃𝑆𝑃 (
𝑚𝑉

𝑚𝑠
[%]) =  

𝑚𝑉/𝑚𝑠(𝑡𝑒𝑠𝑡 𝑝𝑢𝑙𝑠𝑒)

𝑚𝑉/𝑚𝑠(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑥̄ )
 ×  100 

(2) 𝑃𝑃𝑅 =  
𝑃2(𝑠𝑒𝑐𝑜𝑛𝑑 𝑝𝑢𝑙𝑠𝑒)

𝑃1(𝑓𝑖𝑟𝑠𝑡 𝑝𝑢𝑙𝑠𝑒)
 

(3) 𝛥𝑃𝑃𝑅 =  
𝑃2(𝑃𝑃𝑅 𝑎𝑓𝑡𝑒𝑟 𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) − 𝑃1(𝑃𝑃𝑅 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)   

𝑃1(𝑃𝑃𝑅 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)
 × 100 
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All experiments were completed within four hours of slice collection. Data from each slice 

were included in the final analyses if they exhibited: (a) a stable fEPSP during baseline, 

defined as <10% variation in either direction from its initial slope, (b) a stable fEPSP during 

baseline, defined as <15% variation from central tendency, and (c) a stable presynaptic 

fiber volley across the duration of the recording, defined as <15% variation in either 

direction from its initial amplitude. Inclusion criteria were determined a priori based on 

our prior studies (Riggs et al., 2020) and the slice-by-slice determination as to whether 

these criteria were met were established a posteriori during the data analysis prior to 

unblinding. 

Statistical Analyses 

All experiments were performed in a randomized fashion and conducted and analyzed by 

experimenters who were blind to the conditions. A single slice is considered a single 

replicate (n) in superfusion experiments whereas a single rat is considered a single replicate 

(n) in LTP experiments. Data were analyzed with GraphPad Prism Software 9.0.1 and 

assessed for normality (D'Agostino-Pearson) and homogeneity of variance (Bartlett’s, 

corrected). Data are presented as mean ± standard error of the mean, and statistical 

significance was defined as p < 0.05. When parametric assumptions were met for two-

group comparisons,  paired and unpaired two-tailed t-tests were used for within- and 

between-group comparisons, respectively. The Mann-Whitney U test was used for 

between-group comparisons if parametric assumptions were not met. For parametric 

comparisons of three or more groups, one-way analysis of variance (ANOVA) was used 

followed by Holm-Šídák post-hoc comparisons. Non-parametric comparisons of three or 

more groups were assessed using the Kruskal-Wallis test followed by Dunn’s multiple 



        

63 

 

comparisons. Effect sizes were defined as small (≤ 0.2), medium (≤ 0.5), or large (≥ 0.8), 

and determined by: (a) Cohen’s d when comparisons were of equal sample size and 

standard deviation; (b) Glass’ delta when comparisons were of equal sample size but 

differed in standard deviation; or (c) Hedge’s g when comparisons were of different sample 

size regardless of standard deviation. Linear regression was used for correlation analyses 

between two or more continuous variables. Nonlinear regression was used for input-output 

comparisons, in which the extra-sum-of-squares F test was used to determine if best-fit 

values differed significantly between data sets. If statistically significant outliers were 

detected by ROUT (Q = 1%), data were analyzed with and without outliers using 

parametric and non-parametric alternatives and both are described in the Results. 

3.3  Results 

(2R,6R)-HNK promotes glutamate release and restores the efficacy of synaptic 

transmission in a preclinical model of treatment-resistant major depression 

Bath application of (2R,6R)-HNK (10 µM, 1 hr) onto coronal slices from WKY rats 

(Figure 3.1A) significantly increased the slope of dorsal hippocampal (dHPC) Schaffer 

collateral (SC)-CA1 field excitatory postsynaptic potentials (fEPSPs; Figure 3.1C; 

t(8) = 4.527, p = 0.0019, d = 2.1244). This potentiation was significantly greater than that 

exhibited by VEH-exposed slices (Figure 3.1B; t(13) =  3.395, p = 0. 0048, g = 1.7857) 

which did not change significantly from baseline (Figure 3.1C; t(5) = 0.2482, p = 0.8138). 

(2R,6R)-HNK also suppressed paired pulse facilitation (Figure 3.1D left; t(8) = 2.815, 

p = 0.0227, d = 0.6088), which differed significantly in both variability (F(5,8) = 12.12, p = 

0.0029) and magnitude (U = 10, p = 0.0496, g = 1.0772) relative to VEH (Figure 3.1D 

right). These paired pulse changes were significantly correlated with the extent of the 
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(2R,6R)-HNK-induced potentiation of fEPSPs (Figure 3.1E; R2 = 0.4685, p = 0.0420), 

unlike the VEH condition (F(1,11) = 4.977, p = 0.0474) that was itself uncorrelated (R2 = 

0.1434, p = 0.4591). These results suggest that (2R,6R)-HNK promotes glutamate release 

at dHPC SC-CA1 synapses in the WKY model of treatment-resistant major depression.  

 Next, we assessed the sustained actions of (2R,6R)-HNK on synaptic efficacy 

(Figure 3.1F), as hippocampal plasticity has proven especially impaired in WKY rats 

relative to other strains (Aleksandrova et al., 2019, 2020). We found that VEH-treated 

WKY rats have a weakened expression of LTP at dHPC SC-CA1 synapses following a 

maximal induction protocol of high-frequency electrical stimulation (Figure 3.1H,J; 105% 

vs. baseline, t(6) = 0.7939, p = 0.4575) relative to Wistar controls (see Chapter 4 and 

Aleksandrova et al., 2020). In contrast, a robust and sustained potentiation was observed 

in WKY rats that were pretreated with (2R,6R)-HNK (10 mg/kg, i.p.) three hours prior to 

LTP induction (Figure 3.1H,J; 144% vs. baseline, t(4) = 13.92, p = 0.0002, d = 7.5457), 

which was significantly greater than that observed in VEH-treated controls (Figure 3.1I; 

t(10) = 4.978, p = 0.0006, g = 2.9158). Given that (2R,6R)-HNK administration led to a 

stronger input-output relationship relative to VEH (Figure 3.1G; F(1,56) = 4.239, p = 

0.0442) without affecting fiber volley amplitude (data not shown), an increase in synaptic 

strength likely contributes to the restoration of LTP by (2R,6R)-HNK. These results suggest 

that (2R,6R)-HNK promotes both an acute potentiation of glutamate release and enhanced 

efficacy of synaptic transmission at dHPC SC-CA1 synapses. 



        

65 

 

 

Figure 3.1. (2R,6R)-HNK promotes glutamate release and restores the efficacy of 

synaptic transmission in a preclinical model of treatment-resistant major depression. 

(A) Drugs were bath applied (superfused) onto coronal slices containing dorsal hippocampus (dHPC) and 

Schaffer collateral (SC)-CA1 field excitatory postsynaptic potentials (fEPSPs) were recorded. (B,C) (2R,6R)-

hydroxynorketamine (HNK) potentiates SC-CA1 fEPSPs recorded from male Wistar Kyoto (WKY) rats and 

(D) promotes glutamate release, which is (E) correlated with changes in fEPSP. (F) WKY rats that were 

treated systemically with (2R,6R)-HNK (10 mg/kg, intraperitoneal) show (G) an increase in synaptic strength 

and (H-J) a restoration of long-term potentiation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Points/bars and error bars represent mean and standard error of the mean, respectively. 
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(2R,6R)-HNK acutely potentiates glutamate release through adenylyl cyclase activation 

of cAMP-dependent protein kinase 

Slices were pretreated with the AC inhibitor SQ22536 (10 µM, 30 min) to assess the role of 

cAMP signaling in the acute presynaptic potentiation induced by (2R,6R)-HNK (Figure 3.2A). 

