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Abstract  

Characterization of Ketamine’s (2,6)-Hydroxynorketamine Metabolites: Pharmacokinetic 

and Behavioral Considerations for Antidepressant Applications. 

 

Jaclyn N. Highland, Doctor of Philosophy, 2020 

Dissertation Directed by:  

Todd D. Gould, MD 

Professor, Psychiatry, Pharmacology, and Anatomy & Neurobiology 

University of Maryland School of Medicine 

 

 

Despite numerous available treatments for depression, most are not only slow to take effect 

but also ineffective in many patients, highlighting the need for novel and effective 

antidepressant treatments. While (R,S)-ketamine (ketamine) has gained attention for its 

rapid-acting antidepressant effects in previously treatment-resistant patients, its 

widespread antidepressant use is limited by adverse effects and abuse potential. The 

ketamine metabolite (2R,6R;2S,6S)-hydroxynorketamine (HNK), and most potently the 

(2R,6R)-HNK stereoisomer, shares the antidepressant-like behavioral effectiveness, but 

lacks the adverse effect burden and abuse potential, of ketamine in rodents, suggesting that 

(2R,6R)-HNK, and possibly other HNKs (12  have been identified, but only (2R,6R)- and 

(2S,6S)-HNK were previously studied), may be favorable antidepressant drug candidates. 

However, several important considerations for the development of HNKs as 

antidepressants were not previously evaluated. Such considerations were addressed in the 

present study. First, the pharmacokinetic profiles of the 12 HNKs were characterized, 

revealing robust differences in plasma and brain concentrations among the various HNKs, 

despite similar brain-to-plasma ratios and rapid elimination profiles. Second, it was 

demonstrated that (2R,6R)-HNK has favorable oral bioavailability (45-52%) and orally 



administered (2R,6R)-HNK exerts antidepressant-relevant behavioral effects, but not overt 

adverse effects, in mice. Third, the sex-dependent differences in the metabolism of 

ketamine and (2R,6R)-HNK in mice were characterized. It was demonstrated that, 

following ketamine administration, female mice have lower levels of ketamine and higher 

levels of HNK than male mice. In addition, following direct dosing, female mice have 

higher levels of (2R,6R)-HNK than males. Male gonadal hormones at least partly mediate 

these differences. Further, the relative effectiveness of the four (2,6)-HNKs in the mouse 

forced swim test were compared, revealing that both (2R,6S)- and (2S,6R)-HNK exert 

effects at lower doses compared to either (2R,6R)- or (2S,6S)-HNK, and establishing a 

relative rank-order of effectiveness of (2R,6R)- > (2S,6R)- > (2R,6R)- > (2S,6S)-HNK. 

Finally, it was identified that the novel compound, (5R)-methyl-(2R,6R)-HNK 

recapitulates the antidepressant dose-response relationship of (2R,6S)-HNK, with which it 

shares a similar three-dimensional structure, suggesting a critical role of three-dimensional 

structure in mediating antidepressant-relevant effectiveness. Altogether, these studies 

represent several important insights which may support the development of (2,6)-HNKs as 

antidepressant treatments. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Characterization of Ketamine’s (2,6)-Hydroxynorketamine Metabolites: Pharmacokinetic 

and Behavioral Considerations for Antidepressant Applications. 

 

 

 

 

 

 

 

by 

Jaclyn N. Highland 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the faculty of the Graduate School 

of the University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2020 

 



iii 
 

Dedication 

Dedicated to my grandmother, who always told me to “go and get your dream.”  

  



iv 
 

Acknowledgements 

I am grateful to all those who have contributed to my experience and helped me 

along this journey. First, I would like to thank Dr. Todd Gould for his mentorship. Thank 

you for all that you have taught me, especially how to think like a scientist. I will always 

remember your encouragement to “do the best experiment possible,” and continue to apply 

that philosophy to do the best that is possible given the tools at hand, even outside the lab. 

I also want to thank all of the members of the Gould lab, past and present, who have taught 

me so much over the years. A special thank you to Drs. Panos Zanos and Polymnia 

Georgiou, who have been there from my first day in the lab and helped me in more ways 

than I can count; thank you for your advice, insights, and friendship.  

Additionally, I want to thank the many collaborators who contributed to the 

completion of my research projects, including Drs. Patrick Morris and Craig Thomas who 

synthesized and characterized numerous compounds for these studies, and Drs. Ruin 

Moaddel and Amy Wang who helped with the many LC/MS-MS and pharmacokinetic 

analyses for my projects. I would also like to thank my committee members, Drs. Edna 

Pereira, Scott Thompson, Greg Elmer, and Craig Thomas, for all of their constructive 

insights and guidance throughout this process.  

Finally, I would like to thank my family and friends for their continued support. To 

my parents and my family, thank you for always believing in me, supporting my goals, and 

being there for me no matter what. I would not be here today without you. To my fiancé, 

Dylan, thank for your unwavering love and support. You give me all that I need, whether 

its encouragement, laughter, or your signature “it will all work out,” and I cannot imagine 

making it through this journey without you. Last but not least, thank you to my friends, too 

many to name, for all your support over the years. I am lucky to have you all.  



v 
 

Table of Contents   

Dedication .......................................................................................................................... iii 

Acknowledgements ............................................................................................................ iv 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

List of Abbreviations ......................................................................................................... ix 

Chapter 1. Introduction and background ...................................................................... 1 

1.1. Depression and treatment strategies ......................................................................... 1 

1.2. Hydroxynorketamines .............................................................................................. 4 

Formation and metabolism.......................................................................................... 4 
Pharmacodynamics and putative sites of actions ...................................................... 11 

Behavioral actions ..................................................................................................... 19 

1.3. Objectives ............................................................................................................... 26 

Chapter 2. Pharmacokinetic characterization of the twelve hydroxynorketamines 

formed in vivo from ketamine ........................................................................................ 28 

2.1. Introduction ............................................................................................................ 28 
2.2. Methods .................................................................................................................. 29 
2.3. Results .................................................................................................................... 33 

2.4. Discussion .............................................................................................................. 43 

Chapter 3. Oral bioavailability and antidepressant-relevant behavioral effects of 

(2R,6R)-hydroxynorketamine  ....................................................................................... 46 

3.1. Introduction ............................................................................................................ 46 
3.2. Methods .................................................................................................................. 48 

3.3. Results .................................................................................................................... 55 
3.4. Discussion .............................................................................................................. 63 

Chapter 4. Sex-dependent metabolism and behavioral effectiveness of ketamine and 

(2R,6R)-hydroxynorketamine ........................................................................................ 68 

4.1. Introduction ............................................................................................................ 68 

4.2. Methods .................................................................................................................. 69 

4.3. Results .................................................................................................................... 73 

4.4 Discussion ............................................................................................................... 80 

Chapter 5. Evaluation of the antidepressant-relevant behavioral effectiveness of the 

(2,6)-hydroxynorketamines ............................................................................................ 89 



vi 
 

5.1. Introduction ............................................................................................................ 89 
5.2. Methods .................................................................................................................. 91 

5.3. Results .................................................................................................................... 93 
5.4. Discussion .............................................................................................................. 97 

Chapter 6. Discussion and conclusions ....................................................................... 103 

References ...................................................................................................................... 107 

 

  

   



vii 
 

  

List of Tables 

Table 1.1. Antidepressant-relevant behavioral actions of (2R,6R)-HNK. ........................ 21 

Table 1.2. Antidepressant-relevant behavioral actions of (2S,6S)-HNK. ......................... 22 

Table 2.1. Hydroxynorketamine pharmacokinetics in male and female mice. ................. 35 

Table 2.2. Sex-dependent differences in the levels of and exposures to 

hydroxynorketamines. ....................................................................................................... 37 

Table 3.1. Distribution of (2R,6R)-HNK in the plasma and brain of mice. ...................... 57 

Table 3.2. Bioavailability and brain penetrance of (2R,6R)-HNK in mice. ...................... 57 

Table 3.3. AUC, Cmax, and relative bioavailability of (2R,6R)-HNK and prodrug 

candidates in the plasma of mice. ..................................................................................... 60 

Table 3.4. Adverse effects screening outcomes following oral (2R,6R)-HNK. ............... 61 

Table 5.1 Statistical analyses of effects of the (2,6)-HNKs in the forced swim test. ....... 95 

  



viii 
 

List of Figures 

Figure 1.1. Metabolic formation of HNKs from ketamine. ................................................ 6 

Figure 2.1. Time course of plasma levels of hydroxynorketamines in mice. ................... 34 

Figure 2.2. Brain levels of and exposure to hydroxynorketamines. ................................. 42 

Figure 3.1. Plasma and brain concentrations of (2R,6R)-HNK in mice. .......................... 56 

Figure 3.2. Candidate prodrug modifications. .................................................................. 59 

Figure 3.3. Candidate prodrugs do not improve the oral bioavailability of (2R,6R)-HNK 

in mice. .............................................................................................................................. 59 

Figure 3.4. (2R,6R)-HNK does not alter open-field locomotor activity in mice. ............. 60 

Figure 3.5. Oral (2R,6R)-HNK reduces immobility time in the mouse forced-swim test. 62 

Figure 3.6. Oral (2R,6R)-HNK reverses learned helplessness in mice. ............................ 63 

Figure 4.1. Plasma concentrations of ketamine and metabolites following ketamine 

administration to male and female mice. .......................................................................... 74 

Figure 4.2. Plasma concentrations of (2R,6R)-hydroxynorketamine following direct 

administration to male and female mice. .......................................................................... 75 

Figure 4.3. Gonadectomy alters plasma levels of ketamine and hydroxynorketamine 

following ketamine treatment in male, but not female, mice. .......................................... 76 

Figure 4.4. Plasma concentrations of (2R,6R)-hydroxynorketamine following direct 

administration to gonadectomized or sham male mice. .................................................... 77 

Figure 4.5. Testosterone did not alter the behavioral effectiveness of ketamine in the 

mouse forced swim test. .................................................................................................... 78 

Figure 4.6. Gonadectomy alters weight gain in mice. ...................................................... 80 

Figure 5.1. (2,6)-hydroxynorketamines reduce immobility time in the mouse forced swim 

test. .................................................................................................................................... 94 

Figure 5.2. (5R)-methyl-(2R,6R)-hydroxynorketamine reduces forced swim test 

immobility time. ................................................................................................................ 96 

  



ix 
 

List of Abbreviations  

2a acetate ester of (2R,6R)-hydroxynorketamine 

2b propionate ester of (2R,6R)-hydroxynorketamine 

2c pentanoate ester of (2R,6R)-hydroxynorketamine 

2d octanoate ester of (2R,6R)-hydroxynorketamine 

2e benzoate ester of (2R,6R)-hydroxynorketamine 

AMPAR α-amino-3-hydoxy-5-methyl-isoxazolepropionic acid receptor 

ANOVA analysis of variance  

AUC area under the curve 

BA bioavailability  

BDNF brain derived neurotrophic factor  

cAMP cyclic adenosine monophosphate 

Cmax maximum concentration 

CORT corticosterone 

CSDS chronic social defeat stress 

CYP cytochrome P450 enzyme  

DHNK dehydronorketamine 

ED50 half-maximal effective dose 

eEF2 eukaryotic elongation factor 2 

GDX gonadectomized  

ERK extracellular signal related kinase 

fEPSP field excitatory postsynaptic potential 

GABA gamma aminobutyric acid  

GluA1/2/3/4 glutamate ionotropic receptor AMPA type subunit 1/2/3/4 

GluN1/2 glutamate ionotropic receptor NMDA type subunit ½ 

HCl hydrochloride  



x 
 

HK hydroxyketamine  

HILIC hydrophobic interaction liquid chromatography 

HNK hydroxynorketamine 

hr hours 

IC50 half-maximal inhibitory concentration  

i.c.v. intracerebroventricular 

i.p. intraperitoneal 

i.v. intravenous  

ketamine/KET (R,S)-ketamine 

Ki inhibition constant 

LC/MS liquid chromatography-mass spectrometry  

LLOQ lower limit of quantitation 

LTP long-term potentiation 

Me methyl 

mEPSC miniature excitatory postsynaptic current  

mGlu2/3 metabotropic glutamate receptor subtype 2/3 

min minutes 

MS/MS tandem mass spectrometry  

mTOR mammalian target of rapamycin 

mTORC1 mammalian target of rapamycin complex 1 

NA not applicable  

ND not determined  

NMDAR N-methyl-D-aspartate receptor  

NMR nuclear magnetic resonance spectrometry 

norKET norketamine 

NS no statistical difference 



xi 
 

p.o. oral  

SAL saline 

SEM standard error of the mean 

SNRI selective norepinephrine reuptake inhibitor 

SSRI selective serotonin reuptake inhibitor 

t1/2 half-life 

Tmax time of maximum observed concentration 

TrkB tropomyosin receptor kinase B 

UGT uridine 5`-diphospho- glucuronosyltransferase 

UPLC ultra-performance liquid chromatography 

VEH vehicle 

vlPAG ventrolateral periaqueductal gray 

VTA ventral tegmental area 

 

  



1 
 

Chapter 1. Introduction and background 

1.1. Depression and treatment strategies 

Major depression is a leading cause of disability worldwide (Reddy, 2010), with a 

lifetime risk of approximately 16% (Kessler et al., 2003). A diverse range of symptoms, 

including depressed mood, anhedonia (decreased capacity to feel pleasure), sleep 

disturbances, fatigue, cognitive impairments, and suicidal thoughts or behaviors (Kennedy, 

2008; Uher et al., 2014), characterize this chronic, debilitating, and even life-threatening 

disorder. While the etiology of depression is complex and not fully understood, evidence 

suggests that: (i) weakened synaptic function in various mood-relevant brain regions, 

including the prefrontal cortex and the hippocampus, contributes to the development of 

depression-relevant behaviors, and (ii) antidepressant treatments act to restore these 

synaptic deficits (reviewed in Thompson et al., 2015).  

For decades, pharmacotherapies for major depression have targeted the 

monoaminergic neurotransmitter systems. These classical antidepressants include the 

monoamine oxidase inhibitors, tricyclic antidepressants, and selective serotonin and/or 

norepinephrine reuptake inhibitors (SSRIs and SNRIS, respectively), which all act to 

increase synaptic monoamine levels (reviewed in Racagni & Popoli, 2008; Taylor et al., 

2005). These elevated monoamines are thought to initiate synaptic changes which, over 

time, restore synaptic transmission in mood-relevant brain regions to induce antidepressant 

effects (reviewed in Duman et al., 1997; Racagni & Popoli, 2008; Thompson et al., 2015). 

However, these classical antidepressants have a long latency to exert their full therapeutic 

effects, requiring weeks to months of chronic treatment to achieve remission, and up to 

30% of depressed patients fail to reach remission despite treatment with multiple classical 
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antidepressants (Gaynes et al., 2009; Insel & Wang, 2009; Rush et al., 2006). Finally, 

among those patients who do reach remission, the vast majority (approximately 85%) will 

experience a recurrence of symptoms (Hardeveld et al., 2010). Taken together, these 

factors highlight the need for novel, effective, and rapid-acting antidepressant treatments.  

 A profound development in antidepressant research has been the finding that the 

N-methyl-D-aspartate receptor (NMDAR) antagonist (R,S)-ketamine (ketamine) rapidly 

reverses core symptoms of depression in patients classified as treatment-resistant (i.e. 

patients that previously failed to respond to multiple types of antidepressant treatments; 

DiazGranados et al., 2010; Price et al., 2014; Zarate et al., 2012; Zarate et al., 2006). In 

particular, ketamine exerts antidepressant effects within hours of a single sub-anesthetic 

infusion, with effects typically lasting one-week post-treatment (e.g. Berman et al., 2000; 

DiazGranados et al., 2010; Price et al., 2014; Zarate et al., 2006).  

While its full mechanisms are still being elucidated, ketamine is thought to exert its 

antidepressant actions by rapidly modulating glutamatergic neurotransmission and 

restoring synaptic transmission in those regions affected by depression (reviewed in 

Thompson et al., 2015; Zanos & Gould, 2018). In particular, several hypotheses for 

ketamine’s mechanism of action have emerged:  a) direct inhibition of NMDAR-mediated 

spontaneous synaptic transmission resulting in disinhibition of eukaryotic elongation factor 

2 (eEF2) and subsequent increases in brain-derived neurotrophic factor (BDNF)-mediated 

protein synthesis (Autry et al., 2011; Gideons et al., 2014; Nosyreva et al., 2013), b) 

preferential inhibition of NMDARs on gamma aminobutyric acid (GABA)-ergic 

interneurons resulting in disinhibition of glutamatergic neurotransmission (Homayoun & 

Moghaddam, 2007; Moghaddam et al., 1997; Seamans, 2008; Widman & McMahon, 



3 
 

2018), and c) inhibition of extrasynaptic NMDARs resulting in disinhibition of mammalian 

target of rapamycin complex 1 (mTORC1)-mediated protein synthesis (Miller et al., 2014). 

Altogether, these mechanisms—which are not mutually exclusive and may collectively 

contribute to ketamine’s biological actions—converge upon the upstream enhancement of 

glutamatergic synaptic transmission to rapidly reverse symptoms of depression (reviewed 

in Zanos & Gould, 2018).  

Nonetheless, while the rapid-acting antidepressant effectiveness of ketamine 

exceeds that of classical antidepressant drugs, the widespread use of ketamine as an 

antidepressant is limited by its dissociative side effects and abuse potential (Krystal et al., 

1994; Zanos et al., 2018), which have been attributed to its actions as a potent NDMAR 

inhibitor (reviewed in Zanos et al., 2018). Thus, identifying compounds which share the 

rapid-acting antidepressant effectiveness of ketamine, but lack its adverse effect burden, 

has emerged as a goal in the field of antidepressant research, leading to the study of a range 

of compounds that target glutamatergic signaling. These potential, novel, rapid-acting 

antidepressants include NDMAR antagonists selective for the GluN2B subunit (Ates-

Alagoz & Adejare, 2013; Ibrahim et al., 2012; Preskorn et al., 2008; Vasilescu et al., 2017), 

negative allosteric modulators of α5 subunit-containing GABA receptors (Fischell et al., 

2015; Zanos et al., 2017), group II metabotropic glutamate (mGlu2/3) receptor antagonists 

(reviewed in Chaki & Fukumoto, 2018; Swanson et al., 2005; Witkin et al., 2007), and, the 

focus of this work, hydroxynorketamines (HNKs) (Chen et al., 2020; Chou et al., 2018; 

Fukumoto et al., 2019; Highland et al., 2018; Lumsden et al., 2019; Nelson & Trainor, 

2007; Pham et al., 2018; Rahman et al., 2020; Yokoyama et al., 2020; Zanos, Highland, 

Stewart, et al., 2019; Zanos et al., 2016).  
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1.2. Hydroxynorketamines  

Formation and metabolism  

Ketamine metabolism to form hydroxynorketamines 

HNKs are metabolites of ketamine formed in vivo following its administration to 

humans and other animals (Leung & Baillie, 1986; Moaddel et al., 2016; Moaddel et al., 

2010; Zanos et al., 2016; Zarate et al., 2012; Zhao et al., 2012). Twelve individual HNK 

stereoisomers (Fig 1.1), which differ from each other by the position of cyclohexyl ring 

hydroxylation and their unique stereochemistry at two stereocenters, have been identified 

in the plasma of humans (Moaddel et al., 2010; Zarate et al., 2012; Zhao et al., 2012) and 

in the plasma and brains of rodents (Leung & Baillie, 1986; Moaddel et al., 2016; Zanos et 

al., 2016) following systemic administration of racemic (R,S)-ketamine (ketamine).  

Microsomal studies have identified that ketamine initially undergoes 

stereoselective N-demethylation primarily catalyzed by the cytochrome P450 (CYP) liver 

enzymes CYP2B6 and CYP3A4 to (R,S)-norketamine, which is then further metabolized 

to dehydronorketamine and the HNKs (Desta et al., 2012; Dinis-Oliveira, 2017; Kharasch 

& Labroo, 1992; Woolf & Adams, 1987) (Fig 1.1). The cyclohexyl ring of (R,S)-

norketamine can be hydroxylated at the 4, 5, or 6 position, resulting in the (2,4)-, (2,5)-, 

and (2,6)-HNKs, respectively (Desta et al., 2012; Woolf & Adams, 1987). Via this 

pathway, the production of the (2R,4R;2S,4S)-HNK, (2R,5R;2S,5S)-HNK, and 

(2R,6R;2S,6S)-HNK stereoisomers is predominantly catalyzed by CYP2A6 and CYP2B6, 

while the formation of (2R,4S;2S,4R)-HNK is primarily carried out by CYP3A4 and 

CYP3A5, and that of (2R,5S;2S,5R)-HNK, by CYP2B6 (Desta et al., 2012). Through a 
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minor metabolic pathway, ketamine additionally undergoes direct hydroxylation to form 

the 6-hydroxyketamines (HKs; primarily catalyzed by CYP2A6, CYP3A4, and CYP3A5, 

(Desta et al., 2012)), which are then N-demethylated to form the (2,6)-HNKs (Desta et al., 

2012; Woolf & Adams, 1987) (Fig 1.1). The (2R,6R;2S,6S)-HK metabolite is readily 

demethylated by CYP2B6 to (2R,6R;2S,6S)-HNK, whereas the conversion of 

(2R,6S;2S,6R)-HK to (2R,6S;2S,6R)-HNK is reported to be much slower (Desta et al., 

2012).  

Following ketamine administration, HNKs have been detected in humans (Fassauer 

et al., 2017; Grunebaum et al., 2019; Hasan et al., 2017; Moaddel et al., 2010; Zarate et al., 

2012; Zhao et al., 2012), in addition to several other animal species, including mice (Pham 

et al., 2018; Yamaguchi et al., 2018; Zanos, Highland, Liu, et al., 2019; Zanos et al., 2016; 

Zanos et al., 2018), rats (Leung & Baillie, 1986; Moaddel et al., 2015; Moaddel et al., 

2016), dogs (Sandbaumhuter et al., 2016; Sandbaumhuter, Theurillat, & Thormann, 2017; 

Theurillat et al., 2016), horses and ponies (Lankveld et al., 2006; Sandbaumhuter, 

Theurillat, & Thormann, 2017; Schmitz et al., 2009). Despite differences in study designs, 

rapid metabolism of ketamine to HNKs appears to be conserved across species, as HNKs 

were detected at the earliest sampling time points, within 2.5-20 minutes of intraperitoneal 

(i.p.) or intravenous (i.v.) ketamine dosing in rodents, dogs, and horses, (Leung & Baillie, 

1986; Moaddel et al., 2015; Pham et al., 2018; Yamaguchi et al., 2018; Zanos, Highland, 

Liu, et al., 2019; Zanos et al., 2016; Zarate et al., 2012; Zhao et al., 2012) and immediately 

upon completion of i.v. ketamine infusion in humans (Zarate et al., 2012; Zhao et al., 2012). 

Also conserved across those species studied, the (2,6)-HNKs are more abundant than either 

the (2,5)- or (2,4)-HNKs in the plasma of humans (Moaddel et al., 2010; Zarate et al., 
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2012), in the plasma of dogs and horses (Sandbaumhuter, Theurillat, & Thormann, 2017), 

and in the plasma and brains of mice and rats (Moaddel et al., 2016; Zanos et al., 2016) 

after ketamine administration.  

 

Figure 1.1. Metabolic formation of HNKs from ketamine. (R,S)-ketamine (KET) undergoes rapid and 

stereoselective metabolism, catalyzed by the cytochrome P450 (CYP) liver enzymes, to form (R,S)-

norketamine (norKET), (R,S)-dehydronorketamine (DHNK), the (2,6)-hydroxyketamines (HKs), and twelve 

individual hydroxynorketamines (HNKs).  

 

Hydroxynorketamine pharmacokinetics 

Following i.p. or i.v. ketamine administration, circulating HNK concentrations 

reach their maximum within 5-10 min in mice (Yamaguchi et al., 2018; Zanos, Highland, 

Liu, et al., 2019; Zanos et al., 2016), 10-36 min in rats (Leung & Baillie, 1986; Moaddel et 

al., 2016), 49-68 min in dogs (Sandbaumhuter et al., 2016), and 40-230 min (3.83 h) in 
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humans (Zhao et al., 2012). Following direct i.p. administration to rodents, peak plasma 

levels of (2R,6R)- and (2S,6S)-HNK have been observed at the earliest time studied, within 

2.5-10 min of dosing (Lumsden et al., 2019; Yamaguchi et al., 2018; Zanos et al., 2016). 

After oral administration, (2S,6S)-HNK has also been detected in the plasma of rats at the 

earliest time points studied, 10 min post-administration, with peak concentrations 

occurring at approximately 25 min after dosing (Moaddel et al., 2015). The oral 

bioavailability of (2S,6S)-HNK was determined to be 46.3% in rats (Moaddel et al., 2015).  

(2R,6R)- and (2S,6S)-HNK readily penetrate the brain, where they are detected as 

early as 2-10 min after peripheral ketamine dosing and 2.5-15 min after their direct 

administration in mice and rats (at the earliest time points tested; Leung & Baillie, 1986; 

Lilius et al., 2018; Lumsden et al., 2019; Moaddel et al., 2015; Yamaguchi et al., 2018; 

Zanos, Highland, Liu, et al., 2019; Zanos et al., 2016). Of note, local metabolism of 

ketamine to HNKs does not appear to occur in the brain (Moaddel et al., 2015; Zanos et 

al., 2018), and therefore brain levels reflect penetration from the periphery. Peak brain 

concentrations of HNKs are achieved within 10-15 min of ketamine dosing and within 5-

10 minutes of direct administration in rodents (Leung & Baillie, 1986; Lumsden et al., 

2019; Moaddel et al., 2015; Yamaguchi et al., 2018; Zanos, Highland, Liu, et al., 2019; 

Zanos et al., 2016). The ratio of brain to plasma exposures for both (2R,6R)- and (2S,6S)-

HNK are approximately 1:1 (reported between 0.9-1.3) in rodents (Leung & Baillie, 1986; 

Moaddel et al., 2015; Yamaguchi et al., 2018; Zanos et al., 2016).  

HNKs undergo glucuronide conjugation, at least partly catalyzed by the UDP- 

glucuronosyltransferase isoform UGT2B4 (Moaddel et al., 2010), and are eliminated both 

in their unconjugated and conjugated forms in urine and bile (Chang & Glazko, 1974; 
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Dinis-Oliveira, 2017; Lankveld et al., 2006; Moaddel et al., 2010; Sandbaumhuter & 

Thormann, 2018; Turfus et al., 2009). Plasma elimination half-lives were determined to be 

13.2 ± 3.7 h (mean ± SD) for (2R,6R;2S,6S)-HNK following i.p. injection of ketamine to 

rats (Moaddel et al., 2016), 0.56 h for (2R,6R)-HNK following i.p. injection of (R)-

ketamine to mice (Zanos, Highland, Liu, et al., 2019), approximately one h (median 56.95 

min) for HNKs following i.v. injection of ketamine in horses (Lankveld et al., 2006), and 

14.25 ± 3.95 h (mean ± SD) for (2R,6R;2S,6S)-HNK following i.v. infusion of ketamine in 

humans (Farmer et al., 2020). However, HNK half-lives were reported to show 

considerable inter-individual variability between human subjects (Zhao et al., 2012).  

HNKs remain detectable in the plasma and brain of mice for 2-4 h after i.p. 

ketamine dosing (Zanos, Highland, Liu, et al., 2019; Zanos et al., 2016). One study reported 

that in rats, (2R,6R;2S,6S)-HNK could be detected (≥ 5.0 ng/ml) in the plasma up to 48 h 

after a single i.p. dose of ketamine, while levels of all other HNKs were below levels of 

quantitation within 4 h of ketamine dosing (Moaddel et al., 2016). Following a single i.v. 

ketamine dose, HNKs were detected in the plasma of dogs for at least 7.5 h 

(Sandbaumhuter et al., 2016; Theurillat et al., 2016) and in the plasma of horses up to 2 h 

(Lankveld et al., 2006). In humans, circulating (2R,5R;2S,5S)-, (2R,5S;2S,5R)-, and 

(2R,6S;2S,6R)-HNKs could be detected up to 230 min (3.83 h) after a single ketamine 

infusion (0.5 mg/kg, 40 min infusion; Zarate et al., 2012), while the (2R,6R;2S,6S)-HNK 

stereoisomers were measurable in plasma (Grunebaum et al., 2019; Zarate et al., 2012; 

Zhao et al., 2012) and urine (Fassauer et al., 2017) for 1-3 days post-infusion. Following 

their direct administration, (2R,6R)- and (2S,6S)-HNK remain detectable in the plasma and 
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brain up to 2-4 h after a single dose in mice (Zanos et al., 2016) and up to 8 h in rats 

(Moaddel et al., 2015).  

 

Factors altering hydroxynorketamine metabolism and exposure  

Several factors have been reported to impact the metabolism of HNKs, including 

biological sex (Zanos et al., 2016), circadian cycle (Martinez-Lozano Sinues et al., 2017), 

and prior treatment with other compounds (Lilius et al., 2018; Sandbaumhuter et al., 2016; 

Sandbaumhuter, Theurillat, Bettschart-Wolfensberger, et al., 2017; Yamaguchi et al., 

2018). Importantly, these factors are important variables that may influence the 

pharmacodynamic effects of HNKs, including their behavioral actions,  and the possible 

HNK-dependent actions of ketamine. 

Peak and total concentrations of (2R,6R;2S,6S)-HNK following ketamine 

administration are higher in female mice relative to males (Zanos et al., 2016). The 

circadian cycle has also been reported to alter ketamine metabolism to HNKs in mice, with 

approximately two-fold higher concentrations of (2R,6R)-HNK detected in exhaled breath 

of mice receiving a ketamine injection in the evening compared to those injected with an 

equivalent dose in the morning (Martinez-Lozano Sinues et al., 2017). However, this 

finding has not been confirmed with direct assessment of HNK concentrations in plasma 

or other tissues.  

Prior treatment with or co-administration of various compounds have also been 

reported to alter ketamine metabolism and HNK exposure (Lilius et al., 2018; 

Sandbaumhuter et al., 2016; Sandbaumhuter, Theurillat, Bettschart-Wolfensberger, et al., 

2017; Yamaguchi et al., 2018). Namely, in dogs sedated with the α2-agonist medetomidine 
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prior to ketamine administration, both metabolism of ketamine to (2R,6R;2S,6S)-HNK and 

elimination of (2R,6R;2S,6S)-HNK were faster (Sandbaumhuter et al., 2016). However, an 

in vitro study found that medetomidine attenuated the formation of (2R,6R;2S,6S)-HNK 

from ketamine in liver microsomes, while three other α2-agonists, detomidine, xylazine, 

and romifidine, had the opposite effect, resulting in higher levels of (2R,6R;2S,6S)-HNK 

(Sandbaumhuter, Theurillat, Bettschart-Wolfensberger, et al., 2017). Although these 

interactions require further clarification, the effects of medetomidine are likely CYP-

mediated, as CYP3A plays an important role in the metabolism of both medetomidine and 

ketamine (Desta et al., 2012; Duhamel et al., 2010; Sandbaumhuter et al., 2015).  

A recent study also demonstrated that prior treatment with morphine resulted in 

higher serum and brain levels of (2R,6R;2S,6S)-HNK in ketamine-treated rats  (Lilius et 

al., 2018). In addition, as expected, prior treatment with the CYP inhibitors ticlopidine and 

1-aminobenzotriazole led to a robust attenuation of (2R,6R)-HNK formation following (R)-

ketamine administration in mice (Yamaguchi et al., 2018).  

A chemical modification to the structure of ketamine has also been utilized to alter 

its metabolism to HNKs; namely, di-deuterium substitution at the C6 position of the 

hydroxyl ring of ketamine or (R)-ketamine (designated as d2-ketamine and (R)-d2-

ketamine, respectively) results in a selective and robust attenuation of the metabolism of 

ketamine to the (2,6)-HNKs or (2R,6R)-HNK, respectively (Zanos, Highland, Liu, et al., 

2019; Zanos et al., 2016; Zhang et al., 2018).  
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Pharmacodynamics and putative sites of actions  

Although the mechanisms underlying the actions of HNKs are still being 

elucidated, several potential sites of action have been identified. Numerous studies have 

demonstrated HNK-induced effects on the glutamatergic system, including enhanced 

glutamate release (Pham et al., 2018; Riggs et al., 2019), increased α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptor (AMPAR) expression, rapid facilitation of 

AMPAR-dependent synaptic transmission (Ho et al., 2018; Riggs et al., 2019; Shaffer et 

al., 2019; Zanos et al., 2016), possible effects on metabotropic glutamate (mGlu) receptor 

signaling (Wray et al., 2019; Zanos, Highland, Stewart, et al., 2019), and actions on 

pathways downstream of glutamatergic signaling, including the mTORC1 and BDNF 

pathways (Fred et al., 2019; Fukumoto et al., 2019; Paul et al., 2014; Zanos et al., 2016). 

In addition, effects on other neurotransmitters, including serotonin and norepinephrine 

have also been reported (Ago et al., 2019), and changes in neuronal morphology and 

structural plasticity have been observed (Cavalleri et al., 2018; Collo et al., 2018). Outside 

of these effects on synaptic function, effects on other cellular processes, including 

inflammatory responses (Ho et al., 2019; Rahman et al., 2020; Xiong et al., 2019) and 

mitochondrial function (Faccio et al., 2018; Rahman et al., 2020) have also been reported. 

 

Synaptic actions 

NDMAR inhibition 

 Although ketamine is a potent NMDAR antagonist, it has been demonstrated that 

its HNK metabolites have substantially lower affinity to bind to or inhibit NMDARs 

(Lumsden et al., 2019; Moaddel et al., 2013; Morris et al., 2017b). In particular, based on 
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MK-801 binding displacement, while still lower than that of ketamine, (2S,6S)-HNK 

exhibits a greater NMDAR binding affinity (Ki: 7.34-21.19 µM) compared to any other 

HNK stereoisomers (Kis of (2R,6R)-, (2R,6S)-, (2S,6R)-, (2R,5R)-, (2S,5S)-, (2R,5S)-, 

(2S,5R)-, (2R,4R)-, (2S,4S)-, (2R,4S)-, and (2S,4R)-HNK are >100 µM) (Moaddel et al., 

2013; Morris et al., 2017b).  

Compared to (2R,6R)-HNK, (2S,6S)-HNK has greater potency to suppress 

NMDAR-mediated currents in cultured hippocampal neurons and oocytes (11-22-fold 

greater potency), NMDAR-mediated field excitatory potentials (fEPSPs) in hippocampal 

slices (4.5-fold greater potency), and NMDA-induced lethality in mice (an in vivo measure 

of functional NMDAR inhibition, 12-fold greater potency; Lumsden et al., 2019). 

However, compared to ketamine, (2S,6S)-HNK has lower potency to inhibit NMDARs, 

demonstrating 5-13-fold lower potency to inhibit NMDAR-mediated currents, 10-fold 

lower potency to inhibit NMDAR-mediated fEPSPs, and nearly 3-fold lower potency to 

attenuate NMDA-induced lethality in mice (Lumsden et al., 2019). (2R,6R)-HNK has even 

lower potency compared to ketamine, demonstrating 57-150-fold, 47-fold, and 35-fold 

lower potency to inhibit NMDAR-mediated currents (Abbott & Popescu, 2020; Lumsden 

et al., 2019), NMDA fEPSPs (Lumsden et al., 2019), and NMDA-induced lethality 

(Lumsden et al., 2019), respectively, compared to ketamine. Altogether, the literature 

demonstrates that (2S,6S)-HNK exerts moderate NMDAR inhibition, albeit with lower 

potency compared to ketamine, while (2R,6R)-HNK has substantially lower potency to 

inhibit NMDARs. While the other HNKs have not been extensively studied, their low 

NMDAR binding affinities (similar to (2R,6R)-HNK) suggest low potential for NMDAR 

inhibition.  
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Effects on glutamatergic neurotransmission  

Evidence suggests that (2R,6R)-HNK can enhance glutamatergic 

neurotransmission (Chou et al., 2018; Riggs et al., 2019; Ye et al., 2019; Zanos et al., 2016), 

at least partly via increased glutamate release (Ho et al., 2018; Pham et al., 2018; Riggs et 

al., 2019; Shaffer et al., 2019; Wray et al., 2019; Zanos et al., 2016). For instance, 

administration of (2R,6R)-HNK (10 mg/kg, i.p. injection or 1 nmol/side intracortical 

perfusion) results in increased glutamate release in the prefrontal cortex of mice (Pham et 

al., 2018). Also consistent with (2R,6R)-HNK-induced increases in glutamate release, it 

has been demonstrated that (2R,6R)-HNK (10 µM) increases the frequency, but not 

amplitude, of miniature excitatory postsynaptic currents (mEPSCs) in CA1 pyramidal 

neurons in hippocampal slices (Riggs et al., 2019), and leads to a potentiation of 

glutamatergic synaptic transmission in hippocampal slices (0.3-30 µM; Riggs et al., 2019; 

Zanos et al., 2016) which is concurrent with reductions in paired pulse facilitation and 

occluded by high release probability (Riggs et al., 2019). It has also been demonstrated that 

(2R,6R)-HNK increases the frequency and amplitude of mEPSCs (10 µM; also consistent 

with a post-synaptic component to its effects in addition to a pre-synaptic increase in 

release probability) and reverses chronic stress-induced decreases in AMPAR-mediated 

currents in the ventrolateral periaqueductal gray (10 mg/kg, i.p.; vlPAG; Chou et al., 2018; 

Ye et al., 2019). Of note, neither (2R,6R)- nor (2S,6S)-HNK appear to directly bind to or 

activate AMPARs (10 µM; Shaffer et al., 2019).  

In other brain regions, including the nucleus accumbens and ventral tegmental area 

(VTA), (2R,6R)-HNK has also been demonstrated to modulate glutamatergic 

neurotransmission, although an attenuation of glutamatergic activity has been reported in 
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these areas (Yao et al., 2017), in contrast to the effects described above. Namely, (2R,6R)-

HNK decreased mEPSC frequency and amplitude and also decreased AMPAR- relative to 

NMDAR-mediated transmission in the VTA, and attenuated the magnitude and prevalence 

of LTP in the nucleus accumbens (10 mg/kg, i.p.; Yao et al., 2018). Nevertheless, the 

literature supports that (2R,6R)-HNK modulates glutamatergic neurotransmission in 

various brain regions, actions which may lead to network-wide excitation, as evidenced by 

an increase in high-frequency gamma (30-80 Hz) electrocorticographic oscillations (30-80 

Hz) following (2R,6R)-HNK administration in mice (10 mg/kg, i.p.), a marker of cortical 

activation (Zanos, Highland, Stewart, et al., 2019; Zanos et al., 2016). 