There was a significant main effect of drug on the change in fEPSP (Figure 3.2B; KW = 13.44, 

p = 0.0001), with VEH+(2R,6R)-HNK leading to a significant potentiation (Figure 3.2C; t(7) 

= 5.524, p = 0.0009, d = 2.8249) that differed from the SQ22536+VEH (p = 0.0010, g = 3.2298) 

and SQ22536+(2R,6R)-HNK conditions (p = 0.0511, g = 2.7848; Figure 3.2B). The 

suppression of paired pulse facilitation induced by VEH+(2R,6R)-HNK (Figure 3.2D; t(7) = 

12.82, p < 0.0001, d = 1.4420) led to a significant main effect of drug on the change in paired 

pulse ratio (Figure 3.2E; KW = 11.73, p = 0.0008), which differed between the VEH+(2R,6R)-

HNK and the SQ22536+VEH (p = 0.0035, g = 4.5143) and SQ22536+(2R,6R)-HNK 

conditions (p = 0.0393, g = 2.0473). Using a similar experimental approach to examine the role 

of PKA inhibition (Figure 3.2F), I found a significant main effect of drug on the change in 

fEPSP (Figure 3.2B; KW = 13.55, p = 0.0011), with VEH+(2R,6R)-HNK leading to a 

significant potentiation (Figure 3.2C; t(7) = 4.784, p = 0.0020, d = 2.4738) that differed from 

the H-89+VEH (p = 0.0030, delta = 1.7571) and SQ22536+(2R,6R)-HNK conditions (p = 

0.0063, delta = 1.7041; Figure 3.2B). The suppression of paired pulse induced by 

VEH+(2R,6R)-HNK (Figure 3.2I; t(7) = 3.730, p = 0.0074, d = 0.6991) led to a significant 

main effect of drug on the change in paired pulse ratio (Figure 3.2J; F(2,21) = 9.527, p = 0.0011), 

which differed between the VEH+(2R,6R)-HNK and the H-89+VEH (p = 0.0013, d = 2.1528) 

and H-89+(2R,6R)-HNK conditions (p = 0.0090, d = 1.3483). cAMP-PKA signaling is thus 

required for (2R,6R)-HNK to exert its acute presynaptic effects.  
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Figure 3.2. (2R,6R)-HNK acutely potentiates glutamate release through adenylyl 

cyclase activation of cAMP-dependent protein kinase. 

(A) Coronal slices containing dorsal hippocampus (dHPC) were pretreated for 30 min with either VEH or 

the adenylyl cyclase inhibitor, SQ22536. SQ22536 blocks the (2R,6R)-hydroxynorketamine (HNK)-induced 

potentiation of (B,D) field excitatory postsynaptic potentials (fEPSPs), (C,E) glutamate release, and (F) their 

correlation. (G) Coronal slices containing dHPC were pretreated for 30 min with either VEH or the cyclic 

adenosine monophosphate (cAMP)-dependent protein kinase (PKA) inhibitor, H-89. H-89 blocks the 

(2R,6R)-HNK-induced potentiation of (H,J) fEPSPs, (I,K) glutamate release, and (L) their correlation. **p 

< 0.01, ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean and standard error of the 

mean, respectively. 
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BDNF-TrkB activation is not required for (2R,6R)-HNK to potentiate glutamate release  

Slices were pretreated with the TrkB inhibitor ANA-12 (10 µM, 30 min) to assess the role 

of TrkB signaling in the acute presynaptic potentiation induced by (2R,6R)-HNK (Figure 

3.3A,F). There was a significant main effect of drug condition on the change in fEPSP 

(Figure 3.3B; KW = 18.05, p = 0.0004), with BDNF bath application (8 nM, 1 hr) leading 

to a significant potentiation (Figure 3.3C; t(9) = 4.989, p = 0.0007, d = 2.2484) that differed 

significantly from VEH (p = 0.0120, g = 2.1157) and ANA-12+BDNF (p = 0.0009, g = 

2.2074; Figure 3.3B). Additionally, the suppression of paired pulse facilitation induced by 

BDNF (Figure 3.3D; t(9) = 5.218, p = 0.0006, d = 1.2607) led to a main effect of drug 

exposure on the change in paired pulse ratio (Figure 3.3E; F(3,24) = 6.339, p = 0.0026), 

which differed between BDNF and the VEH (p = 0.0037, g = 1.9212), ANA-12 (p = 

0.0286, g = 1.7816), and ANA-12+BDNF conditions (p = 0.0569, g = 1.3103). When TrkB 

was inhibited during (2R,6R)-HNK bath application (Figure 3.3F), I found a significant 

main effect of drug exposure on the change in fEPSP (Figure 3.3G; F(2,11) = 17.76, p = 

0.0004), which was driven by a robust potentiation by both (2R,6R)-HNK (p = 0.0028, d = 

3.6613) and ANA-12+(2R,6R)-HNK (p = 0.0060, d = 4.1258; Figure 3.3H) that differed 

significantly from VEH (Figure 3.3G; p = 0.0008 and 0.0006, respectively). These results 

suggest that BDNF-TrkB signaling is not required for (2R,6R)-HNK to exert its acute 

presynaptic effects. 
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Figure 3.3. BDNF-TrkB activation is not required for (2R,6R)-HNK to potentiate 

glutamate release.  

(A) Coronal slices containing dorsal hippocampus (dHPC) were pretreated for 30 min with either VEH or 

the tropomyosin receptor kinase B (TrkB) receptor inhibitor, ANA-12. ANA-12 blocks the brain-derived 

neurotrophic factor (BDNF)-induced potentiation of (B,D) field excitatory postsynaptic potentials (fEPSPs), 

(C,E) glutamate release, and (F) their correlation. (G) ANA-12 does not block the (2R,6R)-

hydroxynorketamine (HNK)-induced potentiation of (H,J) fEPSPs, (I,K) glutamate release, or (L) their 

correlation. *p < 0.05, **p < 0.01, ***p < 0.001. Points/bars and error bars represent mean and standard error 

of the mean, respectively.  
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3.4  Discussion 

(2R,6R)-HNK rapidly potentiates AMPAR activity by promoting glutamate release in 

regions like the hippocampus (Riggs et al., 2020), prefrontal cortex (Pham et al., 2018), 

and periaqueductal grey (Chou et al., 2018). AMPAR-dependent release of BDNF is 

unique to rapid antidepressant mechanisms of action (Riggs and Gould, 2021) and is 

required for (2R,6R)-HNK to exert its antidepressant-like effects (Fukumoto et al., 2018). 

In vivo, the actions of (2R,6R)-HNK are modulated by compounds that regulate glutamate 

release via cAMP (Zanos et al., 2019) and (2R,6R)-HNK leads to a rapid increase in 

intracellular cAMP levels in vitro (Wray et al., 2019). Given that BDNF secretion is gated 

by cAMP (Boulanger and Poo, 1999; Patterson et al., 2001; Ji et al., 2005) and promotes 

glutamate release via presynaptic TrkB activation (Kang and Schuman, 1995; Boulanger 

and Poo, 1999; Ji et al., 2005), I tested the hypothesis that (2R,6R)-HNK exerts its 

presynaptic effects through an acute increase in cAMP-dependent BDNF-TrkB signaling. 

First, I determined whether the presynaptic effects of (2R,6R)-HNK were cAMP-

dependent by impairing cAMP production with the cell-permeable non-competitive AC 

inhibitor, SQ22536. Given that PKA is the primary downstream target of cAMP, I also 

assessed the role of PKA with the cell-permeable competitive inhibitor, H-89. Consistent 

with my predictions, I found that the (2R,6R)-HNK-induced potentiation requires 

cAMP/PKA signaling, as it was blocked by either SQ22536 or H-89 pretreatment. Previous 

studies have shown that PKA activation promotes basal synaptic transmission by 

increasing the probability of glutamate release (Wozny et al., 2008; Fernandes et al., 2015) 

without any effect H-89 on its own (Santschi et al., 1999; Fernandes et al., 2015; Zhu et 
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al., 2015). These observations thus support that the acute presynaptic (2R,6R)-HNK-

induced potentiation requires cAMP/PKA signaling.  

Next, I used a similar experimental approach to assess whether BDNF-TrkB 

signaling was involved in the (2R,6R)-HNK-induced potentiation using BDNF and the 

TrkB inhibitor, ANA-12 (Cazorla et al., 2011). While TrkB activation was required for the 

acute potentiation induced by BDNF itself, it was not required for the (2R,6R)-HNK-

induced potentiation (Camilli et al., 1990; Jovanovic et al., 2000; Cheng et al., 2017). This 

suggests that the critical role of BDNF in the antidepressant actions of (2R,6R)-HNK are 

likely downstream of AMPAR activity. Ongoing studies seek to test whether BDNF-TrkB 

signaling is required for the AMPAR-dependent actions of (2R,6R)-HNK on synaptic 

efficacy – a phenomenon that is delayed by at least several hours and is involved in 

sustaining its antidepressant actions via an upregulation of GluA1-containing AMPARs 

(Highland et al., 2021). This is in line with canonical hypotheses that support a postsynaptic 

site of action of BDNF in the rapid antidepressant effects of ketamine and its metabolites 

(Li et al., 2010; Fukumoto et al., 2018). Indeed, ketamine increases hippocampal PKA 

activity one-hour post-administration (Réus et al., 2011) and can restore hippocampal PKA 

and BDNF expression within 1 day of repeated stress exposure (Wu et al., 2021) whereas 

pretreatment with H-89 (10 mg/kg, i.p.) blocks its antidepressant-like effects (Xue et al., 

2016; Ruan et al., 2019).  