There is some evidence to suggest that cyclic adenosine monophosphate (cAMP)-

dependent mechanisms (Wray et al., 2019), and in particular, type II metabotropic 

glutamate (mGlu2) receptor signaling (Zanos, Highland, Stewart, et al., 2019), may be 

implicated in the (2R,6R)-HNK-induced synaptic potentiation of excitatory synapses. 

mGlu2 receptors are presynaptic autoreceptors that are negatively coupled to adenylyl 

cyclase and suppress cAMP-dependent glutamate release under normal conditions 

(reviewed in Schoepp, 2001). It has been demonstrated that (2R,6R)-HNK has a convergent 

mechanism of action with mGlu2 receptors (Zanos, Highland, Stewart, et al., 2019). In 

particular, both the (2R,6R)-HNK-induced increases in cortical gamma oscillations and 

antidepressant-relevant behavioral actions are bi-directionally modulated by mGlu2 

receptor activity: the effects of (2R,6R)-HNK are blocked by mGlu2/3 activation, whereas 

inhibiting mGlu2/3 activity enhances the effects of subthreshold (2R,6R)-HNK (Zanos, 

Highland, Stewart, et al., 2019). Further, it was demonstrated that (2R,6R)-HNK prevented 

mGlu2/3 receptor agonist-induced hyperthermia in mice, a physiological assay for 



15 
 

functional mGlu2/3 receptor inhibition (Zanos, Highland, Stewart, et al., 2019). Finally, 

(2R,6R)-HNK has been shown to induce redistribution of the G protein, GαЅ, to non-lipid 

raft regions, resulting in a robust increase in cAMP accumulation in C6 cells (Wray et al., 

2019), suggesting that (2R,6R)-HNK may acts via an mGlu2 receptor- and cAMP-

dependent pathway to modulate glutamate release and enhance network activity. 

 

Targets downstream of glutamatergic signaling  

(2R,6R)-HNK administration has been shown to alter several targets downstream 

of glutamate receptor expression and/or activity, including BDNF (Fukumoto et al., 2019; 

Lumsden et al., 2019; Zanos et al., 2016) and mTOR (Fukumoto et al., 2019; Lumsden et 

al., 2019; Paul et al., 2014). In particular, (2R,6R)-HNK has been reported to increase 

BDNF protein expression in the hippocampus of mice (10 mg/kg, i.p.; observed 24 h post-

treatment; Zanos et al., 2016) and increase BDNF release in primary neuronal cultures (10-

50 nM; 1 h exposure; Fukumoto et al., 2019). Additionally, it has been reported that 

(2R,6R)-HNK may enhance tropomyosin receptor kinase B (TrkB) surface expression by 

disrupting adaptor protein complex 2-mediated TrkB endocytosis (10-100 µM, 15 min 

exposure; Fred et al., 2019). Notably, there is evidence that BDNF/TrkB signaling 

contributes to the antidepressant-relevant behavioral outcomes of (2R,6R)-HNK in mice 

(Fukumoto et al., 2019).  

Subsequent to BDNF/TrkB signaling, mTOR pathway activity and downstream 

signaling has been demonstrated to be increased by HNKs (Fukumoto et al., 2019; 

Lumsden et al., 2019; Paul et al., 2014; Singh et al., 2016). Namely, both (2R,6R)-HNK 

increased mTOR phosphorylation in the mouse hippocampus (10 mg/kg, i.p, 30 min post-
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treatment; Lumsden et al., 2019) and prefrontal cortex (30 mg/kg, i.p.; 30 min post-

treatment; Fukumoto et al., 2019). Similarly, (2S,6S)-HNK increased mTOR 

phosphorylation in the rat prefrontal cortex (20 mg/kg, i.v., 20 min post-treatment) and in 

PC-12 cells (0.01-1 nM, 1 h exposure; Paul et al., 2014). Downstream targets of mTOR 

signaling, including extracellular signal related kinase (ERK; 1 h exposure of rat primary 

neurons to 1-50 nM (2R,6R)-HNK or 0.5-1 nM exposure of PC-12 cells of (2S,6S)-HNK) 

and protein kinase B (1 h exposure of PC-12 cells to 0.1-1 nM (2S,6S)-HNK) also 

demonstrate enhanced activation following (2R,6R)-HNK and (2S,6S)-HNK exposure 

(Fukumoto et al., 2019; Paul et al., 2014). The (2R,6R)-HNK-induced increase in ERK 

phosphorylation was determined to be dependent on TrkB and AMPAR activity 

(Fukumoto et al., 2019).  

In addition to AMPAR-depending synaptic transmission and effects on intracellular 

signaling cascades, there is evidence that HNKs may exert their sustained actions via 

increases the expression AMPARs (Ho et al., 2018; Shaffer et al., 2019; Zanos et al., 2016). 

In particular, increases in GluA1 and GluA2 protein expression has been observed in the 

hippocampus of mice following (2R,6R)-HNK dosing (10 mg/kg, i.p.; 24 h post-treatment)   

in vivo (Zanos et al., 2016), while increases in GluA1 surface protein expression (0.1-10 

µM, 90-180 min exposure; rat primary neurons) and in GluA1, GluA2, and GluA4 mRNA 

expression (200-400 nM, 24 h exposure; U251-MG glioblastoma cells or human iPSC-

derived astrocytes) were observed following (2R,6R)-HNK exposure in cell cultures (Ho 

et al., 2018; Shaffer et al., 2019). Similarly, (2S,6S)-HNK (200-400 nM, 24 h exposure; 

U251 MG cells or human iPSC-derived astrocytes) increased GluA1, GluA2, and GluA4 

mRNA expression in cell cultures (Ho et al., 2018). Notably, AMPAR activity has been 
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demonstrated to be required for (2R,6R)-HNK to exert its antidepressant-relevant 

behavioral effects in mice (Zanos et al., 2016).  

 

Other neurotransmitters 

In addition to the glutamatergic actions of HNKs, the effects of HNKs on several 

other neurotransmitters have been studied (Ago et al., 2019; Can et al., 2016; Pham et al., 

2018). In particular, (2R,6R)-HNK, but not (2S,6S)-HNK, increased extracellular serotonin 

(10-20 mg/kg, i.p.; Ago et al., 2019; Pham et al., 2018) and norepinephrine (20 mg/kg, i.p.; 

Ago et al., 2019) levels in the medial prefrontal cortex of mice, while neither compound 

altered dopamine levels (20 mg/kg, i.p.; Ago et al., 2019). However, neither (2R,6R)- nor 

(2S,6S)-HNK had functional activity on monoamine transporters or dopamine receptors 

(up to 10 µM; Can et al., 2016).  

 

Effects on cellular morphology and structural plasticity 

There is some evidence that (2R,6R)-HNK can induce morphological changes and 

structural plasticity (Collo et al., 2018), although some results have been mixed (Fukumoto 

et al., 2019; Michaelsson et al., 2019). Of note, these changes may be involved in the 

antidepressant effects of HNKs. In particular, it has been demonstrated that the formation 

of dendritic spines in the prefrontal cortex is necessary to maintain ketamine’s 

antidepressant-relevant behavioral effects following corticosterone treatment in mice 

(Moda-Sava et al., 2019). It has been demonstrated that (2R,6R)-HNK enhances dendritic 

outgrowth in primary mouse and human induced pluripotent stem cell-derived 

dopaminergic neurons (0.5 µM, observed 3 days after 1-6 h exposure; Cavalleri et al., 
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2018), a process which was shown to be  to be AMPAR- and mTOR-dependent (Collo et 

al., 2018). However, additional studies have reported that racemic (2R,6R;2S,6S)-HNK (1-

100 µM) did not alter cellular proliferation in neurosphere cultures (Michaelsson et al., 

2019), and (2R,6R)-HNK (30 mg/kg, i.p.) did not alter spine density measured 24 h after 

treatment in vivo in mice (Fukumoto et al., 2019). Altogether, the effects of (2R,6R)-HNK 

on morphological changes require further validation, and potential effects of additional 

HNKs should also be assessed.  

 

Non-synaptic effects 

While mechanistic studies of HNKs have largely focused on actions relevant to the 

modulation of synaptic transmission, there is also evidence that (2R,6R)- and (2S,6S)-HNK 

may alter several non-synaptic cellular processes including inflammation (Ho et al., 2019; 

Xiong et al., 2019), as well as mitochondrial function and energy metabolism (Faccio et 

al., 2018; Rahman et al., 2020). In particular, there is some evidence that (2R,6R)- and 

(2S,6S)-HNK may increase anti-inflammatory markers in HMC3 human microglial cells 

(400 nM, 24 h exposure; Ho et al., 2019), or decrease mediators of inflammation in mice 

(10 mg/kg, i.p.; Rahman et al., 2020), although one study reported that (2R,6R)-HNK (10 

mg/kg, i.p.) did not alter systemic markers of inflammation in socially defeated mice 

(Xiong et al., 2019). In addition to these potential anti-inflammatory actions, there is some 

evidence that (2R,6R)- and (2S,6S)-HNK alter mitochondrial function and energy 

metabolism, including increasing indicators of glycolysis and altering fatty acid 

metabolism in PC12 cells (36 h exposure to 5 nM of (2R,6R)-HNK or 0.5 nM of (2S,6S)-

HNK; Faccio et al., 2018). Indicators of glycolysis were also increased following (2R,6R)-
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HNK treatment (10 mg/kg, i.p.) in vivo in mice (Rahman et al., 2020). However, these 

effects and their therapeutic implications require further clarification.  

 

Behavioral actions 

Preclinical behavioral studies  

Antidepressant-relevant actions 

To date, HNKs have primarily received attention for their therapeutic potential as 

novel antidepressant compounds, given a growing number of preclinical studies 

demonstrating that (2R,6R)- and (2S,6S)-HNK induce behavioral actions in preclinical test 

that predict antidepressant effectiveness (Chen et al., 2020; Chou et al., 2018; Fukumoto 

et al., 2019; Highland et al., 2018; Lumsden et al., 2019; Nelson & Trainor, 2007; Pham et 

al., 2018; Rahman et al., 2020; Yokoyama et al., 2020; Zanos, Highland, Stewart, et al., 

2019; Zanos et al., 2016).  

One of the first indications of the antidepressant-relevant behavioral effects of 

HNKs was the finding that metabolism of ketamine to form the (2,6)-HNKs is critical for 

its sustained antidepressant-relevant behavioral effects in mouse models (Zanos et al., 

2016). In particular, it was demonstrated that deuterium substitution at the C6 position of 

ketamine, a chemical modification which selectively and robustly hinders metabolism to 

the (2,6)-HNKs, prevents the sustained behavioral effects of ketamine in the learned 

helplessness and forced swim tests assessed 24 h post-treatment (Zanos et al., 2016). The 

analogous deuterium substitution to (R)-ketamine (specifically preventing metabolism to 

(2R,6R)-HNK) attenuated its behavioral effects in the same tests (Zanos, Highland, Liu, et 

al., 2019). Further, it has been demonstrated that female mice are more sensitive to 
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ketamine’s antidepressant-like behavioral effects, responding at lower doses than are 

required to exert effects in males (Saland et al., 2017; Zanos et al., 2016), concurrent with 

higher peak brain levels of (2R,6R;2S,6S)-HNK observed in female mice (Zanos et al., 

2016). However, the roles of (2R,6R)-HNK in mediating ketamine’s antidepressant-

relevant behavioral effects have been questioned. In particular, one study reported that 

deuterium substitution did not attenuate the antidepressant-like actions of (R)-ketamine in 

mice (Zhang et al., 2018), and a second study reported that prior treatment with CYP 

inhibitors, while attenuating metabolism to (2R,6R)-HNK, did not abolish (R)-ketamine’s 

antidepressant-like behavioral effects (Yamaguchi et al., 2018). It should be noted, 

however, that (R)-ketamine itself exerts HNK-independent behavioral effects (Zanos, 

Highland, Liu, et al., 2019); thus, the contribution of (R)-ketamine vs. HNK in modulating 

the observed behavioral outcomes requires further clarification.  

Nonetheless, independent of a potential role in mediating ketamine’s antidepressant 

effects, a growing number of studies have demonstrated that direct administration of 

(2R,6R)-HNK and, to a lesser extent, (2S,6S)-HNK, induces behavioral effects in a variety 

preclinical rodent studies used to predict antidepressant effectiveness (summarized in 

Tables 1.1 and 1.2;  Chou et al., 2018; Fukumoto et al., 2019; Highland et al., 2018; 

Lumsden et al., 2019; Nelson & Trainor, 2007; Pham et al., 2018; Rahman et al., 2020; 

Yokoyama et al., 2020; Zanos, Highland, Stewart, et al., 2019; Zanos et al., 2016). These 

rapid-acting antidepressant-relevant behavioral effects have been observed within hours of  
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Table 1.1. Antidepressant-relevant behavioral actions of (2R,6R)-HNK. 

Note: Sub-effective doses and studies that did not identify an effect of (2R,6R)-HNK were not summarized 

in this table; please refer to the text for these details. Abbreviations: CORT, corticosterone; CSDS, chronic 

social defeat stress; HNK, hydroxynorketamine; i.c.v., intracerebroventricular; i.p., intraperitoneal; hr, hours; 

vlPAG, ventrolateral periaqueductal gray. 
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treatment and are also sustained for days to weeks following HNK administration (Chou 

et al., 2018; Fukumoto et al., 2019; Highland et al., 2018; Lumsden et al., 2019; Nelson & 

Trainor, 2007; Pham et al., 2018; Rahman et al., 2020; Yokoyama et al., 2020; Zanos, 

Highland, Stewart, et al., 2019; Zanos et al., 2016).  

 

Table 1.2. Antidepressant-relevant behavioral actions of (2S,6S)-HNK. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Sub-effective doses and studies that did not identify an effect of (2S,6S)-HNK were not 

summarized in this table; please refer to the text for these details. Abbreviations: CORT, 

corticosterone; HNK, hydroxynorketamine; intraperitoneal; hr, hours. 

 

In particular, (2R,6R)-HNK has been demonstrated to reduce immobility time in 

the forced swim test (Chen et al., 2020; Chou et al., 2018; Fukumoto et al., 2019; Lumsden 

et al., 2019; Pham et al., 2018; Zanos, Highland, Liu, et al., 2019; Zanos, Highland, 

Stewart, et al., 2019; Zanos et al., 2016), reverse escape deficits in the learned helplessness 

test (Elmer et al., 2020; Zanos, Highland, Liu, et al., 2019; Zanos et al., 2016), reduce 

latency to eat in the novelty-suppressed feeding test (Fukumoto et al., 2019; Lumsden et 

al., 2019; Zanos et al., 2016), and exert anti-anhedonic effects following chronic stress 

(Fukumoto et al., 2019; Zanos, Highland, Stewart, et al., 2019; Zanos et al., 2016). (2S,6S)-

HNK, while not studied as extensively as (2R,6R)-HNK, has also been demonstrated to 

exert antidepressant-like behavioral effects, including those observed in the forced swim 
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(Yokoyama et al., 2020; Zanos et al., 2016) and learned helplessness tests (Zanos et al., 

2016), as well as anti-anhedonic effects following chronic stress (Yokoyama et al., 2020). 

Experimental details for each outcome, including effective doses and timing of testing 

following administration of (2R,6R)- and (2S,6S)-HNK, are listed in Table 1.1. and Table 

1.2, respectively. In these behavioral tests, (2R,6R)-HNK has demonstrated superior 

behavioral effectiveness, with lower minimal effective doses when compared to (2S,6S)-

HNK under the same experimental conditions (5 vs. 25 mg/kg, i.p. in the forced swim test 

and 5 vs. 75 mg/kg, i.p. in the learned helplessness test; Zanos et al., 2016). Also consistent 

with its greater antidepressant effectiveness relative to (2S,6S)-HNK, it has also been 

reported that (2R,6R)-, but not (2S,6S)-HNK, exerted behavioral effects in the forced swim 

and learned helplessness tests when tested at equivalent doses (Chou, 2020; Chou et al., 

2018).  

Of note, some discrepancies in the antidepressant-like behavioral effects of 

(2R,6R)- and (2S,6S)-HNK have been reported. Namely, several studies, primarily from 

one group of researchers, have failed to detect effects of (2R,6R)-HNK in behavioral tests 

of antidepressant effectiveness (Herzog et al., 2020; Shirayama & Hashimoto, 2018; Xiong 

et al., 2019; Yamaguchi et al., 2018; Yang et al., 2017; Yokoyama et al., 2020). However, 

the lack of a complete dose response (i.e. testing only a single dose) in most of those studies 

may explain these inconsistences, in contrast to the number of studies reporting effects in 

similar behavioral tests (reviewed in Hillhouse et al., 2019). In addition, in contrast to the 

enhanced effectiveness of (2R,6R)-HNK noted above, one study reported that (2S,6S)-, but 

not (2R,6R)-HNK, reduced immobility time in the forced swim test and exerted anti-

anhedonic effects following chronic corticosterone treatment when tested at equivalent 
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doses (Yokoyama et al., 2020). It is unclear whether this discrepancy may be explained by 

differences in experimental methods.  

Consistent with a site of action localized in the central nervous system, it has been 

demonstrated that direct administration of (2R,6R)-HNK into the brain, including infusion 

into the cerebral ventricles, (Zanos, Highland, Liu, et al., 2019), prefrontal cortex 

(Fukumoto et al., 2019; Pham et al., 2018), or vlPAG (Chou et al., 2018), induced 

antidepressant-relevant behavioral effects.  

 

Other behavioral effects 

There is some preclinical evidence to suggest that (2R,6R)- and (2S,6S)-HNK may 

exert analgesic actions (Kroin et al., 2019; Lilius et al., 2018) or enhanced aggressive 

behaviors and social dominance (Chou, 2020; Ye et al., 2019) in rodents. However, 

additional studies are needed to determine the potential therapeutic implications of these 

effects.  

 

Characterization of adverse effects 

Preclinical studies have studied adverse behavioral effects following treatment of 

rodents with (2R,6R)- and (2S,6S)-HNK, demonstrating an innocuous adverse effect profile 

for (2R,6R)-HNK to date (Lilius et al., 2018; Zanos et al., 2016). In particular, (2R,6R)-

HNK did not alter locomotor activity (up to 125 mg/kg, i.p.; Zanos et al., 2016), 

sensorimotor gating (up to 375 mg/kg, i.p.; Zanos et al., 2016), or memory performance 

(10 mg/kg, i.p; Herzog et al., 2020), and did not induce motor incoordination (up to 125 

mg/kg, i.p.; Zanos et al., 2016) in mice. Further, (2R,6R)-HNK was not self-administered 

by mice, suggesting low abuse liability (Zanos et al., 2016). Overall, it has been 
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demonstrated that (2R,6R)-HNK lacks overt adverse effects, including the NMDAR-

mediated dissociative properties and abuse liability characteristic of ketamine. In contrast, 

some adverse effects have been observed following dosing of (2S,6S)-HNK (Zanos et al., 

2016). Namely, (2S,6S)-HNK has been reported to induce hyperlocomotion (at doses >25 

mg/kg, i.p.) and motor incoordination (125 mg/kg, i.p.) in mice (Zanos et al., 2016), effects 

likely attributed to its moderate potency to inhibit NMDARs. The potential adverse effect 

burdens of the other HNKs have not yet been characterized.  

 

Associations between plasma HNK levels and clinical outcomes following ketamine 

treatment for depression 

Although no clinical studies have directly evaluated the antidepressant effects of 

HNKs in humans to date, several retrospective studies have assessed associations between 

antidepressant response and plasma levels of HNKs following ketamine infusion. Although 

Zarate et al. (2012) detected a trend for higher levels of (2R,6R;2S,6S)-HNK in plasma of 

patients with bipolar depression who responded to ketamine treatment, this effect did not 

reach statistical significance, and there was no difference in plasma (2R,6R;2S,6S)-HNK 

levels detected between responders and non-responders in patients with unipolar 

depression. The same study reported that higher plasma (2R,5R;2S,5S)-HNK levels were 

associated with non-response in the bipolar group, and that plasma levels of both 

(2R,5R;2S5S)- and (2R,5S;2S,5R)-HNK were inversely correlated with psychotic and 

dissociative symptoms (Zarate et al., 2012). A second study reported that, in ketamine-

treated patients, plasma levels of both (2R,6R)- and (2S,6S)-HNK were inversely correlated 

with improvement in depression and suicidal ideation, but neither was associated with 
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acute dissociative or anxiogenic side effects (Grunebaum et al., 2019). Similarly, a third 

study reported that plasma (2R,6R;2S,6S)-HNK levels were inversely correlated with 

antidepressant response (Farmer et al., 2020). These negative associations between plasma 

(2R,6R;2S,6S)-HNK levels and improvements in depression symptoms following ketamine 

infusion in clinical studies seemingly contradict the preclinical findings reporting 

antidepressant effects of HNKs. It is important to note, however, that the HNK-independent 

antidepressant effects reported earlier (Zanos, Highland, Liu, et al., 2019; Zhang et al., 

2018) can confound interpretation of the relationship between plasma levels of HNKs and 

the magnitude of antidepressant responses in ketamine-treated subjects. The possibility that 

direct administration of HNKs, including but not limited to (2R,6R)-HNK, exerts 

antidepressant actions in human awaits testing in clinical trials.   