Impaired cAMP/PKA signaling is observed in patients with depression (Shelton et 

al., 1999; Shelton, 2007) and is an important neurobiological predictor of suicide (Dwivedi 

and Pandey, 2011). Specifically, fibroblast analysis in depressed patients and post-mortem 

analysis from depressed suicide victims show reductions in cAMP binding sites to the 
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regulatory subunits of PKA, reductions in total and endogenous phosphotransfer catalytic 

activity of PKA in the presence and absence of cAMP, and reductions in PKA expression 

in both membrane and cytosolic fractions (Dwivedi et al., 2002, 2004; Dwivedi and 

Pandey, 2011). Since the onset of antidepressant response is associated with a restoration 

of cAMP, in part, via increased BDNF expression (Malberg and Blendy, 2005; Gass and 

Riva, 2007; Dwivedi, 2008; Fujita et al., 2017), and that ketamine rapidly increases cAMP 

signaling and PKA-dependent cell proliferation in patient-derived neural progenitor cells 

(Grossert et al., 2019), it is possible that cAMP/PKA signaling may be a relevant 

antidepressant target of (2R,6R)-HNK, upon which novel therapeutic interventions could 

be based (Dwivedi and Pandey, 2011). Collectively, our results support a unified model in 

which (2R,6R)-HNK acutely upregulates cAMP to potentiate glutamate release via PKA-

dependent activation of vesicle-associate phosphoproteins, giving rise to sustained changes 

in the efficacy of synaptic transmission through a TrkB-dependent mechanism that 

involves the upregulation of GluA1-AMPARs. This acute presynaptic induction of 

postsynaptic plasticity may be an ideal approach to correct widespread synaptopathic 

dysfunction in depression (Thompson et al., 2015; Calabrese et al., 2016; Monday and 

Castillo, 2017).  
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Chapter 4. (2R,6R)-hydroxynorketamine promotes hippocampal-dependent 

plasticity and behavior in vivo 

4.1  Introduction 

(2R,6R)-HNK rapidly potentiates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR) activity by promoting glutamate release at Schaffer collateral (SC-

CA1) synapses of the dorsal hippocampus (dHPC) (Riggs et al., 2020), an effect that may 

underlie its preclinical antidepressant-like effects (Highland et al., 2021). These properties 

confer (2R,6R)-HNK with an ability to restore Schaffer collateral-dependent plasticity in 

the WKY model of treatment-resistant major depression, which involves an acute increase 

in cAMP-dependent protein kinase signaling (Chapter 3). I hypothesize that these activity-

related changes confer (2R,6R)-HNK the ability to enhance the efficacy of synaptic 

transmission at dHPC SC-CA1 synapses in vivo.  

Previous studies have shown that novelty recognition is associated with glutamate 

release in the SC-CA1 pathway (Cohen et al., 2013) and that WKY rats have a specific 

impairment in this form of plasticity and behavior (Aleksandrova et al., 2019, 2020), due 

in part to the lesser expression of GluA1-AMPARs in dHPC (Yen et al., 2021). I predict 

that (2R,6R)-HNK will restore dHPC plasticity in vivo and thus confer WKY rats with an 

improved ability to perform in a novelty recognition task. Importantly, novelty exploration 

increases Bdnf expression (Kusakari et al., 2015) and promotes calcium-dependent 

hippocampal activity (Hess et al., 1995; Epsztein et al., 2011; Cohen et al., 2017; Sheffield 

et al., 2017; Aitta-aho et al., 2019; Fujita et al., 2020; Dong et al., 2021; Fredes et al., 

2021), which is attenuated by inhibiting glutamate release (e.g., with cannabidiol) and 

potentiated by a mGluR2/3-dependent homeostatic mechanism following GluA1 
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knockdown (Procaccini et al., 2013). Given the evidence that (2R,6R)-HNK promotes 

glutamate release (Riggs et al., 2020) and BDNF secretion (Fukumoto et al., 2018) to 

enhance GluA1-AMPAR expression (Highland et al., 2021), putatively, through a cAMP-

dependent mechanism (Chapter 3; Wray et al., 2010) downstream of mGluR2 activity 

(Zanos et al., 2019), an in vivo test of our hypothesis may help unify these mechanistic 

observations and establish whether these processes underly (2R,6R)-HNK’s restoration of 

hippocampal-dependent plasticity and behavior.  

4.2  Materials and Methods 

Animals 

Wistar Kyoto (WKY) rats bare phenotypic resemblance to treatment-resistant major 

depression, in that they exhibit (a) anxiety- and depressive-like behavior, (b) enhanced 

sensitivity to stress, (c) cognitive impairment, (d) resistance to traditional antidepressants, 

and (e) favorable response to rapid-acting approaches that have clinical efficacy for 

treatment-resistant major depression (Willner and Belzung, 2015; Aleksandrova et al., 

2019), including ketamine and deep brain stimulation (Willner et al., 2018; Aleksandrova 

et al., 2020). We selected the WKY model to characterize the synaptic effects of (2R,6R)-

HNK since a deficit in hippocampal plasticity contributes in part to this phenotype 

(Aleksandrova et al., 2019, 2020) and is relevant to its proposed antidepressant mechanism 

of action (Highland et al., 2021). Wistar (WIS) rats were used as a control for strain 

comparisons given that (2R,6R)-HNK does not further promote hippocampal plasticity or 

behavior in this strain (Aleksandrova et al., 2020). Male WKY and WIS rats (postnatal day 

49 on arrival; Charles River, MA) were acclimated to the vivarium (University of 

Maryland, Baltimore, MD) for at least one week prior to experiments. All rats were housed 
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three per cage under standard conditions (12-h light-dark cycle) with food and water 

available ad libitum. All experimental procedures were approved by the University of 

Maryland Baltimore Animal Care and Use Committee and were conducted in full 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. 

Compounds 

(2R,6R)-HNK was synthesized at the National Center for Advancing Translational 

Sciences (Bethesda, MD) and absolute and relative stereochemistry were confirmed by 

small molecule x-ray crystallography as previously described (Morris et al., 2017). 

Picrotoxin (50 µM; Tocris Bioscience, Minneapolis, MN) was used to block γ-

aminobutyric acid A (GABAA) receptors in long-term potentiation (LTP) experiments and 

was diluted to its final concentration in artificial cerebrospinal fluid (ACSF). (2R,6R)-HNK 

was administered systemically, dissolved in pharmaceutical grade sterile saline (0.9% 

NaCl), and administered intraperitoneally at a dose of 10 mg/kg at a volume of 1 mL/kg. 

Vehicle (VEH)-treated rats received 1 mL/kg of the same sterile saline that was used to 

prepare the drug solutions for a given experiment.  

Stereotaxic Surgery 

Rats were anesthetized with isoflurane using a precision vaporizer with 4% to 4.5% in an 

induction chamber. Once anesthetized, rats were placed onto a stereotaxic frame (David 

Kopf Instruments, Tujunga, CA) and anesthesia was maintained at 1-2% through a nose-

cone for the remainder of the surgery. A 33-gauge syringe (Hamilton Company, Reno, NV) 

was used to inject 0.5 µL of AAV9-Syn-NES-jRCaMP1b (Addgene, Watertown, MA) into 
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the CA1 region of the left dorsal hippocampus (-3.3 mm anterior/posterior; 1.7 mm  

medial/lateral; -2.6 dorsal/ventral) and 0.3 µL of AAV9-CaMKII-GCaMP6s (Addgene, 

Watertown, MA) into the CA3 region of the left dorsal hippocampus (-3.3 mm 

anterior/posterior; 3.7 mm  medial/lateral; -3.7 dorsal/ventral). Rats were then returned to 

the vivarium for three weeks to allow for full recovery and viral expression. Fiber optic 

cannulae were then implanted in the CA1 region of the left dorsal hippocampus (-3.3 mm 

anterior/posterior; 1.7 mm  medial/lateral; -2.9 dorsal/ventral). Rats were returned to the 

vivarium for one week to allow for recovery. Viral expression and cannula placement were 

validated by cardiac perfusion with 4% paraformaldehyde or 72 hr incubation of the left 

hemisphere in 4% paraformaldehyde (see Experimental Design). 

Fiber Photometry 

A three-channel multifiber photometry system (FP3002, Neurophotometrics Ltd, San 

Diego, CA) was used to record bulk calcium-dependent activity in vivo. LEDs of different 

wavelengths (470 nm and 560 nm in phase, and 415 nm out of phase) were bandpass 

filtered and directed down a fiberoptic patch cord via a 20× objective coupled to a 

fiberoptic cannula implant. Fluorescence emission from GCaMP6s and jRCaMP1b was 

recorded through a patch cord (Doric MFP_200/220/900-0.37_2.5m_FC-MF1.25) 

delivered at a minimum power (50 μW/channel), split by a 532-nm long-pass dichroic 

mirror that was bandpass filtered, and focused onto opposite sides of a CMOS camera 

sensor. Data were acquired and quantified using Bonsai v2.6.3 open-source software 

(Lopes et al., 2015) by drawing a region of interest around the green and red channel inputs 

and calculating the mean pixel value. The channels were then median filtered with a 

window of four frames. Custom-written MATLAB software was used to analyze 
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photometry data. Background signal measurement (mean signal with excitation lights off) 

was first subtracted from all signals. To correct for photobleaching and heat-mediated LED 

decay, the isosbestic signal was fit with a polyfit function that was then linearly scaled to 

the calcium-dependent fluorescence signal F. At dHPC SC-CA1 synapses, I found that 

these optically-recorded responses are mediated primarily by glutamate receptor activation 

(Figure 4.2; drug main-effect: F(2,10) = 66.58, p < 0.0001, n = 4).  
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Figure 4.1. Recording neural activity using genetically-encoded calcium indicators. 