 

1.3. Objectives  

 While a growing number of studies have demonstrated that (2R,6R)-HNK, and, to 

a lesser extent, (2S,6S)-HNK exert antidepressant-relevant behavioral effects in preclinical 

rodent models (Chen et al., 2020; Chou et al., 2018; Fukumoto et al., 2019; Highland et al., 

2018; Lumsden et al., 2019; Nelson & Trainor, 2007; Pham et al., 2018; Rahman et al., 

2020; Yokoyama et al., 2020; Zanos, Highland, Stewart, et al., 2019; Zanos et al., 2016), a 

number of important considerations for the development of HNKs as antidepressant 

treatments had not previously been evaluated. This work aimed to address some of these 

factors. Namely, the central goals of this dissertation were:  

1) To characterize the pharmacokinetic profile of all 12 HNKs  
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2) To evaluate the oral bioavailability and antidepressant-like behavioral efficacy 

of oral (2R,6R)-HNK  

3) To characterize the sex-dependent differences in the metabolism and behavioral 

effectiveness of ketamine and (2R,6R)-HNK  

4) To evaluate the relative effectiveness of the (2,6)-HNKs to induce 

antidepressant-relevant behavioral actions  
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Chapter 2. Pharmacokinetic characterization of the twelve hydroxynorketamines 

formed in vivo from ketamine 

 

2.1. Introduction 

 Ketamine undergoes rapid and stereoselective metabolism forming a number of 

metabolites that include twelve distinct hydroxynorketamines (HNKs). (2R,6R)-HNK and, 

to a lesser extent, (2S,6S)-HNK have gained attention for their rapid-onset antidepressant-

relevant effects in preclinical studies (Chen et al., 2020; Chou et al., 2018; Elmer et al., 

2020; Fukumoto et al., 2019; Lumsden et al., 2019; Pham et al., 2018; Yokoyama et al., 

2020; Zanos, Highland, Liu, et al., 2019; Zanos, Highland, Stewart, et al., 2019; Zanos et 

al., 2016). 

In particular, a growing number of studies demonstrate that (2R,6R)-HNK exerts 

behavioral effects thought to predict antidepressant efficacy in a number of rodent tests 

(Chen et al., 2020; Chou et al., 2018; Elmer et al., 2020; Fukumoto et al., 2019; Lumsden 

et al., 2019; Pham et al., 2018; Zanos, Highland, Liu, et al., 2019; Zanos, Highland, 

Stewart, et al., 2019; Zanos et al., 2016). While (2R,6R)-HNK has been more thoroughly 

studied to date, several studies have demonstrated that (2S,6S)-HNK also exerts 

antidepressant-like behavioral effects (Chen et al., 2020; Yokoyama et al., 2020; Zanos et 

al., 2016), albeit with lower apparent effectiveness when compared to (2R,6R)-HNK under 

similar experimental conditions (Zanos et al., 2016). 

Following their direct administration to rodents, (2R,6R)- and (2S,6S)-HNK readily 

penetrate the brain where they can be detected within minutes of systemic dosing (Leung 

& Baillie, 1986; Lilius et al., 2018; Lumsden et al., 2019; Moaddel et al., 2015; Yamaguchi 

et al., 2018; Zanos, Highland, Liu, et al., 2019; Zanos et al., 2016) and exhibit similar rapid 

elimination profiles (Moaddel et al., 2015; Zanos et al., 2016). However, little was 
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previously known about the pharmacokinetic profile of other HNK stereoisomers. It is 

possible that other HNKs may more effectively exert antidepressant-relevant actions or 

have more favorable pharmacological profiles than either (2R,6R)- or (2S,6S)-HNK. It is 

essential to understand whether HNK stereoisomers other than (2R,6R)- or (2S,6S)-HNK 

also cross the blood brain barrier prior to evaluating their behavioral effects. Here, the 

pharmacokinetic profiles of the 12 HNKs formed in vivo were evaluated in the plasma and 

brains of male and female mice.  

 

2.2. Methods 

Animals 

 Male and female CD-1 mice (n=3-4/group; Charles Rivers Laboratories; Raleigh, 

NC, USA), 8-10 weeks old at the time of testing, were habituated to the University of 

Maryland (Baltimore, MD, USA) animal facility for at least one week prior to testing. Mice 

were group housed with 4-5 per cage with a constant 12-hour light cycle (lights on/off at 

07:00/19:00). Food and water were available ad libitum. All experiments were performed 

during the light phase. All studies were approved by the University of Maryland School of 

Medicine Institutional Animal Care and Use Committee and conducted in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals.  

 

Drugs 

 (2R,6R)-hydroxynorketamine (HNK) hydrochloride, (2S,6S)-HNK hydrochloride, 

(2R,6S)-HNK, (2S,6R)-HNK, (2R,5R)-HNK, (2S,5S)-HNK, (2R,5S)-HNK, (2S,5R)-HNK, 

(2R,4R)-HNK, (2S,4S)-HNK, (2R,4S)-HNK, (2S,4R)-HNK hydrochloride were 
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synthesized and characterized (molecular structures were confirmed via 1H and 13C NMR, 

the absolute and relative stereochemistry was assigned by x-ray crystallography, and the 

purity was determined via LC/MS) at the National Center for Advancing Translation 

Sciences (National Institutes of Health, Rockville, MD, USA) as previously described 

(Morris et al., 2017b). All compounds were dissolved in 20% (w/v) cyclodextrin (Sigma-

Aldrich, USA) in saline. All compounds were administered at a dose of 5 mg/kg (free base 

dose for compounds provided as a hydrochloride salt—(2R,6R)-HNK, (2S,6S)-HNK, and 

(2S,4R)-HNK—is equivalent to 4.31 mg/kg) in a volume of 7.5 ml/kg.  

 

Dosing and sample collection 

 Compounds were administered intraperitoneally (i.p.) in separate cohorts of mice 

(n=4 per sex, compound, and collection time point). At 10 min (0.167 h), 30 min (0.5 h), 

and 1, 2, and 4 h post-treatment, mice were deeply anesthetized (4% isoflurane for 

approximately 2 min). Trunk blood was collected into 1.5-ml polypropylene tubes 

containing 30 µl of disodium EDTA (0.5 M, pH 8.0) and kept on ice until plasma collection 

(<30 minutes). Brains were then removed, flash-frozen in isopentane, and stored at -80°C 

until analysis. Blood was centrifuged at 8000 x g for 6 min at 4°C to obtain plasma. Plasma 

was collected into clean tubes and stored at -80°C until analysis.  

 

UPLC-MS/MS analysis of plasma and brain samples 

 The ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-

MS/MS) analysis of HNKs was performed by an external collaborator, Dr. Amy Wang at 

the National Center for Advancing Translational Sciences (National Institutes of Health, 
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Rockville, Maryland 20850, USA).   UPLC-MS/MS methods were developed and 

optimized to determine HNKs concentrations in mouse plasma and brain samples. Mass 

spectrometric analysis was performed on a Waters Xevo TQ-S triple quadrupole instrument 

using electrospray ionization in positive mode with the selected reaction monitoring. The 

separation of HNKs from endogenous components was performed on a Waters Acquity 

UPLC with 0.5 mL/min flow rate and gradient elution. The mobile phase A and B were 

0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. Plasma and 

brain concentrations of (2R,6R)-, (2S,6S)-, (2R,4S)-, and (2S,4R)-HNK were determined 

by hydrophilic interaction liquid chromatography-tandem mass spectrometry (HILIC 

UPLC-MS/MS) using a BEH amide column (1.7 µ, 2.1 x 50 mm). Plasma and brain 

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

(2S,4S)-HNK were determined by reversed phase UPLC-MS/MS based upon a previously 

described protocol with several modifications (Moaddel et al., 2010; Zanos et al., 2016) 

using a BEH C18 column (1.7 µM, 2.1 x 50 mm). The gradient for HILIC UPLC method 

was: 0–0.2 min 98% B; 0.2-1.4 min 98% to 35% B; 1.4–1.8 min 35% B to 10%B, 1.9-2.4 

min 98%B.  The gradient for BEH C18 UPLC method was: 0–0.2 min 1% B; 0.2-1.4 min 

1% to 35% B; 1.4–1.8 min 35% to 98%B, 1.8-2.2 min 98%B, 2.3 min 1%B. The analytical 

run time of the UPLC methods was 2.5 min. The calibration standards and quality control 

samples were prepared in blank mouse plasma and brain homogenate. Calibration 

standards ranged from 5.0-5000 ng/ml. A linear regression with 1/x2 weighting was used 

to construct the calibration curve. Quality control samples were prepared at 10.0 ng/ml, 

100 ng/ml, and 2500 ng/ml in the corresponding matrix. Brains were weighed and 

homogenized in 3 volumes of water. d4-HNK was used as internal standard. 200 µL of 50 
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ng/ml d4-HNK solution in acetonitrile was used to precipitate proteins. The supernatant 

was transferred for UPLC-MS/MS analysis. The data were acquired using MassLynx and 

analyzed using TargetLynx version 4.1. The lower limit of quantification (LLOQ) was 5.0 

mg/ml. 

 

Pharmacokinetic analysis   

 Pharmacokinetic analyses were performed by collaborator Dr. Amy Wang. The 

pharmacokinetic parameters of (2R,6R)- (2S,6S)-, (2R,6S)-, (2S,6R)-, (2R,5R)- (2S,5S)-, 

(2R,5S)-, (2S,5R)-, (2R,4R)- (2S,4S)-, (2R,4S)-, (2S,4R)-HNK were calculated using non-

compartmental analysis (Model 200) in the pharmacokinetic software Phoenix WinNonlin 

(version 7.0, Certara, St. Louis, MO). The area under the plasma and tissue concentration 

versus time curve (AUC) was calculated using the linear trapezoidal method. The slope of 

the elimination phase was estimated by log linear regression using at least 3 data points 

and the terminal rate constant (λ) was derived from the slope. AUC0→∞ was calculated as 

the sum of the AUC0→t (where t is the time of the last measurable concentration). 

 

Statistical analysis 

 Statistical analyses were performed using GraphPad Prism software (v8; GraphPad 

Software, Inc.). All statistical tests were two-tailed, and significance was assigned at 

p<0.05. Data are presented as the mean ± standard error of the mean (SEM). Sex-dependent 

differences in concentrations over time were analyzed using a two-way ANOVA with sex 

and time as factors, followed by Holm–Šídák post-hoc comparison when significance was 

reached. The experimental design (each mouse provided plasma and brain for a single 
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experimental time point) resulted in a single experimentally derived AUC per compound 

and sex. Thus, to enable the comparison of AUCs between sexes, a previously described 

bootstrapping method (Shen & Machado, 2017) was utilized to estimate the mean and SEM 

for each AUC. Briefly, to calculate the mean and SEM of the AUC, N=1000 of 1024 

possible combinations were selected to form N time series, and then 1000 AUCs and the 

corresponding mean and SEM determined for each sex. Sex-dependent differences in 

AUCs were determined using a standard t-test.   

 

2.3. Results 

Plasma pharmacokinetics of HNKs 

 All HNKs were detected in the plasma between 10 min and 4 h after their i.p. 

injection in male and female mice. Peak plasma levels (Cmax) for all HNKs were observed 

at the earliest time point, i.e. 10 min post-treatment, in both sexes (Figure 2.1 and Table 

2.1). Robust differences were observed in the peak plasma concentrations and total 

plasma concentrations (AUC; Table 2.1). Approximately 6-fold differences were 

observed between the dose-normalized peak plasma concentrations of HNKs in both 

sexes, with the highest levels observed for (2S,6S)-HNK in both sexes, and the lowest 

observed for (2S,6R)-HNK in males and (2S,5S)-HNK in females (Table 2.1). 

Approximately 11- and 12-fold differences were observed in the dose-normalized HNK 

total plasma concentrations among male and female mice, respectively (Table 2.1). 

Consistent with the trends noted for peak levels, the highest total plasma concentrations 

were observed following (2S,6S)-HNK injection in male and female mice, while the 

lowest total plasma concentrations were observed for (2S,6R)-HNK in males and (2S,5S)-
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HNK in females (Table 2.1). Plasma levels decreased rapidly after dosing and plasma 

elimination half-lives ranged from 0.4-0.8 h in females and from 0.5-0.9 h in males 

(Table 2.1).  

 
Figure 2.1. Time course of plasma levels of hydroxynorketamines in mice. Plasma concentrations 

following intraperitoneal administration of (A) (2R,6R)-hydroxynorketamine (HNK; 4.3 mg/kg free base 

dose), (B) (2S,6S)-HNK (4.3 mg/kg free base dose), (C) (2R,6S)-HNK (5 mg/kg), (D) (2S,6R)-HNK (5 

mg/kg), (E) (2R,5R)-HNK (5 mg/kg), (F) (2S,5S)-HNK (5 mg/kg), (G) (2R,5S)-HNK (5 mg/kg), (H) (2S,5R)-

HNK (5mg/kg), (I) (2R,4R)-HNK (5 mg/kg), (J) (2S,4S)-HNK (5 mg/kg), (K) (2R,4S)-HNK (5 mg/kg), (L) 

(2S,4R)-HNK (4.3 mg/kg free base dose) to male (M; solid lines) and female (F; dashed lines) mice. Inset 

area-under-the-curve (AUC) of the plots of concentration vs. time. Data points and error bars represent mean 

and SEM, respectively, of results obtained from 3-4 mice/group, as described in the footnote of Table 2.2. 

*p<0.05, **p<0.01, ***p<0.001. 
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Table 2.1. Hydroxynorketamine pharmacokinetics in male and female mice. 

Abbreviations:  AUC/Dose, area under the concentration vs. time curve normalized to free base dose; B:P 

ratio; brain to plasma AUC ratio; Cmax/Dose, maximum observed concentration normalized to free base dose; 

F, female; hr, hours; HNK, hydroxynorketamine; Tmax, time of observed maximal concentrations; M, male; 

t1/2, terminal half-life.  

 

 

For most HNKs, peak and total plasma levels were sex dependent (Figure 2.1 and 

summarized in Table 2.2). Female mice had greater peak and total plasma concentrations 

of (2R,6R)-HNK (Figure 2.1A), (2S,6S)-HNK (Figure 2.1B), (2R,5S)-HNK (Figure 2.1G), 

and (2S,4S)-HNK (Figure 2.1J), compared to males that received the same compound at 

the same dose. Following administration of (2S,6R)-HNK, total plasma concentrations 

were greater in females compared to males, although differences in plasma concentrations 

at fixed time points did not reach statistical significance (Figure 2.1D). Conversely, 

following administration of (2S,4R)-HNK, plasma concentrations were greater in females 

than males at 10 min post-injection, but total exposures were not different between the 
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sexes (Figure 2.1L). While plasma concentrations were higher during the first 10 minutes 

following (2R,4R)-HNK treatment in females than males, total plasma concentrations were 

greater in males (Figure 2.1I). Compared to females, male mice had greater peak and total 

plasma levels of (2R,6S)-HNK (Figure 2.1C), (2R,5R)-HNK (Figure 2.1E), (2S,5R)-HNK 

(Figure H), and (2R,4S)-HNK (Figure 2.1K). No sex-dependent differences in peak or total 

plasma concentrations were detected following treatment with (2S,5S)-HNK (Figure 2.1F).  
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Table 2.2. Sex-dependent differences in the levels of and exposures to hydroxynorketamines. 
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Table 2.2. Continued 
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Table 2.2. Continued 
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Table 2.2. Continued 
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Table 2.2. Note: When a significant interaction (sex x time) detected in the two-way ANOVA, the Holm- 

Šídák post-hoc comparison test was performed to compare the effect of sex at each time point. All 

experimental groups had n=4 (number per compound, sex, and time), with the following exceptions, where 

n=3: (2S,6S)-HNK male plasma at 2 and 4 h and brain at 4 h; (2S,6R)-HNK female plasma at 2 h; and (2S,4R)-

HNK male brain at 1 h. For comparison of AUCs, n=1000 (see Methods section for bootstrapping approach). 

Abbreviations: AUC, area under the concentration vs. time curve; F, female; HNK, hydroxynorketamine; M, 

male, NS, not statistically different. 

 

Total and peak brain concentrations of HNKs  

 All 12 HNKs readily penetrated the brains of mice, where they were detected within 

the first 10 min following i.p. dosing (Figure 2.2). Peak brain levels were observed at the 

earliest sampling time point (10 min post-injection) in male and female mice for all HNKs, 

except for (2R,5S)-HNK in females, (2S,5R)-HNK in males, and (2R,4R)-HNK in males, 

where peak levels were observed at 30 min post-injection (Figure 2.2). Similar to the 

plasma, robust differences in the peak and total brain concentrations were observed (see 

Table 2.1). Namely, approximately 7- and 8-fold differences were observed in the dose-

normalized peak brain concentrations in male and female mice, respectively (Table 2.1). 

The highest brain levels (normalized to dose) were observed following (2S,6S)-HNK 

dosing in females and (2R,4S)-HNK in males, while the lowest were observed following 

(2R,4S)-HNK in males and (2S,5S)-HNK in females (Table 2.1). Approximately 9- and 12-

fold differences were observed in the dose-normalized total brain concentrations of HNKs 

among male and female mice, respectively (Table 2.1). Males and females exhibited the 

highest total brain concentrations of (2R,4R)-HNK and (2S,6S)-HNK, respectively, and the 

lowest total brain concentrations of (2S,6R)-HNK and (2S,5S)-HNK, respectively. The 

ratios of brain to plasma total concentrations (AUC) of HNKs ranged between 0.6-1.3 for 

males and 0.7-1.4 for females (Table 2.1 and Figure 2.3). Brain levels decreased rapidly, 

with elimination half-lives ranging between 0.3 and 0.8 h in both sexes (Table 2.1). Most 

HNKs could be detected in the brain up to 4 h post-treatment, with the following 
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exceptions: (2S,5S)- and (2S,4R)-HNK were below LLOQs in both sexes, while (2R,6S)- 

and (2R,4S)-HNK were below LLOQs in females, but not males, at 4 h post-treatment.  

 

 

Figure 2.2. Brain levels of and exposure to hydroxynorketamines. Plasma concentrations following 

intraperitoneal administration of (A) (2R,6R)-hydroxynorketamine (HNK; 4.3 mg/kg free base dose), (B) 

(2S,6S)-HNK (4.3 mg/kg free base dose), (C) (2R,6S)-HNK (5 mg/kg), (D) (2S,6R)-HNK (5 mg/kg), (E) 

(2R,5R)-HNK (5 mg/kg), (F) (2S,5S)-HNK (5 mg/kg), (G) (2R,5S)-HNK (5 mg/kg), (H) (2S,5R)-HNK 

(5mg/kg), (I) (2R,4R)-HNK (5 mg/kg), (J) (2S,4S)-HNK (5 mg/kg), (K) (2R,4S)-HNK (5 mg/kg), (L) (2S,4R)-

HNK (4.3 mg/kg free base dose)  to male (M; solid lines) and female (F; dashed lines) mice. Inset area under 

the concentration vs. time curve (AUC). Data are the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 
 

Peak and total concentrations of HNKs in the brain were also sex dependent (Figure 

2.2 and summarized in Table 2.2). Female mice had greater peak and total brain 

concentrations of (2R,6R)-HNK (Figure 2.2A), (2S,6S)-HNK (Figure 2.2B), (2S,6R)-HNK 

(Figure 2.2D), (2R,5S)-HNK (Figure 2.2G), and (2S,4S)-HNK (Figure 2.2J), compared to 
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males. Although (2S,4R)-HNK resulted in higher brain concentrations in female mice 

during the first 10 min post-administration, no differences were observed in its total total 

brain concentrations in between male and female mice (Figure 2.2L).  

Consistent with its plasma profile (Figure 2.1I), (2R,4R)-HNK dosing resulted in 

higher brain levels in female than male mice during the first 10 min post-treatment, but 

total brain concentrations were higher in male mice (Figure 2.2I). By contrast, male mice 

had greater peak and total brain concentrations of (2R,4S)-HNK than females (Figure 

2.2K). Following systemic administration, , total brain concentrations of (2R,6S)-HNK 

(Figure 2.2C) and (2S,5R)-HNK (Figure 2.2H) were greater in male mice relative to 

females, although no statistically significant sex-dependent differences in brain 

concentrations over time were observed. No sex-dependent differences were observed in 

peak or total brain concentrations of (2R,5R)- and (2S,5S)-HNK (Figure 2.2E and F, 

respectively). 

 

2.4. Discussion 

Following a single i.p. injection, all 12 HNKs were detected in the plasma of male 

and female mice between 10 min and 4 h post-treatment (Figure 2.1). Peak plasma levels 

were observed at the earliest time point tested, 10 min post-treatment, for all HNKs. All 

HNKs readily penetrated the brain, where they were detected at the earliest timepoint test, 

10 min post-injection (Figure 2.2). The peak brain levels occurred within 10 min of dosing 

for all HNKs except for (2R,4R)-HNK and (2S,5R)-HNK in males and (2R,5S)-HNK in 

females, for which peak brain levels were observed at 30 min post-treatment (Table 2.1 

and Figure 2.2). Although brain to plasma ratios demonstrated approximately two-fold 
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differences between the individual HNK stereoisomers, all were between 0.6-1.4 (Table 

2.1), suggesting good brain penetrance, with no accumulation, of all HNKs. Robust 

differences were observed in the peak and total concentrations of the HNKs the HNKs in 

both the plasma (Cmax, ~6-fold differences; AUC, ~11-12-fold differences) and the brain 

(Cmax, 7-8-fold differences; AUC, 9-12-fold differences; Table 2.1). Elimination from the 

plasma and brain was rapid and all half-lives were determined to be shorter than one hour, 

ranging from 0.4-0.9 h in the plasma and 0.3-0.8 h in the brain (Table 2.1). Most HNKs 

were quantifiable in the brain up to 4 h post-treatment (during the time frame that they 

were present in the plasma), with few exceptions. Namely, brain levels were below the 

LLOQ (5 ng/ml) by 4 h post-treatment for (2S,5S)- and (2S,4R)-HNK in both sexes and for 

(2R,6S)- and (2R,4S)-HNK in female mice. 

Of note, sex-dependent differences were observed in the pharmacokinetic profiles 

of most HNKs. In both the plasma and the brain, total concentrations of (2R,6R)-, (2S,6S)-

, (2S,6R)-, (2R,5S)-, and (2S,4S)-HNK were greater in female mice, whereas total 

concentrations of (2R,6S)-, (2S,5R)-, (2R,4R)-, and (2R,4S)-HNK were greater in males. 

Total plasma concentrations of (2R,5R)-HNK were also greater in male mice compared to 

females, but there were no sex-dependent differences in total brain concentrations of this 

HNK. 

These data provide the first in-depth characterization of the pharmacokinetics of all 

12 HNKs that can be formed in vivo from ketamine following their direct administration 

to male and female mice. Overall, the data demonstrate that although the 12 HNKs exhibit 

robust differences in peak and total concentrations in the plasma and brains of mice, both 

rapid elimination and capacity to penetrate the brain are well conserved. Notably, the 
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ability of the 12 HNKs to rapidly penetrate the brain following systemic dosing suggest 

that these compounds would be capable of exerting pharmacodynamic effects in the brain, 

including antidepressant-relevant effects similar to those which have previously been 

observed for (2R,6R)- and (2S,6S)-HNK (Chen et al., 2020; Chou et al., 2018; Elmer et al., 

2020; Fukumoto et al., 2019; Lumsden et al., 2019; Pham et al., 2018; Yokoyama et al., 

2020; Zanos, Highland, Liu, et al., 2019; Zanos, Highland, Stewart, et al., 2019; Zanos et 

al., 2016). Additionally, most HNKs demonstrated sex-dependent difference in their 

pharmacokinetic profiles, an important consideration for future behavioral studies.  
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Chapter 3. Oral bioavailability and antidepressant-relevant behavioral effects of 

(2R,6R)-hydroxynorketamine 1 

 

3.1. Introduction 

 Ketamine has gained attention for its rapid-acting antidepressant actions in human 

clinical trials (Berman et al., 2000; DiazGranados et al., 2010; Price et al., 2014; Zarate et 

al., 2006). Specifically, in treatment-resistant depressed patients, a single infusion of 

ketamine reverses depressive symptoms within hours, with effects lasting up to one week. 

While its antidepressant efficacy is superior, in terms of rate of onset and effectiveness in 

previously treatment-resistance patients, to that of classical antidepressants—which 

typically require weeks to take effect and are ineffective in a large number of patients 

(Gaynes et al., 2009; Insel & Wang, 2009)—the widespread use of ketamine as an 

antidepressant is limited by its dissociative side effects and abuse potential (Krystal et al., 

1994). Moreover, due to its poor oral bioavailability (approximately 17-24% in humans) 

(Chong et al., 2009; Clements et al., 1982; Grant et al., 1981; Yanagihara et al., 2003), 

ketamine is most frequently administered via intravenous (i.v.) infusion, making outpatient 

treatment challenging.  

Ketamine is rapidly and stereoselectively metabolized into a number of 

metabolites, including (R,S)-norketamine, (R,S)-dehydronorketamine, hydroxyketamines, 

and hydroxynorketamines (HNKs) (Adams et al., 1981; Chang & Glazko, 1974; Moaddel 

et al., 2010; Woolf & Adams, 1987). A number of HNK metabolites have been described, 

 
1 Originally published in Highland et al. “Mouse, rat, and dog bioavailability and mouse oral antidepressant 

efficacy of (2R,6R)-hydroxynorketamine“ Journal of Psychopharmacology Highland, J. N., Morris, P. J., 

Zanos, P., Lovett, J., Ghosh, S., Wang, A. Q., Zarate, C. A., Jr., Thomas, C. J., Moaddel, R., & Gould, T. 

D. (2018). Mouse, rat, and dog bioavailability and mouse oral antidepressant efficacy of ( 2R,6R)-

hydroxynorketamine. J Psychopharmacol, 269881118812095. https://doi.org/10.1177/0269881118812095  

and reproduced with journal permission. 
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including the (2,4)-, (2,5)-, and (2,6)-HNKs, (Desta et al., 2012; Moaddel et al., 2010; 

Woolf & Adams, 1987), with (2R,6R;2S,6S)-HNK being the most prevalent in the plasma 

of humans (Zarate et al., 2012) and in the plasma and brain of rodents (Can et al., 2016; 

Moaddel et al., 2016; Zanos et al., 2016) following ketamine administration. Although 

early studies classified (2R,6R;2S,6S)-HNK as an inactive metabolite due to its lack of 

anesthetic effects (Leung & Baillie, 1986), more recent studies have established the 

biological activity of this metabolite (Cavalleri et al., 2018; Kroin et al., 2019; Moaddel et 

al., 2013; Paul et al., 2014; Pham et al., 2018; Singh et al., 2016; Wray et al., 2019; Yao et 

al., 2018; Zanos et al., 2016). Notably, it has been demonstrated that, in mice, the ketamine 

metabolite (2R,6R)-HNK exerts rapid and sustained antidepressant actions (Pham et al., 

2018; Zanos et al., 2016), and lacks the side effects and abuse potential associated with 

ketamine (Zanos et al., 2016).  

We evaluated the exposure to (2R,6R)-HNK in the plasma and brains of mice 

following oral (p.o.) administration and compared it to that of intraperitoneal (i.p.) and i.v. 

administration, the routes of administration most commonly utilized when studying the 

antidepressant actions of ketamine in rodents and humans, respectively. To determine if a 

prodrug strategy could improve its oral bioavailability, we evaluated the exposure to 

(2R,6R)-HNK in plasma following administration of five prodrug candidates. We 

confirmed that (2R,6R)-HNK did not exert overt adverse effects when administered orally 

and evaluated the oral efficacy of (2R,6R)-HNK in two assays predictive of antidepressant 

efficacy in mice, the forced-swim and learned helplessness tests. 
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3.2. Methods 

Animals 

Male and female CD-1 mice (Charles River, Raleigh, NC, USA), 9-12 weeks old, 

were used for pharmacokinetic studies of (2R,6R)-HNK and prodrug candidates, and for 

all behavioral testing. Mice were acclimated to the University of Maryland Baltimore 

animal facility (Baltimore, MD, USA) for at least one week prior to testing. Mice were 

group housed in cages of 4-5 per cage with a constant 12-h light cycle (lights on/off at 

07:00/19:00). Food and water were available ad libitum. All mouse pharmacokinetic and 

behavioral tests were performed during the light phase at the University of Maryland 

Baltimore, 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. All mouse tests of antidepressant 

efficacy were performed by a male experimenter. 

 

Drugs  

 (2R,6R)-HNK HCl (1) was synthesized and characterized as described (Morris et 

al., 2017; Zanos et al., 2016). Prodrug esters (acetate (2a), propionate (2b), pentanoate (2c), 

octanoate (2d) and benzoate (2e) esters) of (2R,6R)-HNK, substituted at the hydroxyl 

group, were synthesized and characterized (see supplementary information for Highland et 

al., 2018) at the National Center for Advancing Translational Sciences (National Institutes 

of Health, Rockville, Maryland 20850, USA). Ketamine hydrochloride (HCl) was 

purchased from Sigma-Aldrich (USA). All drugs were dissolved in 0.9% saline. 
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 In an effort to improve the oral bioavailability of (2R,6R)-HNK, five prodrug 

candidates were synthesized by introducing a series of ester modifications onto the free 

hydroxyl group of (2R,6R)-HNK (see Figure 3.2). It was hypothesized that increasing the 

lipophilicity of (2R,6R)-HNK via these modifications may increase its oral absorption (see 

Gao, 2017). Once absorbed, the prodrug is converted to the parent drug by circulating 

esterases (reviewed in Hamada, 2017; Zawilska et al., 2013). 

 

Dosing and sample collection  

 (2R,6R)-HNK was administered i.p., p.o. or i.v. (via the tail vein). In one 

experimental cohort, 50 mg/kg of (2R,6R)-HNK HCl (43.1 mg/kg free base) was 

administered either p.o. or i.p. to male mice. In separate experiments, the same dose was 

administered either p.o. or i.v. to male or female mice to determine absolute bioavailability. 

Prodrug compounds were administered at the dose of 50 mg/kg (HCl salt; free base 

concentration 44-45 mg/kg), i.p. and p.o., in separate cohorts of male mice. All compounds 

were administered in a volume of 7.5 ml/kg for i.p. and p.o. administration, and in a volume 

of 4.0 ml/kg for i.v. injection. Prior to p.o. administration, mice were briefly anesthetized 

(<2 min) under 3% isoflurane. For i.v. administration, mice were briefly restrained (<2 

min) using a ventilated restraint tube and the tail was gently warmed to encourage 

vasodilation.  

Following (2R,6R)-HNK administration, samples were collected at 0.167, 0.5, 1, 2, 

and 4 h after drug administration. For all prodrugs, samples were collected at 0.167, 0.5, 

and 2 h after administration. Mice were deeply anesthetized under 3-4% isoflurane (placed 

into induction chamber for approximately 2 min) before being decapitated. Trunk blood 
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and whole brains were immediately collected. Blood was collected into 1.5-ml Eppendorf 

tubes containing 30 μl disodium EDTA (0.5 M, pH 8.0) and kept on ice until plasma 

collection (<30 min). Blood was then centrifuged at 8000 x g for 6 min at 4°C to obtain 

plasma. Plasma was collected into clean Eppendorf tubes and stored at -80°C until analysis. 

Brains were immediately frozen on dry ice and stored at -80°C until analysis. 

 

LC/MS/MS analysis of plasma and brain samples 

The concentrations of (2R,6R)-HNK in plasma and brain were determined by 

achiral liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a previously 

described protocol with slight modifications (Moaddel et al., 2015; Moaddel et al., 2010; 

Paul et al., 2014). LC-MS/MS analyses were performed by an external collaborator, Dr. 

Ruin Moaddel at the National Institute on Aging (National Institutes of Health Intramural 

Research Program, Baltimore, MD, USA). The determination of (2R,6R)-HNK was 

accomplished using an Eclipse XDB-C18 guard column (4.6 mm x 12.5 mm) and Varian 

Pursuit XRs 5 C18 analytical column (250 x 4.0 mm ID, 5 um). The mobile phase consisted 

of ammonium acetate (5 mM, pH 7.6) as Component A and acetonitrile as Component B.  

A linear gradient was run as follows:  0 min 20% B; 5 min 20% B; 15 min 90% B; 20 min 

20% B at a constant flow rate of 0.4 ml/min. The total run time was 30 min per sample.  

For plasma samples, the calibration standard for (2R,6R)-HNK ranged from 39.1 to 

20,000 ng/ml for (2R,6R)-HNK and 39.1 ng/ml to 5,000 ng/ml for the prodrugs. The 

quantification of (2R,6R)-HNK was accomplished by calculating area ratios using d4-

ketamine (10 μl of 50 μg/ml solution) as the internal standard. Brains were weighed and 

suspended in 990 μl of water:methanol (3:2, v/v), d4-ketamine (10 μl of 10 μg/ml) was 
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added and the resulting mixture was homogenized on ice with a polytron homogenizer and 

centrifuged at 21,000 x g for 30 min. The supernatant was collected and processed using 

1-ml Oasis HLB solid phase extraction cartridges (Waters Corp., Waltham, MA). The 

cartridges were preconditioned with 1 ml of methanol, followed by 1 ml of water and then 

1 ml ammonium acetate (10 mM, pH 9.5). The supernatants were added to the cartridges, 

followed by 1 ml of water and the compounds were eluted with 1 ml of methanol. The 

eluent was transferred to an autosampler vial for analysis. Quality control standards were 

prepared at 78.1 ng/ml, 625 ng/ml and 2500 ng/ml spiked in the corresponding matrix.  

MS/MS analysis was performed using a triple quadrupole mass spectrometer model 

API 4000 system from Applied Biosystems/MDS Sciex equipped with Turbo Ion Spray® 

(TIS) (Applied Biosystems, Foster City, CA, USA). The data was acquired and analyzed 

using Analyst version 1.4.2 (Applied Biosystems). Positive electrospray ionization data 

were acquired using multiple reaction monitoring (MRM; see supplementary information 

for Highland et al., 2018). The TIS instrumental source settings for temperature, curtain 

gas, ion source gas 1 (nebulizer), ion source gas 2 (turbo ion spray) and ion spray voltage 

were 600°C, 25 psi, 60 psi, 60 psi and 5500 V, respectively.  

 

Bioanalysis of (2R,6R)-HNK 

 The bioanalysis of (2R,6R)-HNK and candidate prodrugs was carried out for three 

time points (0.167, 0.5 and 2 h). The area under the plasma concentration versus time curve 

(AUC) was calculated using Phoenix WinNonlin (version 7.0, Certara, St. Louis, MO). 

AUClast was calculated as AUC0→t (where t is the time of the last measurable 

concentration). Bioanalysis was performed by Dr. Amy Wang at the National Center for 
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Advancing Translational Sciences (National Institutes of Health, Rockville, Maryland 

20850, USA). Relative oral bioavailability was calculated as the ratio of the plasma AUClast 

of p.o. to that of i.p. 

 The pharmacokinetic parameters of (2R,6R)-HNK (5 time points) were calculated 

using non-compartmental analysis (Model 200) in the pharmacokinetic software Phoenix 

WinNonlin (version 7.0, Certara, St. Louis, MO). Pharmacokinetic analyses were 

performed by Dr. Amy Wang. The area under the plasma and tissue concentration versus 

time curve (AUC) was calculated using the linear trapezoidal method. The slope of the 

apparent terminal phase was estimated by log linear regression using at least 3 data points 

and the terminal rate constant (λ) was derived from the slope.  AUC0→∞ was calculated 

as the sum of the AUC0→t (where t is the time of the last measurable concentration).  

Relative bioavailability was calculated as the ratio of the plasma AUC0→∞ of p.o. to that 

of i.p. administration. Absolute bioavailability was calculated as the ratio of the plasma 

AUC0→∞ of p.o. to that of i.v. administration. The apparent terminal half-life (t½) was 

calculated as 0.693/λ. 

 

Behavioral studies 

 For all behavioral studies, (2R,6R)-HNK was administered i.p. or p.o. (anesthesia 

was not utilized for behavioral studies). Ketamine was administered i.p. 

 

Open-field test 

 Mice were placed into an open field arena (50 cm x 50 cm x 38 cm; length x width 

x height) for a 60-min habituation period. Mice then received saline or (2R,6R)-HNK (15, 
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50, 150, and 450 mg/kg, p.o.) and open-field locomotor activity was assessed for an 

additional 60 min. Distance travelled and time spent in the central 50% of the arena were 

analyzed using TopScan software (v2.0; CleverSys, Inc.). 

 

Adverse effects screening 

 Mice received a single dose of (2R,6R)-HNK (450 mg/kg, p.o.) and were 

immediately placed into a clear Plexiglass arena (40 cm x 40 cm x 40 cm) and observed at 

pre-defined intervals over 60 min. Specifically, each mouse was observed for 30 s every 2-

min for the first 20 min following injection, and then 30s every 10 min from 30-60 min 

post-injection. The occurrence of the following behaviors, which are associated with 

discomfort, sickness, and/or stereotypy were scored during each 30-sec observation period 

(adapted from Kelley, 2001):  tail flicking (score 0 (absent) or 1 (present)), eye ptosis (i.e. 

orbital tightening; score 0 (absent) or 1 (present)), piloerection (hair erected; score 0 

(absent) or 1 (present)), sniffing (defined as sniffing of the ground of greater intensity than 

baseline activity; score number bouts), backwards movement (score number bouts), rearing 

(score number bouts) and grooming (score number bouts). The total score for each behavior 

was calculated per animal.  

 

Forced-swim test 

 Each mouse received an oral gavage (p.o.) immediately followed by a systemic 

(i.p.) injection. The following treatment groups were included:  p.o. saline and i.p. saline; 

p.o. saline and i.p. ketamine (15 mg/kg); p.o. (2R,6R)-HNK (15, 50, and 150 mg/kg) and 

i.p. saline. The forced-swim test was performed as previously described (Zanos et al., 
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2016). Briefly, mice were placed into a clear Plexiglass cylinder (20 cm height x 15 cm 

diameter) filled to a depth of 15 cm with water (23 ± 1°C) and subjected to a 6-min swim 

session. Mice were tested in an initial session one hour after treatment and were re-tested 

24 hours after treatment using the same procedure. Swim sessions were recorded using a 

digital video camera. The time spent immobile (defined as passive floating with no 

movements other than those necessary to keep the head above water) was scored during 

the final 4 min of the session. Sessions were scored by a trained experimenter blind to the 

treatment groups. 