(A) GCaMP6s was infused into the CA1 region of the dorsal hippocampus (dHPC). (B) Electrically-recorded 

field excitatory postsynaptic potentials (fEPSPs) and optically-recorded calcium-dependent activity 

(GCaMP, arbitrary units [au] of total pixel value) in CA1 was electrically-evoked with patterned electrical 

stimulation of Schaffer collateral afferents. (C) Optically-evoked responses to increasing frequency of 

electrical stimulation at a single intensity (0.7 mA, left). Optically-evoked responses to increasing stimulation 

intensities at a single frequency (20 Hz, right). (D) N-methyl-D-aspartate receptors (NMDARs), α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), and voltage-gated sodium channels were 

sequentially blocked by amino-phosphonopentanoate (AP5), 6,7-dinitroquinoxaline-2,3-dione (DNQX), and 

tetrodotoxin (TTX) respectively. (E) Paired recordings (within-slice) of electrically-evoked fEPSPs and 

GCaMP across drug superfusion. (F) fEPSP and GCaMP responses are mediated primarily by glutamate 

receptor activation. 
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Novel Object Location Recognition 

The displaced object recognition task, also called novel location recognition, was used to 

assess spatial recognition memory (Mclagan and Hales, 2019) and was followed by the 

novel object recognition task (Ennaceur and Delacour, 1988; Cohen and Stackman, 2015). 

Herein, we refer to the composite of these two tasks as novel object location recognition 

(NOLR). NOLR was conducted in a black open field arena (120-cm width × 120-cm depth 

× 60-cm height) under dim yellow lighting conditions, in which the center and corners of 

the arena read 50 and 25 lux, respectively. Rats underwent three consecutive days of 

habituation, in which rats were placed into center of the arena and allowed to freely explore 

for 10-min in the absence of any objects. On the third day, rats were treated with either 

VEH or (2R,6R)-HNK (10 mg/kg, i.p.) 3 hr before being placed into the arena for 

habituation. The 10-min habituation phase was immediately followed by a 10-min training 

phase, in which rats freely explored two identical objects that were placed in two corners 

of the arena. The objects were each spaced 10-in from the adjacent walls and consisted of 

either two 500-mL clear glass bottles filled with sand (3.15-in width × 7-in height) or two 

ceramic flowerpots filled with cement (4.5-in width × 4.3-in height). The type of object 

and its position in the box were counterbalanced between groups. After training, rats were 

returned to their home cage for 24 hr until testing took place. During testing, rats were 

placed back into the NOLR apparatus for 10 min, which now had one object in a new 

location (i.e., a distinct corner from what they had encountered during training) and one 

object in a familiar location (i.e., placed in one of the corners that they did encounter during 

training). After the novel location recognition task was finished, the object that was in the 

familiar location was immediately exchanged for a novel object (i.e., that they had never 
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encountered) and rats were allowed to explore for an additional 10 min. The novel location 

was counterbalanced between groups whereas the novel object was always placed in the 

position of the familiar object location, which was itself counterbalanced against the 

position of the objects during training. All phases of the procedure were recorded by an 

overhead digital camera and analyzed using Bonsai v2.6.3 open-source software (Lopes et 

al., 2015). Distance traveled during habituation was used to assess general locomotor 

activity. Time spent interacting with each object during training and testing was scored by 

an experimenter blind to the treatment groups, with exploration defined as active nose-

oriented interaction with either of the two objects. The discrimination index was calculated 

for each task (Equation 1): 

 

(1) 𝐷𝐼 =  
𝑇𝑖𝑚𝑒(𝑛𝑜𝑣𝑒𝑙)− 𝑇𝑖𝑚𝑒(𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)

𝑇𝑖𝑚𝑒(𝑡𝑜𝑡𝑎𝑙)
 

 

A higher discrimination index reflects a greater amount of time exploring the novel object 

relative to the familiar object. If rats fail to recognize that they previously encountered the 

familiar object or its location, they will have a reduced discrimination index (Kinnavane et 

al., 2015). Importantly, this ratio is a sensitive and translational measure of recognition 

memory that agrees with signal detection theory in human recognition memory tasks and 

its underlying neural mechanisms (Sivakumaran et al., 2018). Thus, NOLR offers strong 

predictive ability for assessing the cognitive effects of (2R,6R)-HNK in the WKY model 

of treatment-resistant major depression. 
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Extracellular Slice Electrophysiology 

A customized quad-channel extracellular recording set-up with submersion-type 

polytetrafluoroethylene chambers (Lafayette Instrument Company, Lafayette, IN) was 

used for electrophysiology recordings. Responses were recorded and digitized with a 

Model 1700 Differential AC Amplifier (A-M Systems, Sequim, WA) and Axon Digidata 

1322A (Molecular Devices, LLC, San Jose, CA). Standard collection procedures were used 

to prepare brain sections with a vibrating blade microtome (VT1200, Leica Microsystems 

Inc, Buffalo Grove, IL). Dissecting and recording artificial cerebrospinal fluid (ACSF) 

contained (in mM): 119 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 1.3 MgCl2, 2.5 CaCl2, 

and 12.5 glucose, and was carbogenated with 95% O2, 5% CO2. Transverse dorsal 

hippocampal slices were sectioned (400-µm thickness) in ice-cold ACSF and then 

immediately transferred into a room temperature recovery chamber. After a one-hour 

recovery period, sections were transferred to the recording chamber and superfused at a 

continuous rate of 2.5 mL/min at room temperature using a Ismatec® Reglo Independent 

Channel Control Peristaltic Pump (Cole-Parmer, Vernon Hills, IL). Concentric bipolar 

tungsten electrodes (World Precision Instruments, Sarasota, FL) were used to electrically 

stimulate Schaffer collateral afferents in the stratum radiatum and ACSF-filled recording 

pipettes (3-5 MΩ) were placed in CA1 stratum radiatum to record field excitatory 

postsynaptic potentials (fEPSPs) that were amplified (×1000), filtered (3 kHz), and 

digitized (10 kHz).  

Input-output curves were generated in 5-µA steps starting from threshold, with test 

stimuli then set to 150% of threshold intensity (≈ 60-75 µA). After a baseline was 

established (15 min), high frequency electrical stimulation was delivered and consisted of 
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four 1-s 100 Hz trains spaced by 20-s intertrain intervals (4×100 Hz). Responses to single 

pulse stimulation were then monitored for an additional 60 min to assess the persistence 

and magnitude of the high frequency-induced potentiation. The pClamp 11 Software Suite 

(Molecular Devices, LLC, San Jose, CA) was used to analyze the fiber volley amplitude 

(mV) and the fEPSP slope (mV/ms), defined as the rising phase of the response (1.25 ms) 

immediately following the fiber volley and upon response linearization. Responses are 

plotted as a function of time and reflect the mean of three consecutive sweeps. Within-

group comparisons were made using the averaged response at the end of baseline (t = -5 to 

0 min) vs. the averaged response at the end of the recording period (t = 55 to 60 min). 

Between-group comparisons were made using the averaged response at the end of the 

recording period for each group (t = 55 to 60 min, respectively). The change in fEPSP was 

calculated and plotted as a change from baseline (Equation 2). Paired pulse stimuli were 

generated using a 50-ms interstimulus interval at the end of the baseline recording (15 min). 

Paired pulse ratios were calculated from the mean of five consecutive sweeps (Equation 3) 

and the change in paired pulse was calculated as a change from baseline (Equation 4): 

 

(2) 𝑓𝐸𝑃𝑆𝑃 (
𝑚𝑉

𝑚𝑠
[%]) =  

𝑚𝑉/𝑚𝑠(𝑡𝑒𝑠𝑡 𝑝𝑢𝑙𝑠𝑒)

𝑚𝑉/𝑚𝑠(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑥̄ )
 ×  100 

(3) 𝑃𝑃𝑅 =  
𝑃2(𝑠𝑒𝑐𝑜𝑛𝑑 𝑝𝑢𝑙𝑠𝑒)

𝑃1(𝑓𝑖𝑟𝑠𝑡 𝑝𝑢𝑙𝑠𝑒)
 

(4) 𝛥𝑃𝑃𝑅 =  
𝑃2(𝑃𝑃𝑅 𝑎𝑓𝑡𝑒𝑟 𝑡𝑒𝑠𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑) − 𝑃1(𝑃𝑃𝑅 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)   

𝑃1(𝑃𝑃𝑅 𝑎𝑡 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)
 × 100 
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Statistical Analyses 

Data were analyzed with GraphPad Prism Software 9.0.1 and assessed for normality 

(D'Agostino-Pearson) and homogeneity of variance (Bartlett’s, corrected). Data are 

presented as mean ± standard error of the mean and statistical significance was defined as 

p < 0.05. When parametric assumptions were met for two-group comparisons,  paired and 

unpaired two-tailed t-tests were used for within- and between-group comparisons, 

respectively. The Mann-Whitney U test was used for between-group comparisons if 

parametric assumptions were not met. For parametric comparisons of three or more groups, 

one-way analysis of variance (ANOVA) was used followed by Holm-Šídák post-hoc 

comparisons. Non-parametric comparisons of three or more groups were assessed using 

the Kruskal-Wallis test followed by Dunn’s multiple comparisons. Effect sizes were 

defined as small (≤ 0.2), medium (≤ 0.5), or large (≥ 0.8), and determined by: (a) Cohen’s 

d when comparisons were of equal sample size and standard deviation; (b) Glass’ delta 

when comparisons were of equal sample size but differed in standard deviation; or (c) 

Hedge’s g when comparisons were of different sample size regardless of standard 

deviation. Linear regression was used for correlation analyses between two or more 

continuous variables. Nonlinear regression was used for input-output comparisons, in 

which the extra-sum-of-squares F test was used to determine if best-fit values differed 

significantly between data sets. Frequency differences were assessed using the chi-squared 

test followed by Bonferroni correction for multiple comparisons. If statistically significant 

outliers were detected by ROUT (Q = 1%), data were analyzed with and without outliers 

using parametric and non-parametric alternatives and both are described in the Results. 
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Experimental Design 

The objective of these experiments was to assess changes in neuronal activity in the 

hippocampal Schaffer collateral pathway after (2R,6R)-HNK treatment, using NOLR as a 

behavioral readout of such activity-related changes. Prior research shows that novel object 

exploration is associated with glutamate release in the Schaffer collateral pathway (Cohen 

et al., 2013) and that WKY rats show a specific impairment in this form of plasticity and 

behavior (Aleksandrova et al., 2019, 2020). We predicted that the synapse-specific 

(2R,6R)-HNK-potentiation we observe in vitro (Riggs et al., 2020) would restore this 

plasticity (Chapter 3) and thus confer WKY rats with an improved ability to perform in 

this task in vivo. To do this, rats underwent the NOLR task while bulk calcium signals were 

recorded from dorsal hippocampal Schaffer collateral synapses on each day of the NOLR 

procedure. Rats were treated three hours prior to training, since (2R,6R)-HNK leads to a 

delayed enhancement in GluA1-AMPARs in this region (Highland et al., 2021) that we 

find to underlie the restoration of synaptic plasticity in this region (Chapter 3), consistent 

with the timecourse along which ketamine and (2R,6R)-HNK restore NOLR performance 

(Aleksandrova et al., 2020). Following the completion of the NOLR procedure, a subset of 

rats were selected for electrophysiological recordings to assess the efficacy of synaptic 

transmission at the dHPC SC-CA1 synapse. To do this, the brain was removed and 

hemisected and the (a) AAV-infused hemisphere was incubated for 72 hrs in 4% 

paraformaldehyde to validate viral expression and cannula placement, and (b) the un-

infused hemisphere was sectioned for electrophysiology recordings and biochemical 

analyses (Figure 4.2). 
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Figure 4.2. Experimental Timeline. 

Rats were tested in the novel object location recognition (NOLR) task 2-4 weeks following the infusion of 

jRCaMP1b and GCaMP6s into the CA1 and CA3 region of the dorsal hippocampus (dHPC), respectively. 

Fiber photometry recordings were made each day of the NOLR procedure, which consisted of: (a) three 10-

min habituation sessions that each occurred on three consecutive days, (b) a single 10-min training session 

that occurred immediately following the third habituation session, and (c) two 10-min testing sessions on the 

following day to assess location and object recognition, respectively. A subset of rats were used for 

electrophysiology experiments to assess the efficacy of synaptic transmission at dHPC CA3-CA1 synapses. 

To do this, the AAV-infused hemisphere was extracted and incubated in paraformaldehyde for post-mortem 

verification of viral infusion and cannula placement. The un-infused hemisphere was sectioned and input-

output curves (IO), paired-pulse ratios (PPR), and long-term potentiation to high frequency stimulation (HFS) 

were recorded.  
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Rigor and Reproducibility 

All experiments were performed in a randomized fashion and conducted and analyzed by 

experimenters who were blind to the conditions. For NOLR, rats were only excluded from 

the final analyses if they did not interact with the identical objects during training 

(cumulative exploration time of < 20 s). For fiber photometry, rats were only excluded 

from the final analyses if viral expression and/or fiberoptic cannula were not in the target 

region according to post-mortem verification. For electrophysiology, data from each slice 

were included in the final analyses if they exhibited: (a) a stable fEPSP during baseline, 

defined as <10% variation in either direction from its initial slope, (b) a stable fEPSP during 

baseline, defined as <15% variation from central tendency, and (c) a stable presynaptic 

fiber volley across the duration of the recording, defined as <15% variation in either 

direction from its initial amplitude. Inclusion criteria were determined a priori based on 

our prior studies (Riggs et al., 2020) and the slice-by-slice determination as to whether 

these criteria were met were established a posteriori during the data analysis prior to 

unblinding. A single rat is considered a single replicate (n) for all experimental outcomes. 

4.3  Results 

(2R,6R)-HNK potentiates hippocampal activity in vivo to restore novel location recognition 

Consistent with previous studies, there was a main effect of strain on distance traveled 

during the habituation phase of the NOLR, with (2R,6R)-HNK administration attenuating 

the hypolocomotor phenotype of WKY rats (Figure 4.3A,B). While WKY rats are more 

neophobic than are control rat strains (Carr and Lucki, 2010; Burke et al., 2016; Alves et 

al., 2020), this did not significantly influence total time spent exploring the objects during  
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training (Figure 4.3C). Additionally, individual differences in object exploration during 

training did not predict NOLR performance (Figure 4.3D). While longer exploration times 

during training were associated with higher exploration times during novel location testing 

(R2 = 0.1295, p = 0.0265) this did not influence the rats’ ability to distinguish between the 

familiar and novel location (R2 = 0.0102, p = 0.5454), and thus reflects individual 

variability in the tendency to explore objects generally.  

 When assessing cumulative exploration time of each object during the object 

location recognition task (Figure 4.4A,B), there was a main effect of object (F(1,35) = 43.91, 

p < 0.0001), main effect of strain/drug (F(2,35) = 4.672, p = 0.0159), and object × drug/strain 

interaction (F(2,35) = 8.179, p = 0.0012) on the time spent exploring each object during the 

novel location recognition task. In contrast to VEH-treated WKY rats (p = 0.3991), VEH-

treated WIS rats (p < 0.0001) and (2R,6R)-HNK-treated WKY rats (p < 0.0001) spent 

significantly more time interacting with the object placed in the novel location relative to 

the object placed in the familiar location. Both the VEH-treated WIS rats (p = 0.0002) and 

(2R,6R)-HNK-treated WKY rats (p = 0.0033) spent significantly more time interacting 

with the novel object than did the VEH-treated WKY rats. Consistent with this, there were 

significant differences between the groups with regard to the ability to discriminate the 

object placed in the novel location relative to the object placed in the familiar location 

(F(2,34) = 9.361, p = 0.0006; Figure 4.4A, right panel), with VEH-treated WIS rats (p = 

0.0071) and (2R,6R)-HNK-treated WKY rats (p = 0.0009) each displaying significantly 

greater discrimination of location novelty relative to VEH-treated WKY rats. 
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Figure 4.3. Habituation and training during novel object location recognition. 

(A) Experimental timeline. (B) Total distance traveled across days of habituation (10 min/day). (C) Total 

time spent interacting with objects during the training phase (10 min). (D) Correlations of total object 

exploration during training vs. testing. (E) Representative locomotor traces during the third day of habituation 

(upper panels), which averaged 95, 89, 39, and 57 sec (white horizontal lines) for vehicle (VEH)-treated 

Wistar Controls that did not undergo novel object location recognition (NOLR), VEH-treated Wistar Controls 

that did undergo NOLR, VEH-treated Wistar Kyotos who underwent NOLR, and (2R,6R)-

hydroxynorketamine (HNK)-treated Wistar Kyotos who underwent NOLR, respectively. Representative 

locomotor traces within the open field chamber during training (lower panels). Bars and error bars represent 

mean and standard error of the mean, respectively.  
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Novelty exploration was associated with increased calcium-dependent activity in 

dHPC CA1 upon novelty exploration, which was more pronounced and longer lasting in 

(2R,6R)-HNK-treated WKY rats relative to VEH-treated WKY rats (Figure 4.4C). 