 

Learned helplessness test 

 The learned helplessness test was performed as previously described (Zanos et al., 

2016). In brief, mice were placed into one side of a two-chambered shuttle box (Coulbourn 

instruments) and administered inescapable shocks (day 1; 120 shocks, 0.45 mA). Twenty-

four hours later (day 2), mice were screened for “helplessness,” wherein mice were placed 

into one side of the shuttle box and administered a series of escapable shock trials (i.e. the 

shuttle door opened with the shock to allow escape to the other side; 30 trials, 0.45 mA). 

Helpless mice were defined as those with at least 20 total escape failures and at least 5 

escape failures in the last 10 trials. Helpless mice were assigned to treatment groups such 

that there were no baseline differences in the number of escape failures during screening 

(p.o. saline and i.p. saline, 25.55±1.02; p.o. saline and i.p. (2R,6R)-HNK, 25.36±0.97; p.o. 

(2R,6R)-HNK (50 mg/kg) and i.p. saline, 25.91±1.18; p.o. (2R,6R)-HNK (150 mg/kg) and 

i.p. 25.90±1.03; data reported as mean ± SEM). On day 3, all helpless mice received an 

oral gavage (p.o.) immediately followed by an i.p. injection. The following groups were 
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included: p.o. saline and i.p. saline; p.o. saline and i.p. (2R,6R)-HNK (50 mg/kg); and p.o. 

(2R,6R)-HNK (50 and 150 mg/kg) and i.p. saline. Twenty-four hours after treatment (day 

4), mice underwent escapable shock testing (45 trials, 0.45 mA) to assess reversal of 

helplessness. During the testing phase, the door opened simultaneously with shock onset 

for the first 5 trials and with a 2 sec delay for the remaining 40 trials. The number of escape 

failures during these last 35 trials and the final 10 trials were used to assess helplessness. 

Escape failures were recorded using GraphicState software (v3.1; Coulbourn instruments).   

 

Statistical analysis 

 All behavioral tests were performed with the experimenter blind to treatment 

groups and mice were randomly assigned to treatment groups. Statistical analyses were 

performed using GraphPad Prism software (v6; GraphPad Software, Inc.). All statistical 

tests were two-tailed, and significance was assigned at p<0.05. When three or more groups 

were included (open-field test, learned helplessness test, and forced-swim test) one-way 

ANOVA was performed followed by Holm–Šídák post-hoc comparison (with all groups 

compared to saline control group) when significance was reached. When two groups were 

included (i.e. adverse effects screening outcomes) an unpaired Student’s t-test was used. 

Significant results are indicated with asterisks in the figures (*p<0.05, **p<0.01, 

***p<0.001).  

 

3.3. Results 

Bioavailability and pharmacokinetic profile of (2R,6R)-HNK in mice 

(2R,6R)-HNK (50 mg/kg HCl salt) was administered via three different routes (i.p., 

p.o., and i.v.) to evaluate its bioavailability and pharmacokinetic profile in the plasma and 
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brain. Samples were collected at five time points, ranging from 10 min (0.167 h) to 4 h 

following administration and concentrations of (2R,6R)-HNK were quantitated via LC-

MS/MS. For all routes of administration, peak concentrations in the plasma and brain were 

achieved within 10 min of administration (Tmax = 0.167 h; see Figure 3.1). The half-life 

(t1/2) was between 0.2 and 0.8 h in the plasma and between 0.5 and 0.7 h in the brain. 

Maximum concentrations (Cmax), area under the curve (AUC), bioavailability (BA), and 

brain penetrance (brain to plasma ratio) are summarized in Tables 3.1 and 3.2. 

 

Figure 3.1. Plasma and brain concentrations of (2R,6R)-HNK in mice.  

(A-C) Plasma concentrations of (2R,6R)-HNK following (A) p.o. or i.p. administration of a single 50 mg/kg 

dose to male mice, (B) p.o. or i.v. administration of 50 mg/kg to male mice, and (C) p.o. or i.v. administration 

of 50 mg/kg to female mice. (D-F) Brain concentrations corresponding to dosing parameters described in A-

C, respectively. Inset: AUC. Data are mean ± SEM. n=3-4/group. Abbreviations: p.o., oral; i.p., 

intraperitoneal; i.v., intravenous; AUC, area under the curve.  

 



57 
 

Table 3.1. Distribution of (2R,6R)-HNK in the plasma and brain of mice. 

Note: Parameters calculated from five sampling time points following a single dose of 50 mg/kg (43.1 mg/kg 

free base). a Concentrations measured 10 min after i.v. dosing; values not representative of actual peak. 

Abbreviations: AUC, area under the curve; Cmax, maximum concentration; ND, not determined; t1/2, half-life.  

 

Table 3.2. Bioavailability and brain penetrance of (2R,6R)-HNK in mice. 

 

 

Note: Parameters calculated from five sampling time points following a single dose of 50 

mg/kg (43.1 mg/kg free base). Abbreviations: BA, bioavailability; ND, not determined.  

 

Following p.o. or i.p. administration of 50 mg/kg of (2R,6R)-HNK to male mice, 

(Figure 3.1A and 3.1D and see Tables 3.1-3.2), the relative oral BA was 62%. Following 

p.o. administration, the maximal plasma concentrations (5.90 μg/ml) were 44.1% of that 

of i.p. administration (13.4 μg/ml). In the brain, the maximal concentrations (6.49 μg/g) 

were 51% of that of i.p. administration (12.7 μg/g). The ratios of brain to plasma exposure 

(brain penetrance) were similar for p.o. (0.90) and i.p. (0.96) administration.  

In separate experiments, 50 mg/kg of (2R,6R)-HNK HCl was administered either 

p.o. or i.v.  to male (Figure 3.1B and 3.1E and see Tables 3.1-3.2) and female (Figure 3.1C 

and 3.1F and see Tables 3.1-3.2) mice to assess its absolute oral bioavailability. The 

absolute oral bioavailability was 46% in males and 52% in females. At the earliest sampling 

time point (10 min after dosing) concentrations following p.o. administration were 35% 

and 42% of those achieved following i.v. administration, in the plasma (5.64 vs 16.0 μg/ml) 
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and brain (8.60 vs 20.4 μg/g), respectively. Brain penetrance was similar for p.o. (1.16) 

and i.v. (0.86) administration. Following i.v. administration, the clearance of (2R,6R)-HNK 

was 74 ml/min/kg in males and 51 ml/min/kg in females. The apparent steady-state volume 

of distribution was estimated to be 1.7 and 0.80 L/kg in male and female mice, respectively. 

 

Relative oral bioavailability of (2R,6R)-HNK prodrug candidates in mice 

 The relative oral bioavailability of five (2R,6R)-HNK prodrug candidates (see 

Figure 3.2) was assessed following the administration of a single 50 mg/kg dose (p.o. and 

i.p.). Plasma was collected at three time points (0.167, 1, and 2 h) and the concentrations 

of the prodrug and (2R,6R)-HNK were quantitated (Figure 3.3). To directly compare 

(2R,6R)-HNK to the prodrugs, the data obtained for (2R,6R)-HNK was reanalyzed with the 

same three time points included for the prodrug candidates (Figure 3.3A). The choice of 

three time points allowed for a preliminary assessment of whether any prodrug had a robust 

improvement in the oral bioavailability. 

Based on the three time points, 2d had the lowest systemic exposure following p.o. 

administration (AUC 0.782 μg/ml•hr) and 2a had the highest (AUC 2.26 μg/ml•hr), 

whereas (2R,6R)-HNK itself had an AUC of 2.80 μg/ml•hr. We note that the areas 

calculated from three time points in our screening procedure should only be interpreted as 

relative values and cannot be directly compared with values calculated using the greater 

number of time points. The relative oral bioavailability of the prodrug candidates varied 

from 10% for 2d to 44% for 2e. When compared at identical time points, the relative 

bioavailability of 2e was similar to, but did not exceed, that of (2R,6R)-HNK itself (47%).  
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Figure 3.2. Candidate prodrug modifications. Chemical structures of the parent compound 

(2R,6R)-HNK (1) and ester prodrug candidates (2a, 2b, 2c, 2d, and 3e).  
 

 

 

 
Figure 3.3. Candidate prodrugs do not improve the oral bioavailability of (2R,6R)-HNK in mice. Plasma 

concentrations of (2R,6R)-HNK following p.o. (open circles with dashed lines) and systemic (i.p.; filled 

circles with solid lines) administration of a single dose (50 mg/kg) of (A) (2R,6R)-HNK and the (B) acetate 

(2a), (C) propionate (2b), (D) pentanoate (2c), (E) octanoate (2d), and (F) benzoate (2e) prodrug esters of 

(2R,6R)-HNK to male mice. Inset: AUC. Date are the mean ± SEM. n=4/group. Abbreviations: p.o., oral; i.p. 

intraperitoneal; AUC, area under the curve. 
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Table 3.3. AUC, Cmax, and relative bioavailability of (2R,6R)-HNK and prodrug candidates in the 

plasma of mice. 

 

 

 

 

 

 

 
Note: Parameters were calculated from three sampling time points following a dose of 50 mg/kg. 

Abbreviations: AUC, area under the curve; BA, bioavailability; Cmax, maximum concentration. 

 

Lack of adverse effects of (2R,6R)-HNK in mice 

 To assess drug effects on locomotion and exploratory behavior, open-field 

locomotor activity was evaluated following p.o. administration of (2R,6R)-HNK. After a 

60-min habituation period in the open-field arena, mice received (2R,6R)-HNK (15, 50, 

150, and 450 mg/kg p.o.) or saline (p.o.). The total distance traveled and time spent in the 

central 50% of the arena were measured over an additional 60 min after administration. 

(2R,6R)-HNK did not alter the total distance travelled at any dose tested (p>0.05; Figure 

3.4A). Similarly, no significant effect was observed in time spent in the center of the open-

field arena (p>0.05; Fig 3.4B).  

 

 

 

 

 

 

 

 

 

 
Figure 3.4. (2R,6R)-HNK does not alter open-field locomotor activity in mice. Oral administration of 

(2R,6R)-HNK did not alter (A) the total distance travelled (F(4,34)=0.17, p=0.95) or (B) the time spent in the 

center (central 50%) of the arena (F(4,34)=0.69, p=0.61) at any dose tested (15-450 mg/kg), relative to saline-

treated controls in the open-field test. Data are the mean ± SEM. n=7-8/group. Abbreviations: SAL, saline.  
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To evaluate additional possible adverse drug effects at a high oral dose, mice were 

systematically observed for the occurrence of behaviors associated with pain or discomfort, 

sickness, and stereotypy for one hour following administration of 450 mg/kg of (2R,6R)-

HNK or saline (see Table 3.4). The only behaviors observed consistently were grooming 

and rearing. Rearing was observed with comparable frequency in both treatment groups, 

while grooming scores were significantly lower among mice treated with (2R,6R)-HNK 

(p<0.05). Piloerection was observed in two animals but occurred equally among saline- (1 

animal) and (2R,6R)-HNK-treated (1 animal) mice, and thus was not attributed to drug 

effects. Taken together, these observations demonstrate that (2R,6R)-HNK, up to a dose of 

450 mg/kg (p.o.), has minimal, if any, adverse effects in mice.   

 

Table 3.4. Adverse effects screening outcomes following oral (2R,6R)-HNK. 

 

Note: Outcomes are following 

a single oral dose of 450 

mg/kg. Data are the mean ± 

SEM. n=4/group. *p<0.05. 

 

 

 

 

Oral antidepressant efficacy of (2R,6R)-HNK in mice 

 The antidepressant efficacy of orally administered (2R,6R)-HNK was evaluated in 

two established mouse models:  the forced-swim test and the learned helplessness test. 

Injected (i.p.) ketamine and/or (2R,6R)-HNK served as positive controls in both 

experiments. All mice received an oral gavage immediately followed by an i.p. injection 

to control for the route of administration. 



62 
 

In the forced-swim test, systemic injections of ketamine (15 mg/kg, i.p.) and 

(2R,6R)-HNK (15 mg/kg, i.p.) reduced immobility time in the forced-swim test both 1 hour 

after administration (p<0.05; Figure 3.5A) and in a 24-hour re-test (p<0.01; Figure 3.5B), 

consistent with the rapid and sustained antidepressant actions of these compounds in this 

test, as has been previously described (Autry et al., 2011; Li et al., 2010; Pham et al., 2018; 

Won et al., 2011; Zanos et al., 2016). Orally administered (2R,6R)-HNK also exerted rapid 

(1 hour; Figure 3.5A) and sustained (24 hours; Figure 3.5B) reductions in immobility time 

at doses ranging from 15-150 mg/kg (1-h test, p<0.05; 24-h test, p<0.01), establishing the 

oral efficacy of this compound.  

 

Figure 3.5. Oral (2R,6R)-HNK reduces immobility time in the mouse forced-swim test. Oral (2R,6R)-

HNK exerted (A) acute (1 h after treatment, F(5,54)=4.59, p=0.0015) and (B) sustained (24 h after treatment, 

F(5,54)=3.84, p=0.0048) reductions in immobility time in the forced-swim test, relative to saline-treated 

controls, at all doses tested (15-150 mg/kg). Data are the mean ± SEM. n=10/group. *p<0.05, **p<0.01, 

***p<0.0001. Abbreviations: p.o., oral; SAL, saline; i.p., intraperitoneal. 
 

Following inescapable shock induction of learned helplessness, mice received 

(2R,6R)-HNK and were tested for reversal of learned helplessness 24 h later. Consistent 

with a previous report (Zanos et al., 2016), a systemic injection of (2R,6R)-HNK (50 

mg/kg, i.p.) reduced the total number of escape failures (p<0.01; Figure 3.6A and 3.6B) 

and those in the last 10 trials (p<0.001; Figure 3.6C) relative to saline-treated controls. 
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Orally administered (2R,6R)-HNK (50 and 150 mg/kg, p.o.) was also effective at reversing 

learned helplessness, as demonstrated by a significant reduction in the number of escape 

failures (total failures, p<0.05; last 10 trials, p<0.001 Figure 3.6). 

 

 

Figure 3.6. Oral (2R,6R)-

HNK reverses learned 

helplessness in mice. Oral 

(2R,6R)-HNK was effective in 

reversing learned helplessness, 

assessed via a reduction in (A) 

the number of escape failures 

over time (effect of treatment, 

F(3,39)=4.20, p=0.011; effect 

of time, F(8,312)=3.89, 

p=0.0002; interaction, 

F(24,312)=2.51, p=0.0002) (B) 

the total number of escape 

failures (F(3,39)=4.20, 

p=0.011), and (C) the escape 

failures in the last 10 testing 

trials (F(3,39)=10.12, 

p<0.001). Data are the mean ± 

SEM. n=10-11/group. *p<0.05, 

**p<0.01, ***p<0.001. 

Abbreviations: p.o., oral; i.p., 

intraperitoneal; SAL, saline. 

 
 

 

3.4. Discussion 

It has previously been demonstrated that, following i.p. administration, the 

ketamine metabolite (2R,6R)-HNK exerts rapid and sustained antidepressant effects in 

mice (Pham et al., 2018; Zanos et al., 2016), without the side effects or abuse potential 

associated with the parent compound (Zanos et al., 2016). Here, we show for the first time 

that (2R,6R)-HNK has absolute oral bioavailability of between 46-52% in mice. Additional 

studies (data not shown here) revealed that (2R,6R)-HNK has oral bioavailability of 42% 
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in rats and 58% in dogs2. The oral bioavailability of (2R,6R)-HNK is similar to that of the 

(2S,6S)-HNK enantiomer previously reported in rats (approximately 46%; Moaddel et al., 

2015). Compared to i.p. administration, (2R,6R)-HNK has a relative oral bioavailability of 

62% in male mice. None of the prodrug modifications provided an improvement over the 

bioavailability for the parent compound. Further, we demonstrate that (2R,6R)-HNK has 

oral antidepressant efficacy in the mouse forced-swim and learned helplessness tests.  

Circulating plasma and brain concentrations of (2R,6R)-HNK were determined in 

mice following p.o., i.p., or i.v. administration using five sampling time points to compare 

maximal concentrations and exposure between routes of administration and to determine 

the oral bioavailability. At a dose of 50 mg/kg in male mice, the highest measured 

concentrations following oral administration (plasma, 5.64-5.90 μg/ml; brain, 6.49-8.60 

μg/g) were approximately 2-3-fold lower than those measured after i.p. (plasma 13.4 

μg/ml; brain, 12.7 μg/g) and i.v. (plasma, 16.2 μg/ml; brain, 20.4 μg/g) administration. At 

the same dose in female mice, the highest observed plasma concentrations following p.o. 

(14.7 μg/ml) and i.v. (24.7 μg/ml) administration were higher (1.5-2.6x) than those 

measured in males. Comparing within the female cohort, however, similar to the trends 

observed in males, the maximal levels achieved following p.o. administration were nearly 

two-fold (1.7x) lower than those following i.v. administration. The absolute oral 

bioavailability was 46% in males and 52% in females. Because i.p. injection is most 

commonly used in rodent studies of ketamine and (2R,6R)-HNK, we also calculated the 

relative oral bioavailability, a comparison of systemic exposure following p.o. to that of 

 
2 Rat and dog bioavailability data is published in Highland et al. Ibid.. These studies were designed by 

external collaborators and completed by contract research organizations; as such, data are not included in 

this dissertation.  
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i.p. administration. Relative oral bioavailability of (2R,6R)-HNK was 62%. (2R,6R)-HNK 

readily penetrated the brain, with brain to plasma ratios ranging from 0.67 to 1.2 for both 

sexes and all routes of administration. Overall, the data demonstrate that (2R,6R)-HNK has 

favorable oral bioavailability (see Cyriac & James, 2014) in three mammalian species and 

readily penetrates the brain of rodents.  

In an effort to improve its oral bioavailability, a series of prodrugs were synthesized 

by introducing a variety of ester modifications onto the free hydroxyl group of (2R,6R)-

HNK (see Figure 3.2). A preliminary screen (three sampling time points) for each of the 

prodrugs was carried out in mice to determine if a meaningful improvement in relative oral 

bioavailability was observed, compared to (2R,6R)-HNK. Of note, the maximum 

circulating concentrations of (2R,6R)-HNK were increased following i.p. administration of 

2a compared to (2R,6R)-HNK itself (17.5 μg/ml and 13.4 μg/ml, respectively). Similarly, 

systemic exposure was increased following i.p. administration of 2a (AUC 7.96 μg/ml•hr), 

2d (AUC 7.59 μg/ml•hr), and 2c (AUC 7.18 μg/ml•hr), compared to (2R,6R)-HNK itself 

(AUC 5.91 μg/ml•hr). However, for p.o. administration, maximal concentrations and 

systemic exposures were decreased with increasing acyl chain length for the prodrug 

candidates relative to (2R,6R)-HNK, with 2a having the highest concentrations and 

systemic exposure (4.18 μg/ml and 2.26 μg/ml•hr, respectively) and 2d having the lowest 

(1.23 μg/ml and 0.782 μg/ml•hr, respectively) (Table 3.3). Replacing the acyl chain with a 

benzoyl group (2e) resulted in a slight increase in systemic exposure (2.40 μg/ml•hr) 

following p.o. administration, compared to the other prodrug candidates. As a result, 2e 

had the highest relative oral bioavailability (44%) of all the prodrugs tested (see Table 3.3), 

which was similar to that of the parent drug (2R,6R)-HNK (47% using identical time 
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points). Notably, while ester cleavage in vivo was exceedingly rapid to reveal the parent 

drug, none of the ester prodrug candidates tested improved the oral bioavailability of 

(2R,6R)-HNK. Upon retrospective analysis, (2R,6R)-HNK itself exhibited relatively high 

oral bioavailability (absolute bioavailability 42-52%) and good oral antidepressant efficacy 

in mice, which may enable the use of the parent drug itself as an oral treatment.  