Calcium-dependent activity in dHPC CA3 was increased during novelty exploration, but 

did not differ as a function of drug condition. In contrast to long-term novel location 

recognition, short-term novel object recognition did not differ as a function of drug 

condition in terms of exploration time or novelty discrimination (Figure 4.4D,E) though 

novelty-exploration-evoked calcium-dependent activity in dHPC CA1 was still selectively 

potentiated in (2R,6R)-HNK-treated WKY rats relative to VEH-treated WKY rats (Figure 

4.4F). These data support that the restoration of synaptic efficacy in dHPC CA1 by 

(2R,6R)-HNK (Chapter 3) confers WKY rats with an improved ability to perform in the 

NOLR task via changes in dHPC CA1 plasticity in vivo. These synaptic effects appear to 

be specific to this task and synapse, as no changes were observed in the cingulum nerve 

tract that projects from the cingulate gyrus to the entorhinal cortex, also important for 

cognition (data not shown). These results support that (2R,6R)-HNK potentiates 

hippocampal activity in vivo to restore novel location recognition in the WKY model of 

treatment-resistant depression. 
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Figure 4.4. (2R,6R)-HNK potentiates hippocampal activity in vivo to restore novel 

location recognition. 

(A) Total exploration time of each object when one of the objects was placed in a novel location (left panel) 

and discrimination index of time spent exploring the object placed in the novel location relative to the familiar 

location (right panel). (B) Representative locomotor traces during novel object-location exploration. (C). 

RCaMP-CA1 and GCaMP-CA3 traces upon object exploration in the familiar (grey) and novel (red/green) 

location, respectively, aligned by the onset of exploration (t = 0 s). (D) Total exploration time of the familiar 

object that was in the novel location (A) and a novel object that was placed in the familiar location (left panel) 

and discrimination index of time spent exploring the novel object relative to the familiar object (right panel). 

(E) Representative locomotor traces during novel object exploration. (F) RCaMP-CA1 and GCaMP-CA3 

traces upon familiar-object exploration (grey) and novel-object exploration (red/green), respectively, aligned 

by the onset of exploration (t = 0 s). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Bars/lines and 

error bars represent mean and standard error of the mean, respectively.  
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The plasticity induced by (2R,6R)-HNK in vivo is due to an increase in synaptic 

strength that occludes long-term potentiation 

Acute slice electrophysiology recordings were taken from a subset of the rats that 

underwent NOLR and fiber photometry (Figure 4.5), which also included a WIS control 

group that was treated with VEH and exposed to the NOLR arena for the same amount of 

time as the experimental rats, but without exposure to any objects (Figure 4.2). These 

VEH-treated WIS non-NOLR controls display a robust and sustained potentiation to HFS 

(t(4) = 4.686, p = 0094; Figure 4.5A). Additionally, VEH-treated WIS rats that underwent 

NOLR display a significant potentiation to HFS (t(4) = 3.661, p =0.0352; Figure 4.4C), but 

this was slightly attenuated relative to non-NOLR controls (Figure 4.4A,I,J). Relative to 

100% of non-NOLR WIS rats showing LTP, only 75% showed LTP in the NOLR WIS 

rats (² = 28.57, p = 0.0004; Figure 4.4I). In contrast to WIS rats, VEH-treated WKY rats 

show impaired LTP (t(6) = 2.341, p =0.0578; Figure 4.4E), though slightly more robust 

than VEH-treated WKY that did not undergo NOLR (Figure 4.4E; Chapter 3), possibly 

due in part to novelty exposure during the task. WKY rats treated with (2R,6R)-HNK 

showed a significant LTP (t(6) = 2.550, p = 0.0435; Figure 4.4G), though, attenuated 

relative to non-NOLR (2R,6R)-HNK-treated WKY rats (Figure 4.4G; Chapter 3). This 

attenuation was likely due to an occlusion of LTP, given that (2R,6R)-HNK-treated WKY 

rats that underwent NOLR showed increased synaptic efficacy (Figure 4.4K) and release 

probability (Figure 4.4L). These results suggest that the plasticity induced by (2R,6R)-

HNK in vivo is due to an increase in synaptic strength that occludes further potentiation of 

SC-CA1 synapses by high-frequency electrical stimulation. 
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Figure 4.5. The plasticity induced by (2R,6R)-HNK in vivo is due to an increase in 

synaptic strength that occludes long-term potentiation. 

(A) Vehicle (VEH)-treated Wistar Controls that were exposed to the open field arena but that did not undergo 

the novel object location recognition (NOLR) task. (B,D,F,H) Input-output relationship before and after 

induction  of long-term potentiation (LTP). (C) VEH-treated Wistar Controls that underwent the NOLR task. 

(E) VEH-treated Wistar Kyotos that underwent the NOLR task (closed circles) and VEH-treated Wistar 

Kyotos that did not undergo the NOLR task from Figure 3.1 (open circles). (G) (2R,6R)-hydroxynorketamine 

(HNK)-treated Wistar Kyotos that underwent the NOLR task and (2R,6R)-HNK-treated Wistar Kyotos that 

did not undergo the NOLR task from Figure 3.1 (open circles). (I) The proportion of rats that exhibited LTP 

in each group. (J) The magnitude of LTP in each group. (K) Input-output relationship in each group prior to 

LTP induction. (L) Paired pulse ratio (PPR) in each group prior to LTP induction. *p < 0.05, **p < 0.01, 

***p < 0.001. Bars and error bars represent mean and standard error of the mean, respectively.  
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4.4  Discussion 

(2R,6R)-HNK rapidly potentiates AMPAR activity by promoting glutamate release in the 

dHPC SC-CA1 pathway (Riggs et al., 2020), an effect implicated in its antidepressant-like 

effects (Highland et al., 2021). I hypothesized that these activity-related changes would 

confer (2R,6R)-HNK the ability to enhance the efficacy of synaptic transmission at SC-

CA1 synapses in vivo. Using the WKY model of treatment-resistant major depression, I 

show that (2R,6R)-HNK restores novel object location memory, which was associated with 

enhanced calcium-dependent activity in the CA1 region of dHPC upon novelty exploration. 

The potentiating effects of (2R,6R)-HNK on synaptic transmission and behavior occluded 

further potentiation of SC-CA1 synapses by HFS, as evidenced by increased synaptic 

efficacy and release probability. This study is the first to demonstrate that (2R,6R)-HNK 

promotes a sustained improvement in the efficacy of synaptic transmission and behavior 

relevant to its proposed antidepressant mechanisms of action (Highland et al., 2021). 

Previous studies have shown that novel object exploration is associated with 

glutamate release in the SC-CA1 pathway (Cohen et al., 2013) and that WKY rats show a 

specific impairment in this form of plasticity and behavior (Aleksandrova et al., 2019, 

2020). I predicted that the synapse-specific (2R,6R)-HNK-potentiation I observed in vitro 

(Riggs et al., 2020) would restore this plasticity (Chapter 3) and thus confer WKY rats 

with an improved ability to perform in this task in vivo. Consistent with these predictions, 

(2R,6R)-HNK-treated WKY rats spent more time exploring the object that was placed in 

the novel location relative to the object in the familiar location. AMPAR-mediated synaptic 

transmission is implicated in the pro-cognitive effects of patterned activity in WKY rats 

upon exposure to a novel object (Papp et al., 2019, 2020), which is thought to mimic acute 
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deep brain stimulation used for treatment-resistant major depression (Carlson et al., 2006; 

Willner et al., 2018). Our findings suggest that improvement offered by (2R,6R)-HNK with 

regard to the efficacy of synaptic transmission underlies the restoration of novel location 

recognition memory. Specifically, (2R,6R)-HNK increased synaptic efficacy, release 

probability, and occluded LTP at SC-CA1 dHPC synapses. Interestingly, exposure to a 

novel environment is sufficient to increased Bdnf expression (Kusakari et al., 2015) and 

calcium-dependent hippocampal activity (Hess et al., 1995; Epsztein et al., 2011; Cohen 

et al., 2017; Sheffield et al., 2017; Aitta-aho et al., 2019; Fujita et al., 2020; Dong et al., 

2021; Fredes et al., 2021), which is attenuated by inhibiting glutamate release (e.g., with 

cannabidiol) and enhanced by a mGluR2/3-dependent homeostatic mechanism following 

GluA1 knockdown (Procaccini et al., 2013). These observations agree with existing 

evidence that (2R,6R)-HNK triggers an acute potentiation of glutamate release (Riggs et 

al., 2020) and BDNF secretion (Fukumoto et al., 2018), with its antidepressant like-effects 

modulated upon regulation of mGluR2 activity (Zanos et al., 2019). Collectively, our 

results support that (2R,6R)-HNK exerts its presynaptic effects through an acute increase 

in cAMP-dependent glutamate release that gives rise to a sustained increase in synaptic 

efficacy via TrkB-BDNF signaling (Chapter 3), thus promoting SC-CA1 function in vivo. 

The hippocampus is essential to the encoding of new experiences and 

environments, a process that involves plastic changes that resemble and occlude LTP of 

Schaffer collateral synapses (Morris et al., 1982; Whitlock et al., 2006). The induction of 

synaptic plasticity requires rapid and precise coordinated neuronal activity (Hebb, 1949), 

a phenomenon shown to be induced by exposure to novel locations and that dissipates with 

increasing familiarity (Cheng and Frank, 2008). Additionally, memory formation of spatial 
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habituation requires glutamate receptor activation in the hippocampus (Vianna et al., 

2000). Consistent with this, the potentiated novelty-evoked calcium-dependent activity we 

observed during NOLR was restored by (2R,6R)-HNK treatment, the magnitude of which 

dissipated with increased familiarity with the novel location. Indeed, novelty is associated 

with enhanced spiking coordination specific to high-frequency local field potential that 

subside with increased familiarity (Cheng and Frank, 2008), in which hippocampal neurons 

only require ~5 min to form a stable spatial representation (Frank et al., 2004). 

Interestingly, previous studies show that WKYs exhibit robust novelty-induced 

hypophagia, anxiety-like behavior, and reduced novelty-induced exploration with regard 

to distance traveled, rearing behavior, and head dips (Carr and Lucki, 2010; Burke et al., 

2016; Alves et al., 2020). Novelty triggers an orienting response to evaluate salience, which 

makes novelty-induced behaviors useful indices of anxiety and motivation in preclinical 

models of psychiatric disease (Tapper and Molas, 2020). Indeed, adapting to novel 

situations is essential to our survival and is often impaired in individuals with 

neuropsychiatric conditions (Waltz, 2017). Additionally, novelty recognition is a simple 

form of associative learning that is evolutionarily conserved across species and that can be 

used to predict the efficacy of nootropic treatments that improve cognitive function 

(Grayson et al., 2015). Our results suggest that (2R,6R)-HNK promotes novelty exploration 

in the WKY rat model, which may be of equal relevance to depression and cognitive 

dysfunction. 

The orienting response to novelty recruits hippocampal-prefrontal circuitry for 

higher order mammalian cognition and behavioral plasticity (Yamaguchi et al., 2004). This 

is made possible through dynamic changes in patterned activity that are conveyed to the 
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prefrontal cortex by CA1 pyramidal neurons, the primary hippocampal output that serve to 

(a) guide behavior in response to environmental cues (Allegra et al., 2020), (b) to determine 

the relative salience of environmental cues (Allegra et al., 2020), (c) to simultaneously 

encode both spatial and episodic memory information (Leutgeb et al., 2005), and (d) to 

entrain hippocampal-prefrontal oscillations (Hartley et al., 2014). This also has functional 

implications for adaptive goal-directed behavior beyond novelty processing, as 

hippocampal-prefrontal coupling in the slow-gamma frequency range (20-40 Hz) promotes 

the acquisition of more complex forms of spatial memory (Negrón-Oyarzo et al., 2018). 

Thus, hippocampal inputs are necessary to maintain a precise cortical representation of 

space (Esteves et al., 2020), with rapid changes in CA1 neurons conveying information 

about the novelty of the environment and the prefrontal cortex initiating the appropriate 

behavioral response (Buzsáki and Moser, 2013). It is possible that the rapid potentiation of 

glutamate release (Riggs et al., 2020) and increased synaptic strength (Chapter 3) could 

underlie the (2R,6R)-HNK-induced increase in gamma frequency oscillations we 

previously observed (Zanos et al., 2019), thus potentiating synaptic transmission and 

behavior in vivo as evidenced here. Consistent with this, novelty-evoked Schaffer collateral 

oscillations reflect precise synchronization of individual neurons with increasingly 

selective enhancement of spatial specificity of participating pyramidal neurons (Berke et 

al., 2008). Gamma oscillations arising from CA3 pyramidal neurons induce GluA1-

dependent changes of CA1 neuronal firing, involved in the rapid formation of place cell 

spatial firing patterns (Kitanishi et al., 2015). Thus, future research should identify how 

compounds like (2R,6R)-HNK alter the activity of coordinated neural circuits to alter 
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synaptic efficacy and behavior, which can then be harnessed in drug development efforts 

(Thompson et al., 2015; Gould et al., 2017; Gilbert and Zarate, 2020).  

 Importantly,  (2R,6R)-HNK and ketamine differentially affect memory as a function 

of dosing frequency (Riggs et al., 2021). Here, we only assess a single dose at a single 

time-point on a single cognitive modality. While there is evidence that ketamine enhances 

novelty recognition via hippocampal TrkB-BDNF signaling (Fan et al., 2021), studies in 

WKY rats show that ketamine impairs working memory 30 min after treatment 

(McDonnell et al., 2021). Investigation of ketamine pharmacokinetics in WKY rats 

following systemic administration (5 mg/kg, s.c.) shows peak brain concentrations of 

ketamine 15 min post-administration (~1525 ng/g), which are sustained to 60 min (~1500 

ng/g) and fully cleared by 240-360 min. These observations suggest that cognitive deficits 

are mediated in part via acute inhibition of NMDAR transmission. Consistent with this, 

cognitive deficits were absent by 24 hr post-ketamine administration (McDonnell et al., 

2021). There is also marked substrain differences within the WKY population worth 

considering in future studies, including the WKY/NCrl-US substrain most often used in 

studies of depressive-like behavior and stress susceptibility. Genetic variation can be 

explained by genetic drift and breeding history, having been distributed to some facilities 

at different stages of inbreeding (Kurtz and Morris, 2018). Differences in substrain 

behavior should guide experimental decisions about which strain to use for comparisons 

with a phenotypically normal control based on the phenotype of interest (Perry et al., 2010). 

For instance, in a detailed genome-wide analysis of single nucleotide polymorphisms 

among rat strains, it was shown that WKY/NCrl and WKY/NHsd differ in a number of 

depression- and anxiety-related genes related to a common set of single nucleotide 
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polymorphisms (Zhang-James et al., 2013), with WKY/NCrl exhibiting the greatest degree 

of novelty-induced hypolocomotion (Perry et al., 2010). Dendritic maturation, axonal 

guidance, D-myo-inositol (1,4,5)-trisphosphate (IP3) synthesis, ribosomal protein S6 

kinase beta-1 (p70S6K), and nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) signaling are among the most significant canonical pathways implicated in the 

phenotypic divergence among substrains (Zhang-James et al., 2013) – baring mechanistic 

relevance to the cellular processes that have been implicated in the rapid antidepressant 

actions of ketamine and its metabolites (Riggs and Gould, 2021). Future work would also 

examine whether our findings extend to other preclinical models endogenous depression 

and chronic stress (Andrus et al., 2012) 
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Chapter 5. Discussion 

Ketamine is the only known pharmacotherapy widely reported to have rapid efficacy for 

treatment-resistant major depression (Riggs and Gould, 2021), offering quick relief to 

patients who do not respond to traditional antidepressants or other medical interventions 

(Berman et al., 2000; Zarate et al., 2006). These observations have led to a considerable 

effort to understand how ketamine exerts its rapid antidepressant effects. Various 

hypotheses have since emerged that, individually, demonstrate an extensive theoretical 

shift in the field, but lack the mechanistic clarity to develop novel therapeutic options that 

are truly effective (Riggs and Gould, 2021). One reason for this, is that ketamine’s 

antidepressant effects were initially attributed to its actions as an N-methyl-D-aspartate 

receptor (NMDAR) antagonist – its anesthetic mechanism of action that has since been 

proven insufficient for its rapid antidepressant effects (Newport et al., 2015; Gould et al., 

2017; Riggs and Gould, 2021). This is potentially advantageous if we consider that 

NMDAR blockade contributes to the dissociative properties and abuse potential that limit 

ketamine’s long-term use (Sleigh et al., 2014; Zanos et al., 2016; Short et al., 2018; Zanos, 

Moaddel, et al., 2018). There are many compounds that show promising antidepressant-

like actions without these adverse properties (Zanos, Thompson, et al., 2018; Duman et al., 

2019; Riggs and Gould, 2021), including ketamine’s own metabolites (Zanos et al., 2016; 

Highland et al., 2021).  

(2R,6R)-hydroxynorketamine (HNK) promotes excitatory synaptic transmission 

(Riggs et al., 2020) and neurotrophic factor release (Fukumoto et al., 2018), both of which 

are relevant to rapid antidepressant action (Zanos, Thompson, et al., 2018; Duman et al., 

2019; Riggs and Gould, 2021) but do not rely on NMDAR blockade per se (Zanos et al., 
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2016; Lumsden et al., 2019; Riggs et al., 2020; Morris et al., 2021). Understanding how 

(2R,6R)-HNK gives rise to sustained adaptations in synaptic transmission and behavior 

may provide a novel framework for the development of improved therapeutic options for 

depression. To help foster future innovations in treatment, I used an in vitro-à-in vivo 

approach to investigate the acute synaptic mechanism of action of (2R,6R)-HNK. My first 

aim was to determine whether the synaptic effects of (2R,6R)-HNK are mediated pre- or 

postsynaptically. This aim stemmed directly from prior observations in our laboratory, 

which showed that (2R,6R)-HNK superfusion led to a rapid potentiation of AMPAR-

mediated synaptic transmission in hippocampal slices in vitro (Zanos et al., 2016). At that 

time, it was unknown how this acute potentiation arose. Biochemical analyses provided 

preliminary evidence that (2R,6R)-HNK leads to an increase in the expression of synaptic 

AMPARs, but this is delayed by at least several hours relative to the time of treatment 

(Highland et al., 2021). Additionally, earlier observations from our laboratory showed that 

(2R,6R)-HNK increased the number of stochastic glutamate release events, but without 

influencing the amount of AMPAR current upon glutamate binding (Riggs et al., 2020). 