Our data demonstrate that (2R,6R)-HNK has antidepressant-like effectiveness in 

the mouse forced swim and learned helplessness tests following oral administration. 

Although maximal plasma and brain concentrations and exposure following oral 

administration of (2R,6R)-HNK were lower than those achieved following i.p. injection, 

equivalent doses administered via each route produced similar antidepressant effects in the 

forced swim test (15 mg/kg) and the learned helplessness test (50 mg/kg). While the 

minimal effective doses (not determined in the present study) may vary between routes of 

administration, these data suggest that the oral bioavailability of (2R,6R)-HNK is 

sufficiently high such that large doses are not required to exert antidepressant effects via 

the oral route. Notably, oral (2R,6R)-HNK did not alter locomotor activity or induce 

behavioral changes indicative of discomfort, sickness, and/or stereotypy up to a dose of 

450 mg/kg, at least nine-fold higher than those doses required for antidepressant effects 

(15-50 mg/kg). These results are consistent with the previous finding that (2R,6R)-HNK 

lacks the hyperlocomotion and dissociative side effects associated with ketamine (Zanos 

et al., 2016) and, taken together, suggest a favorable safety profile, although future studies 

are needed to thoroughly investigate potential side effects following oral administration of  

(2R,6R)-HNK.  
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Although the current study establishes the oral bioavailability and demonstrates 

oral antidepressant effectiveness of (2R,6R)-HNK in mouse behavioral tests, several 

limitations should be noted. First, a complete dose response relationship of behaviors for 

oral administration, compared to i.p. injection, has not been established. It is possible that 

the range of antidepressant doses, including the minimal effective dose needed to exert 

antidepressant effects, varies between these routes of administration. Thus, in order to 

further study the antidepressant and/or potential side effects at the most appropriate doses, 

future studies should establish the full dose response of oral (2R,6R)-HNK. Additionally, 

while none of the prodrug candidates tested improved the oral bioavailability of (2R,6R)-

HNK, these data do not preclude the possibiltiy that alternative prodrug strategies may 

enhance oral uptake of this compound. For example, amino acid modifications may enable 

active transport across the intestinal barrier (reviewed in Vig et al., 2013).   

While there has been some progress towards the use of intranasal (Lapidus et al., 

2014), sublingual (Lara et al., 2013), and subcutaneous (George et al., 2017; Loo et al., 

2016) ketamine, most clinical studies utilize i.v. administration. These limitations for its 

administration, taken together with its side effects and abuse potential, limit the widespread 

use of ketamine in depression. Here, we show that the ketamine metabolite (2R,6R)-HNK 

has promising oral bioavailability, and that it exerts antidepressant-like effects via oral 

administration, without causing overt adverse behavioral effects.  
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Chapter 4. Sex-dependent metabolism and behavioral effectiveness of ketamine and 

(2R,6R)-hydroxynorketamine 

 

4.1. Introduction 

In preclinical studies, female rodents have been reported to be more sensitive to the 

antidepressant-relevant behavioral effects of ketamine, with lower doses required to exert 

behavioral effects in females than males (Carrier & Kabbaj, 2013; Franceschelli et al., 

2015; Saland et al., 2016; Sarkar & Kabbaj, 2016; Zanos et al., 2016). Higher levels of the 

(2R,6R;2S,6S)-HNK metabolite were observed in the brains of female than male mice 

following ketamine dosing (Zanos et al., 2016), and higher levels of (2R,6R)-HNK have 

also been observed in the plasma and brains of female mice following its direct 

administration (Highland et al., 2018; and see Chapters 1-2). Taken together, these findings 

suggest that sex-dependent differences in the metabolism of ketamine to (2R,6R)-HNK 

contribute to the differences in ketamine’s antidepressant-like behavioral effects observed 

between male and female rodents. 

While some studies have suggested a role of estradiol and/or progesterone in 

mediating the sex-dependent differences ketamine’s antidepressant-like effectiveness in 

rodents (Chen et al., 2020; Saland et al., 2016), the mechanisms underlying the sex-

dependent differences in metabolism of ketamine and (2R,6R)-HNK and their role in 

modulating the observed behavioral differences have not previously been studied in detail. 

Moreover, the potential role of testosterone in modulating differences in metabolism or 

behavioral effectiveness of ketamine and its metabolites have not been evaluated.  

In the present study, we compared the metabolism of ketamine and its major 

metabolites, including (2R,6R;2S,6S)-HNK, following ketamine dosing and of (2R,6R)-

HNK following its direct administration, in intact male and female mice. Further, we 
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evaluated the role of circulating gonadal hormones in mediating sex-dependent 

pharmacokinetic differences. We observed that in intact male mice, peak and total plasma 

concentrations of ketamine were higher and those of HNK were lower, compared to 

females. Gonadectomy prevented the observed sex-dependent metabolism differences in 

male mice but did not alter ketamine or HNK levels in females, suggesting a role of 

testosterone in modulating metabolism. Finally, we evaluated whether gonadectomy and 

testosterone replacement altered behavioral sensitivity to ketamine in the forced swim test.  

 

4.2. Methods 

Animals 

 Male and female CD-1 mice (Charles Rivers Laboratories; Raleigh, NC, USA), 8-

10 weeks old at the time of testing, were habituated to the University of Maryland 

(Baltimore, MD, USA) animal facility for at least one week prior to testing. Mice were 

group housed in cages of 4-5 per cage with a constant 12-hour light cycle (lights on/off at 

07:00/19:00). Food and water were available ad libitum. All experiments were performed 

during the light phase. All studies were approved by the University of Maryland School of 

Medicine Animal Care and Use Committee and conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals.  

 

Drugs 

 (R,S)-ketamine hydrochloride was purchased from Sigma Aldrich (USA). (2R,6R)-

hydroxynorketamine (HNK) hydrochloride was synthesized and characterized at the 

National Center for Advancing Translation Sciences (National Institutes of Health, 
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Rockville, MD, USA) as previously described (Morris et al., 2017a). All compounds were 

dissolved in saline and administered intraperitoneally (i.p.) n a volume of 7.5 ml/kg.  

 

Surgical procedures 

Gonadectomy  

 Male and female mice were gonadectomized according to previously described 

methods (Idris, 2012). A surgical plane of anesthesia was induced (3.5-4.5%) and 

maintained (1.5-3%) with inhaled isoflurane delivered via a precision vaporizer. In male 

mice, a small incision was made in the midline of the scrotum, the testes were extracted, 

and the blood supply was clamped and cauterized. The incision was closed with non-

absorbable monofilament sutures. In female mice, a small dorsal, midline incision was 

made in the skin and the fascia gently separated. Small incisions were then made in the 

abdominal muscle, the ovaries were extracted, and blood supply was clamped and 

cauterized. The muscle incisions were closed with absorbable monofilament sutures and 

the skin incisions with non-absorbable monofilament sutures. Sham surgeries were 

performed in male and female mice as described above, except that testes and ovaries, 

respectively, were left intact. Mice received carprofen (5 mg/kg, subcutaneous) pre-

operatively as well as 24 and 48 h after surgery. All experiments were performed 10 days 

after surgery.  

 

Subcutaneous implants 

 Testosterone was administered via subcutaneous, testosterone-releasing implants 

based upon published methods (Bowen et al., 2011; Daan et al., 1975). Lengths of silastic 
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tubing (12 mm length x 2.15 mm outer diameter) were filled with testosterone (12 mg) and 

sealed with silicone. Control implants were prepared to the same specifications but left 

empty. Implants were incubated at 37°C in saline overnight (approximately 12 h) prior to 

implantation. Implants were inserted at the time of gonadectomy or sham surgery. A small, 

dorsal incision (approximately 5 mm) was made, the implant was carefully inserted 

subcutaneously, and the incision closed with non-absorbable monofilament sutures.  

 

Bioanalysis of plasma and brain levels 

In four separate experiments, ketamine (10 mg/kg, i.p.) was administered to: 1) 

intact male and female mice, 2) gonadectomized or sham control male mice, 3) 

gonadectomized or sham control female mice, and 4) gonadectomized male mice with 

testosterone-releasing implants, gonadectomized male mice with control implants, and 

sham control male mice and control implants. In two additional experiments, (2R,6R)-HNK 

(10 mg/kg, i.p.) was administered to 1) intact male or female mice, and 2) gonadectomized 

or sham control male mice. At  10 min, 30 min, 1 h, and 2 h after ketamine treatment, and 

at 5 min, 10 min, 30 min, 1 h and 2 h after (2R,6R)-HNK treatment, mice were deeply 

anesthetized (4% isoflurane for approximately 2 min). Trunk blood was immediately 

collected into 1.5-ml polypropylene tubes containing 30 µl of disodium EDTA (0.5 M, pH 

8.0) and kept on ice until plasma collection (<30 minutes). Brains were harvested, 

immediately frozen in isopentane, and stored at -80°C until analysis. Blood was centrifuged 

at 8000 x g for 6 minutes at 4°C to obtain plasma. Plasma was collected into clean tubes 

and stored at -80°C until analysis. The concentrations of ketamine, norketamine, and HNK 

were determined by achiral liquid chromatography-tandem mass spectrometry (LC-
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MS/MS) using a previously described protocol (Moaddel et al., 2010; Zanos et al., 2016). 

LC-MS/MS analyses were performed by Dr. Ruin Moaddel (National Institute on Aging, 

National Institutes of Health Intramural Research Program, Baltimore, MD).  

 

Behavioral testing in the forced swim test 

 Ten days after the completion of surgeries (as described above), male mice 

(gonadectomized with control implant, gonadectomized with testosterone-releasing 

implant, or sham surgery with control implant) received an i.p. injection of saline or 

ketamine (3 mg/kg, i.p.; administered by a male experimenter). Twenty-four hours later, 

mice were tested in the forced swim test, according to previously described methods 

(Highland et al., 2018; Zanos et al., 2016). Briefly, mice were placed into a clear Plexiglass 

cylinder (20 cm height x 15 cm diameter) filled to a depth of 15 cm with water (23 ± 1°C) 

and subjected to a 6-min swim session. Swim sessions were recorded using a digital video 

camera. The time spent immobile (defined as passive floating with no movements other 

than those necessary to keep the head above water) was scored during the final 4 min of 

the session. Sessions were scored by a trained experimenter blind to the treatment groups.  

 

Statistical analysis 

 All experiments and data collection were performed in a blinded and randomized 

manner. Statistical analyses were performed using GraphPad Prism software (v8; 

GraphPad Software, Inc.). All statistical tests were two-tailed, and significance was 

assigned at p<0.05. Differences in concentrations of ketamine and metabolites over time 

were analyzed using a two-way ANOVA with sex or surgical condition and time as factors, 
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followed by Holm–Šídák post-hoc comparison when significance was reached. Differences 

in forced swim test immobility time were analyzed via two-way ANOVA with surgical 

condition and treatment as factors. Differences in weight gain were assessed via an 

unpaired t-test when two groups were compared and via one-way ANOVA when three 

groups were included. Statistically significant results are indicated with asterisks in the 

figures (*p<0.05, **p<0.01, ***p<0.001). Data are presented as mean ± SEM. 

 

4.3. Results 

Plasma levels of HNK are higher and those of ketamine are lower in female mice, 

compared to males. 

 Following administration of ketamine (10 mg/kg, i.p) to intact male and female 

mice, plasma concentrations of ketamine (effect of sex, F[1,24]=50.85, p<0.0001; effect of 

time, F[3,24]=187.8, p<0.0001; interaction, F[3,24]=21.11, p<0.0001; post-hoc comparison, 

p<0.0001 at 10 min and p=0.0493 at 30 min post-treatment; Figure 4.1A) and norketamine 

(effect of sex, F[1,24]=6.823, p=0.0153; effect of time, F[3,24]=56.23, p<0.0001; interaction, 

F[3,24]=0.4628, p=0.7109; Figure 4.1B) were lower, while concentrations of (2R,6R;2S,6S)-

HNK were higher (effect of sex, F[1,24]=23.06, p<0.0001; effect of time, F[3,24]=40.16, 

p<0.0001; interaction, F[3,24]=8.394, p=0.0005; post-hoc comparison, p<0.0001 at 10 min 

and p=0.0189 at 30 min post-treatment; Figure 4.1C), in females compared to males. 

Robust, approximately two-fold, sex-dependent differences in the peak plasma 

concentrations (observed 10 min post-treatment) were observed for ketamine and HNK, 

whereas the differences in norketamine levels were more subtle (Figure 4.1). 
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 The total plasma concentrations (area under the concentration vs. time curve; AUC) 

of ketamine and norketamine were approximately two-fold and 1.5-fold greater in males 

than in females. By contrast, the total plasma concentrations of HNK were approximately 

1.5-fold greater in females than males. Plasma levels of dehydronorketamine (DHNK) 

were higher in females at 10 min post-treatment (effect of sex, F[1,24]=2.159, p=0.1548; 

effect of time, F[3,24]=31.32, p<0.0001; interaction, p=0.0484; post-hoc comparison, 

p=0.0324 at 10 minutes post-treatment; Figure 4.1D).  

 Following the direct administration of (2R,6R)-HNK (10 mg/kg, i.p.) to intact male 

and female mice, females had higher plasma levels of (2R,6R)-HNK at 5 and 10 min post-

treatment (effect of sex, F[1,32]=31.45, p<0.0001; effect of time, F[4,32]=0.0001, interaction, 

F[4,32]=8.178, p=0.0001; post-hoc comparison, p<0.0001 at 5 and 10 minutes post-

treatment; Figure 4.2). Peak plasma levels (observed 5 min post-treatment) were 

approximately 1.3-fold higher in females, while concentrations 10 min post-treatment were 

approximately two-fold higher in females, compared to males (Figure 4.2). Total plasma 

concentrations of (2R,6R)-HNK were approximately 1.8-fold higher in female mice, 

relative to males.  

Figure 4.1. Plasma concentrations of ketamine and metabolites following ketamine administration to 

male and female mice.  Plasma concentrations of (A) ketamine (KET), (B) norketamine (norKET), (C) 

hydroxynorketamine (HNK), and (D) dehydronorketamine (DHNK) following a single intraperitoneal 

injection of ketamine (10 mg/kg) to intact male (M) and female (F) mice. Data are the mean ± SEM. *p<0.05, 

**p<0.01, ***p<0.001. Inset area under the concentration vs. time curve (AUC). 
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Figure 4.2. Plasma concentrations of (2R,6R)-

hydroxynorketamine following direct administration to 

male and female mice.  Plasma concentrations of (2R,6R)-

hydroxynorketamine (HNK) following a single intraperitoneal 

injection (10 mg/kg) to intact male (M) and female (F) mice. 

Data are the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 

Inset: values of the area-under-the-concentration vs. time curve 

(AUC) for male and female mice. 

 

 

Gonadectomy alters metabolism of ketamine and (2R,6R)-HNK in males but not females 

To determine whether gonadal hormones mediated the observed sex-dependent 

differences in the metabolism of ketamine, male and female mice underwent gonadectomy 

10 days prior to ketamine dosing. In female mice, gonadectomy did not significantly alter 

plasma levels of ketamine (effect of gonadectomy, F[1,24]=2.403, p=0.1341; effect of time, 

F[3,24]=262.9, p<0.0001; interaction, F[3,24]=1.306, p=0.2953), norketamine (effect of 

gonadectomy, F[1,24]=0.9115, p=0.3492; effect of time, F[3,24]=50.11, p<0.0001; interaction, 

F[3.24]=0.7321, p=0.5430), HNK (effect of gonadectomy, F[1,24]=2.449, p=0.1307; effect of 

time, F[3,24]=50.35, p<0.0001; interaction, F[3,24]=1.454, p=0.2520), or DHNK (effect of 

gonadectomy, F[1,24]=1.179, p=0.284; effect of time, F[3,24]=36.09, p<0.0001; interaction, 

F[3,24]=1.203, p=0.3299; Figure 4.3A-D), compared to sham-operated controls.  

In male mice, gonadectomy resulted in lower plasma levels of ketamine (Figure 

4.3E; effect of gonadectomy, F[1,22]=7.167, p=0.0138; effect of time, F[3,22]=72.30, 

p<0.0001; interaction, F[3,22]=2.183, p=0.1187) and higher levels of HNK (effect of 

gonadectomy, F[1,22]=7.056, p=0.0144; effect of time, F[3,22]=16.43, p<0.0001; interaction, 

F[3,22]=5.004, p=0.0085; post-hoc comparison, p=0.0026 at 10 minutes) in the first 10 min 
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post-treatment (Figure 4.3G), compared to sham-operated controls. Gonadectomy did not 

significantly alter levels of norketamine (Figure 4.3F; effect of gonadectomy 

F[1,22]=0.4235, p=0.5219; effect of time, F[3,22]=18.92, p<0.0001; interaction, 

F[3,22]=0.3883, p=0.7626) or DHNK (Figure 4.3H; effect of gonadectomy F[1,22]=2.051, 

p=0.1661; effect of time, F[3,22]=2.776, p=0.0653; interaction, F[3,22]=0.5624, p=0.6455). 

Relative to sham-operated controls, gonadectomy resulted in approximately 1.4-fold and 

1.5-fold lower peak and total plasma ketamine levels, respectively. Peak HNK plasma 

levels were approximately two-fold higher in gonadectomized males, while total HNK 

plasma concentrations were only slightly higher in gonadectomized males (approximately 

1.1-fold increase), relative to sham controls. 

 

 

Figure 4.3. Gonadectomy alters plasma levels of ketamine and hydroxynorketamine following 

ketamine treatment in male, but not female, mice. (A-D) Plasma concentrations of (A) ketamine (KET), 

(B) norketamine (norKET), (C) hydroxynorketamine (HNK), and (D) dehydronorketamine (DHNK) 

following a single intraperitoneal injection of ketamine (10 mg/kg) to female mice 10 days after sham surgery 

or gonadectomy (GDX). (E-H) Plasma concentrations of (E) KET, (F) norKET, (G) HNK, and (H) DHNK 

following a single intraperitoneal injection of ketamine (10 mg/kg) to male mice 10 days after sham surgery 

or gonadectomy (GDX). Data are the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. Inset area under the 

concentration vs. time curve (AUC).  
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To determine if gonadectomy also altered (2R,6R)-HNK levels following its direct 

administration, male mice underwent gonadectomy or sham surgery 10 days prior to 

(2R,6R)-HNK dosing. Similar to the effects observed following ketamine dosing, 

gonadectomy resulted in higher plasma levels of (2R,6R)-HNK following its direct 

administration (Figure 4.4; effect of gonadectomy, F[1,30]=12.09, p=0.0016; effect of time, 

F[4,30]=145.0, p<0.0001; interaction, F[4,30]=3.740, p=0.0139; post-hoc comparison, 

p=0.0011 at 5 min and p=0.0052 at 10 min post-treatment). Plasma levels were 

approximately 1.3-fold higher at their peak, 5 min post-treatment, and approximately 1.5-

fold higher 10 min post-treatment, in gonadectomized male mice, relative to sham controls. 

Following its direct administration, total plasma exposure to (2R,6R)-HNK was 

approximately 1.4-fold greater in gonadectomized males compared to sham controls. 

 

  

Figure 4.4. Plasma concentrations of (2R,6R)-

hydroxynorketamine following direct administration to 

gonadectomized or sham male mice. Plasma concentrations 

of (2R,6R)-hydroxynorketamine (HNK) following a single 

intraperitoneal injection (10 mg/kg) to male mice 10 days after 

gonadectomy (GDX) or sham surgery. Data points and error 

bars represent mean and SEM, respectively. *p<0.05, 

**p<0.01, ***p<0.001. Inset: values of area under the 

concentration vs. time curve (AUC) obtained from sham-

operated and gonadectomized animals. 