This led to the hypothesis that (2R,6R)-HNK potentiates AMPAR-mediated synaptic 

transmission by promoting glutamate release. To test this, I first sought to replicate the 

initial findings in acute hippocampal slices (Zanos et al., 2016) and found that (2R,6R)-

HNK led to an NMDAR-independent enhancement of AMPAR-mediated synaptic 

transmission in hippocampal slices from male and female Sprague Dawley rats. Next, I 

assessed whether (2R,6R)-HNK influenced synaptic release of glutamate by measuring 

release probability with paired pulse stimuli. Paired pulse stimulation is routinely used as 

a metric of release probability and is based on the premise that, given the role of calcium 
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in neurotransmitter release (Südhof, 2011), the first pulse provides sufficient residual 

calcium to affect the amplitude of the second response via changes in the number of 

vesicles that release their contents once that second pulse is delivered (Dodge and 

Rahamimoff, 1967; Katz and Miledi, 1968). One advantage is that paired pulse stimulation 

can be done before and after compound superfusion to assess changes in release probability 

over time. Using this approach, I found that (2R,6R)-HNK potentiates AMPAR-mediated 

synaptic transmission with an EC50 of 3.3 µM and suppresses paired pulse facilitation with 

an IC50 of 3.8 µM, providing additional support that (2R,6R)-HNK exerts its acute synaptic 

effects through a concentration-dependent increase in the probability of glutamate release. 

I then assessed whether these effects would be occluded and/or blocked by modulating 

glutamate release via calcium dynamics. When omitting magnesium from the extracellular 

solution, I found that the synaptic effects of (2R,6R)-HNK were occluded by disinhibiting 

calcium influx through presynaptic calcium channels. Additionally, I found that blocking 

those channels with inhibitory toxins prevents (2R,6R)-HNK from exerting its synaptic 

effects. Lastly, using a dual-extracellular recording configuration of simultaneous-

alternating pathway stimulation, I discovered that the presynaptic effects of (2R,6R)-HNK 

occur selectively at Schaffer collateral synapses, but not temporoammonic synapses, which 

target the same population of pyramidal neurons. Collectively, these observations suggest 

that (2R,6R)-HNK enhances excitatory synaptic transmission in the hippocampus through 

a concentration-dependent, NMDAR-independent, and synapse-selective increase in 

glutamate release probability without altering AMPAR function (Riggs et al., 2020).  

For my second aim, I sought to determine the signaling mechanisms that are 

required for (2R,6R)-HNK to exert its synaptic effects using the WKY model of treatment-
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resistant major depression. Studies reveal that the antidepressant-like effects (2R,6R)-HNK 

can be modulated by metabotropic autoreceptors (Zanos et al., 2019) that regulate 

glutamate release via cAMP (Tanabe et al., 1992) and that (2R,6R)-HNK leads to cAMP 

accumulation within 15 min in vitro (Wray et al., 2019). Given that increased activity of 

cAMP-dependent protein kinase (PKA) potentiates glutamate release at Schaffer collateral 

synapses (Chavez-Noriega and Stevens, 1992; Trudeau et al., 1996; Kaneko and 

Takahashi, 2004), I hypothesized that (2R,6R)-HNK promotes glutamate release via 

cAMP/PKA signaling. Consistent with this, I found that inhibiting either AC or PKA 

blocked the presynaptic effects of (2R,6R)-HNK. Interestingly, cAMP is a potent regulator 

of BDNF release (Iyengar, 1996; Boulanger and Poo, 1999), which is also required for 

(2R,6R)-HNK to exert its behavioral antidepressant-like effects in vivo (Fukumoto et al., 

2018). I reasoned that an acute increase in cAMP/PKA signaling could mediate the release 

of BDNF by (2R,6R)-HNK. However, in contrast to my predictions, (2R,6R)-HNK led to 

a robust potentiation of glutamate release even when TrkB receptors were blocked. This 

suggests that the essential role of BDNF in the actions of (2R,6R)-HNK are in fact 

downstream of glutamate release, resulting from postsynaptic depolarization following 

prolonged AMPAR activation. Ongoing studies are assessing whether BDNF-TrkB 

signaling is required for (2R,6R)-HNK to restore the efficacy of synaptic transmission 

through an upregulation of AMPARs.  

For my third aim, I sought to determine whether the potentiation induced by 

(2R,6R)-HNK in vitro is implicated in its behavioral actions. I hypothesized that these 

activity-related changes would confer (2R,6R)-HNK the ability to enhance the efficacy of 

synaptic transmission at Schaffer collateral synapses in vivo. Using the WKY model of 
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treatment-resistant major depression, I identified that (2R,6R)-HNK restores novel object 

location memory, which was associated with enhanced calcium-dependent activity in the 

CA1 region of the dorsal hippocampus upon novelty exploration. The potentiating effects 

of (2R,6R)-HNK on synaptic transmission and behavior occluded further potentiation of 

Schaffer collateral synapses by high-frequency stimulation, as evidenced by increased 

synaptic efficacy and release probability. These are the first observations to directly show 

that (2R,6R)-HNK promotes a sustained improvement in synaptic efficacy and behavior 

relevant to its proposed antidepressant mechanism of action (Highland et al., 2021). My 

findings thus establish a cellular mechanism by which (2R,6R)-HNK gives rise to sustained 

adaptations in synaptic transmission and behavior and provide a novel framework for the 

development of improved therapeutic options for depression (Figure 5.1).   
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Figure 5.1. Experimental model for the synaptic mechanism of action of (2R,6R)-HNK. 

(A) (2R,6R)-HNK reaches the brain and hippocampus within minutes of systemic administration (Highland 

et al., 2021). (B) At hippocampal SC-CA1 synapses, (2R,6R)-HNK (10 µM) rapidly potentiates AMPAR-

mediated synaptic transmission by (C) promoting the probability of glutamate release. Consistent with an 

acute presynaptic site of action, (2R,6R)-HNK leads to (D) a rapid accumulation of cAMP (Wray et al., 2019) 

and its antidepressant- and synaptic-related actions are modulated by (E) Gi/o- (Zanos et al., 2019) and (F) 

Gs-coupled (Georgiou et al., unpublished observations) receptors that regulate glutamate release via cAMP 

production. Here, I find that inhibiting either (G) AC or (H) PKA blocks the acute effects of (2R,6R)-HNK 

on glutamate release (Figure 3.2). (I) This potentiation could result from the activation of one or more PKA 

targets downstream of cAMP, known to potentiate glutamate release at SC-CA1 synapses (Chavez-Noriega 

and Stevens, 1992; Trudeau et al., 1996; Kaneko and Takahashi, 2004), such as RIM1α, Synaptotagmin-12, 

and SNAP-25. (J) While BDNF-TrkB signaling is required for (2R,6R)-HNK to exert its antidepressant-like 

effects (Fukumoto et al., 2018), it was not required for its acute potentiation of glutamate release (Figure 

3.3). (K) Instead, I found that the activation of TrkB was required for (2R,6R)-HNK to restore the efficacy 

of synaptic transmission (Figure 3.4) which is consistent with a BDNF-dependent synaptogenic process that 

involves a delayed increase in synaptic AMPAR expression (Highland et al., 2021). (L) I hypothesize that 

this process underlies the restoration of synaptic plasticity by promoting changes in the efficacy of synaptic 

transmission in response to patterned activity (Figure 3.1 and 4.5), learning (Figure 4.4), and acute stress 

(Georgiou et al., unpublished observations). Abbreviations: HNK, hydroxynorketamine; AC, adenylyl cyclase; 

ATP, adenosine triphosphate; cAMP; cyclic adenosine monophosphate; PKA, cAMP-dependent protein kinase; 

Rab3, Ras-related protein 3; Munc-13, mammalian uncoordinated-13; RIM, regulating synaptic membrane 

exocytosis protein; Syt12, Synaptotagmin-12; SNAP-25, synaptosomal-associated protein, 25kDa; GPCR, G-

protein coupled receptor; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; 

NMDAR, N-methyl-D-aspartate receptor; VGCC, voltage-gated calcium channel; VGKC, voltage-gated 

potassium channel; GABAR, γ-aminobutyric acid receptor; TrkB, tropomyosin receptor kinase B; BDNF, 

brain-derived neurotrophic factor; mTORC1, mechanistic target of rapamycin complex 1.  
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