 

 

Testosterone did not increase behavioral effectiveness of low-dose ketamine in male mice 

 Based upon the elevated plasma levels of HNK observed in gonadectomized male 

mice following ketamine administration, it was hypothesized that gonadectomy would 

enhance the behavioral sensitivity to ketamine in male mice in the forced swim test (i.e. 
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reduce the minimal effective dose required to decrease immobility time) and that 

testosterone would reverse this effect. To test this hypothesis, male mice (gonadectomized 

with control implant, gonadectomized with testosterone-releasing implant, or sham surgery 

with control implant) received a single dose of ketamine (3 mg/kg, i.p.) previously 

demonstrated to be sub-effective in intact males and effective in females (Zanos et al., 

2016), and 24 h later, were tested in the forced swim test. It was expected that 

gonadectomized males (with control implants) would exhibit reduced immobility time at 

this dose. However, none of the experimental groups demonstrated any significant changes 

in immobility time following this dose of ketamine (Figure 4.5; effect of treatment, 

F[1,65]=0.2099, p=0.6484; effect of surgery, F[2,65]=0.6236, p=0.5392; interaction, 

F[2,65]=0.5889, p=0.5578).  

 

 

Figure 4.5. Testosterone did not alter the behavioral 

effectiveness of ketamine in the mouse forced swim test. 

Twenty-four hours after a dose of ketamine that is typically sub-

effective in intact male mice (3 mg/kg, i.p.), no changes in 

immobility time were observed for sham controls, 

gonadectomized male mice with control implants (GDX), or 

gonadectomized male mice with testosterone-releasing implants 

(GDX+T) in the forced swim test. Data are the mean ± SEM. 

 

 

Gonadectomy alters weight gain in both sexes 

 There was an overall effect of gonadectomy on body weight observed in both male 

(Figure 4.6A; effect of gonadectomy, F[1,136]=4.79, p=0.0304; effect of time, F[1,136]=1.94, 

p=0.167; interaction, F[1,136]=1.65, p=0.201) and female (Figure 4.6C; effect of 

gonadectomy, F[1,60]=4.47, p=0.0386; effect of time, F[1,60]=74.9, p<0.0001; interaction, 

F[1,60]=4.47, p=0.0503) mice. However, in male mice that received subcutaneous implants, 
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the effect of surgical treatment group did not reach statistical significance (effect of 

surgery, F[2,136]=1.31, p=0.272; effect of time, F[1,136]=10.9, p=0.0012; interaction, 

F[2,136]=0.489, p=0.614).  

To evaluate the effects of gonadectomy on weight gain during the post-operative 

period, changes in body weight were calculated as the difference in body weight on post-

operative day 9 (24 h prior to drug dosing) and the pre-operative body weight (Figure 4.6B, 

4.6D, and 4.6F). In male mice, gonadectomy decreased weight gain relative to sham 

controls (Figure 4.6B; t[68]=4.06, p=0.0001). This effect was not altered by the placement 

of control subcutaneous implant but was reversed with testosterone-releasing implants 

(Figure 4.6F; on-way ANOVA, effect of surgery, F[2,68]=6.99, p=0.0017; post-hoc 

comparison, sham vs. gonadectomized with control implant, p=0.0013; sham vs. 

gonadectomized with testosterone implant, p=0.176; gonadectomized with control implant 

vs. testosterone implant, p=0.0430). In females, gonadectomy increased post-operative 

weight gain relative to sham controls (Figure 4.6D; t[30]=2.93, p=0.0065). 
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Figure 4.6. Gonadectomy alters weight gain in mice. Gonadectomy (GDX) altered body weight in (A-B) 

male and (C-D) female mice. (E) In male mice with subcutaneous testosterone (T)-releasing or control (Ctrl) 

implants, the effect of surgical condition (gonadectomy and subcutaneous implant) on body weight did not 

reach statistical significance. Weight gain during the post-operative period (measured as the difference 

between pre-operative (pre-) body weight and weight at post-operative day 9 (post-)) was attenuated in (B,F) 

gonadectomized male mice, an effect that was reversed by (F) testosterone replacement. (D) In females, 

gonadectomy increased post-operative weight gain relative to sham controls. Graph and error bars represent 

mean and SEM, respectively. *p<0.05, **p<0.01, ***p<0.0001.  

 

 

4.4 Discussion 

The present study demonstrated that female mice have higher circulating levels of 

HNK, both following ketamine treatment (Figure 4.1) and the direct administration of 

(2R,6R)-HNK (Figure 4.2), consistent with previous studies (Highland et al., 2018; Zanos 

et al., 2016; and see Chapters 2-3). After ketamine treatment, female mice also had lower 

plasma levels of ketamine and norketamine, compared to males (Figure 4.1). Of note, one 

earlier study reported that female rats had higher levels of ketamine and norketamine, 

compared to males (Saland & Kabbaj, 2018), in contrast with the present data. The apparent 

discrepancy could be, at least in part, accounted for by species-specific activity of different 

CYP isoforms, including CYP3A (Martignoni et al., 2006), which is a major player in the 

metabolism of ketamine.  

The present data are consistent with sex-dependent differences in both the phase I 

metabolism of ketamine to (2R,6R)-HNK, and in the phase II metabolism and/or 

elimination of (2R,6R)-HNK. In particular, the data suggest that, in female mice, ketamine 

is metabolized more rapidly and/or extensively to (2R,6R)-HNK, and (2R,6R)-HNK is 

eliminated more slowly than in males. As a result, total plasma concentrations of (2R,6R)-

HNK are higher in females than in males, which may explain the enhanced behavioral 

sensitivity to ketamine that has been observed in female relative to male rodents (Carrier 
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& Kabbaj, 2013; Franceschelli et al., 2015; Saland et al., 2017; Saland et al., 2016; Sarkar 

& Kabbaj, 2016; Zanos et al., 2016).  

 Additionally, we demonstrated that male gonadal hormones modulate the 

metabolism of ketamine and (2R,6R)-HNK. We found that gonadectomy did not alter the 

levels of ketamine or its metabolites in female mice but resulted in lower levels of ketamine 

and higher levels of HNK after ketamine treatment in males (Figure 4.3). This is in contrast 

with an earlier report that the estrous cycle influenced ketamine’s metabolism in rats, 

suggesting a role of ovarian hormones in modulating the metabolism of ketamine, at least 

in rats (Saland & Kabbaj, 2018). It is possible that this discrepancy is explained by 

differences in metabolism that exist between mice and rats, but this possibility requires 

further testing.  

Following direct administration of (2R,6R)-HNK, gonadectomized male mice had 

higher plasma levels of (2R,6R)-HNK compared to sham controls (Figure 4.4). Thus, 

comparing gonadectomized vs. sham-operated males, the differences in ketamine and 

(2R,6R)-HNK levels were similar to those observed when comparing females vs. intact 

males. However, circulating male gonadal hormones may only partly explain the 

differences in ketamine metabolism. Following ketamine treatment, both gonadectomized 

male and female mice exhibited approximately two-fold greater peak HNK plasma levels 

relative to sham or intact males, respectively. Yet, the differences in peak ketamine plasma 

levels and in total ketamine and HNK plasma levels were more robust when comparing 

intact females vs. males (2-fold reduction in peak ketamine levels, 2-fold reduction in 

ketamine exposure, and 1.5-fold increase in HNK exposure) than for gonadectomized vs. 

sham males (1.4-fold reduction in peak ketamine levels, 1.5-fold reduction in ketamine 
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exposure, and only 1.1-fold reduction in HNK exposure). Similarly, when comparing total 

plasma concentrations following direct administration of (2R,6R)-HNK, more robust 

differences were observed for intact females vs. males (1.8-fold) than for gonadectomized 

vs. sham males (1.4-fold), although both females and gonadectomized males had similar 

(1.3-fold) increases in peak (2R,6R)-HNK concentrations compared to intact or sham 

males, respectively.  

Of note, all experiments were conducted 10 days after gonadectomy. It is possible 

that effects of circulating gonadal hormones persist to some degree up to 10 days post-

gonadectomy and, thus, it remains possible that gonadectomy may result in more robust 

metabolism changes after a more prolonged period prior to treatment. It is also possible 

that organizational effects of gonadal hormones, that are initiated during earlier stages in 

development and not altered by gonadectomy in adulthood, may partially contribute to 

metabolism differences. Furthermore, it is important to note that gonadectomy resulted in 

changes in body weight compared to sham controls, particularly an attenuation of weight 

gain in male mice and an increase in weight gain in females (Figure 4.6), consistent with 

previous reports (e.g. Harada et al., 2016; Inoue et al., 2010; Masui & Tamura, 1926; Ornoy 

et al., 1994). However, in contrast, gonadectomy has also been reported to increase body 

weight in male mice (Harada et al., 2016; Ornoy et al., 1994), while at least one study 

reported no effect of gonadectomy on body weight (Masui & Tamura, 1926). Differences 

in experimental strain or age may explain these discrepancies. Nevertheless, it is possible 

that the decreased weight gain observed in gonadectomized males, potentially due to 

reduced body fat (Krotkiewski et al., 1980), may itself result in pharmacokinetic changes. 

While the precise effects of body fat composition on drug metabolism have not fully 
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elucidated, some of the cytochrome P450 (CYP450) enzymes involved in ketamine’s 

metabolism, including CYP3A4, CYP2A6, and CYP2B6 (Desta et al., 2012) have been 

reported to be altered in models of obesity  (reviewed in Tomankova et al., 2017). In 

particular, both CYP3A4 expression and activity was decreased in a mouse model of 

obesity (Tomankova et al., 2017). Conversely, CYP2B6 activity and expression, as well as 

overall CYP2A activity were increased in mouse models of obesity (Tomankova et al., 

2017). Altogether, while there is some evidence to suggest that changes in body fat 

composition may alter CYP-mediated drug metabolism, the precise effects on CYP 

expression and/or activity, and their potential role in mediating the changes observed here, 

require further clarification. However, it remains possible that the observed metabolism 

differences are an indirect effect of gonadectomy, which is mediated by body 

weight/composition changes.  

 In addition to potential indirect effects mediated via body fat changes, additional 

and/or alternative mechanisms may underlie the effects of gonadal hormones, namely 

testosterone, on the metabolism of ketamine to (2R,6R;2S,6S)-HNK. First, because both 

testosterone (Kandel et al., 2017; Krauser et al., 2004; Maenpaa et al., 1993; Sohl et al., 

2009) and ketamine (Desta et al., 2012) undergo CYP3A4-mediated metabolism, it is 

possible that circulating testosterone attenuates metabolism of ketamine to form 

(2R,6R;2S,6S)-HNK via competition for the available enzyme. Similarly, competition with 

testosterone may also underlie the changes in phase II metabolism or elimination of 

(2R,6R)-HNK. A second possibility, not mutually exclusive with the former, is that 

testosterone alters the activity and/or expression of enzymes involved in the metabolism of 

ketamine and (2R,6R)-HNK. Sex-dependent differences have been observed for several of 
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the CYP450 enzymes involved in ketamine’s metabolism to HNKs, including increased 

CYP2A6, CYP2B6, and CYP3A4 expression and activity in females relative to males, in 

both humans and rodents  (Gochfeld, 2017; Waxman & Holloway, 2009; Yang et al., 

2012). Evidence suggest that sex-dependent differences in CYP450 activity are modulated 

by the gonadal hormones, including testosterone, via effects on growth hormone release 

from the pituitary gland (reviewed in Waxman & Holloway, 2009). Thus, a testosterone-

dependent attenuation of the activity and/or expression of CYP2A6, CYP2B6, or CYP3A4 

may underlie decreased metabolism of ketamine to form (2R,6R;2S,6S)-HNK in intact 

males, relative to females or gonadectomized controls, but future studies are required to 

understand the precise enzymes and mechanisms involved.  

The apparent differences in the elimination of (2R,6R)-HNK may be mediated via 

similar mechanisms. The HNKs undergo glucuronide conjugation, which is partly 

catalyzed by the glucuronosyltransferase isoform UGT2B4 (Moaddel et al., 2010). While 

testosterone has not been reported as a substrate for this specific isoform (Barre et al., 

2007), it does undergo glucuronide conjugation catalyzed by other glucuronosyltransferase 

isoforms, predominantly UGT2B17 (Sten et al., 2009; Turgeon et al., 2001). If UGT2B17 

also contributes to the glucuronidation of (2R,6R)-HNK, then competition with 

testosterone may also underlie the lower (2R,6R)-HNK levels following its direct 

administration to intact males, compared with females or gonadectomized males. 

Additionally, it has been reported that males have higher expression of UGT2B17, in 

addition to UGT2B28 and UGT2A3 (Yang et al., 2012), which may additionally contribute 

to these differences. However, the contribution of UGT2B17, or other isoforms, to the 

glucuronidation of (2R,6R)-HNK remains unknown.  
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Based upon the relative increase in (2R,6R)-HNK observed in gonadectomized 

male mice compared to sham controls, it was hypothesized that gonadectomy would 

enhance the behavioral effectiveness of ketamine in male mice. Further, we hypothesized 

that testosterone replacement would reverse this effect, consistent with testosterone 

modulating the observed differences in metabolism. However, at the single dose of 

ketamine tested here (3 mg/kg, i.p.), which was selected based upon an earlier study 

demonstrating it to be sub-effective in intact male mice but effective in female mice (Zanos 

et al., 2016), none of the experimental groups exhibited significant ketamine-induced 

reductions in immobility time in the forced swim test (Figure 4.5). While it is possible that 

gonadectomy does not enhance behavioral sensitivity to ketamine despite its effects on 

metabolism and resultant HNK levels, a second possibility is that gonadectomy does 

increase the behavioral effectiveness to some degree, but that our experimental design 

using only a single dose (which may still be a sub-effective dose in gonadectomized male 

mice) did not capture this effect. Thus, additional experiments are required to elucidate the 

effects of gonadal hormones, particularly testosterone, on the behavioral actions of 

ketamine and (2R,6R)-HNK in CD1 mice.  

 Notably, several previous studies have demonstrated a role of the ovarian hormones 

in modulating the antidepressant-relevant behavioral effects of ketamine (Carrier & 

Kabbaj, 2013; Chen et al., 2020; Dossat et al., 2018; Saland et al., 2016) or (2R,6R)-HNK 

(Chen et al., 2020). In particular, it has been demonstrated that estradiol and progesterone 

modulate the antidepressant-relevant behavioral responses to ketamine in female mice and 

rats (Carrier & Kabbaj, 2013; Chen et al., 2020; Saland et al., 2016) and to (2R,6R)-HNK 

in female mice (Chen et al., 2020). It has also been reported that the estrous cycle influences 
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the antidepressant-relevant behavioral effects, assessed in the forced swim test, following 

systemic treatment of female mice with ketamine (Dossat et al., 2018). Finally, one study 

demonstrated that progesterone enhanced the anti-anhedonic effects of ketamine in male 

rats (Saland et al., 2016).  

While the effects of testosterone have not been as thoroughly studied, one study 

demonstrated that testosterone blocked the effects of low-dose ketamine in females, but 

consistent with the present results, testosterone did not increase sensitivity to a low dose of 

ketamine in male rats (Saland et al., 2016). However, similar to the limitations of our 

experimental design, Saland et al. (2016) tested only a single dose of ketamine in both 

sexes. Altogether, the role of testosterone in modulating antidepressant-like effects in male 

and female mice requires further clarification, and future studies should evaluate a full 

range of doses, and possibly various time points relative to testosterone 

depletion/replacement to fully understand the effects of testosterone on ketamine’s, and 

possibly (2R,6R)-HNK’s, behavioral actions.  

 While effect of biological sex on ketamine’s metabolism and antidepressant 

efficacy has not been studied extensively in humans, several studies have reported sex-

dependent differences in the levels of ketamine and its metabolites following an infusion 

of ketamine (Zarate et al., 2012) or in ketamine’s antidepressant outcomes or adverse 

effects, though the results have been mixed (Coyle & Laws, 2015; Freeman et al., 2019; 

Niciu et al., 2014; Rybakowski et al., 2017). Zarate et al. (2012) observed higher plasma 

levels of (2R,6R;2S,6S)-HNK, (2R,5R;2S,5S)-HNK, and DHNK in female patients, 

compared to males, while male subjects had higher levels of hydroxyketamine. It has also 

been reported that the antidepressant response to ketamine is more prevalent among males 
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compared to females (Rybakowski et al., 2017), and a meta-analysis indicated that male 

sex was predictive of sustained antidepressant response 1-week after ketamine treatment 

(Coyle & Laws, 2015). However, other studies have reported no significant differences in 

the antidepressant response to ketamine between the sexes (Freeman et al., 2019; Niciu et 

al., 2014). Although a study of recreational ketamine users reported that females were more 

likely to experience discontinuation symptoms, including anxiety and dysphoria (Chen et 

al., 2014), following an antidepressant infusion of ketamine, one clinical trial found no 

significant difference in the frequency of adverse events between males and females 

(Freeman et al., 2019), while a second reported that dissociative side effects were more 

prevalent in males (Derntl et al., 2019). Altogether, potential sex-dependent differences in 

the metabolism of ketamine and (2R,6R)-HNK, as well as in the antidepressant response 

and adverse effect burden of these compounds, requires further study. 

 Overall, we demonstrated that female mice have higher levels of HNK and lower 

levels of ketamine following ketamine treatment and higher levels of (2R,6R)-HNK 

following its direct administration, and that male gonadal hormones, at least partly, mediate 

these sex-dependent differences. These sex-dependent differences in ketamine and HNK 

levels are an important variable that should be considered in future studies. In particular, 

while their relevance to the antidepressant-relevant behavioral effects of ketamine and 

(2R,6R)-HNK requires further clarification, it is also possible that adverse effects may 

exhibit sex-dependent differences. Namely, the adverse effects associated with ketamine, 

which have been attributed to its ability to inhibit NMDARs (reviewed in Zanos et al., 

2018), may be less prevalent or severe in females, due to their relatively lower levels of 

and exposure to ketamine compared to males. On the contrary, females may be more 
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sensitive to antidepressant effects mediated by (2R,6R)-HNK, due to their greater exposure 

compared to males. These possibilities, while not an exhaustive list of potential clinical 

implications, exemplify the importance the sex-dependent differences in metabolism of 

ketamine and HNK as an experimental variable when designing and interpreting future 

studies.  
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Chapter 5. Evaluation of the antidepressant-relevant behavioral effectiveness of the 

(2,6)-hydroxynorketamines 

 

5.1. Introduction 

Several studies have provided evidence that (2R,6R)-hydroxynorketamine (HNK) 

and (2S,6S)-HNK induce antidepressant-relevant effects in a variety of preclinical rodent 

behavioral tests thought to predict antidepressant efficacy (Chen et al., 2020; Chou et al., 

2018; Fukumoto et al., 2019; Highland et al., 2018; Lumsden et al., 2019; Nelson & 

Trainor, 2007; Pham et al., 2018; Rahman et al., 2020; Yokoyama et al., 2020; Zanos, 

Highland, Stewart, et al., 2019; Zanos et al., 2016). However, the potential behavioral 

effects of other HNKs have not been studied to date.  

A total of twelve HNK metabolites are formed from the metabolism of ketamine in 

vivo (Leung & Baillie, 1986; Moaddel et al., 2016; Moaddel et al., 2010; Zanos et al., 2016; 

Zarate et al., 2012; Zhao et al., 2012), with the (2,6)-HNKs being the most prevalent in the 

majority species studied (Moaddel et al., 2016; Moaddel et al., 2010; Sandbaumhuter, 

Theurillat, & Thormann, 2017; Zanos et al., 2016; Zarate et al., 2012). There is evidence 

to suggest that the (2,6)-HNKs play a critical role in mediating the sustained 

antidepressant-relevant actions of the parent compound ketamine (Zanos, Highland, Liu, 

et al., 2019; Zanos et al., 2016). Namely, it was demonstrated that deuterium substitution 

at the C6 position of racemic ketamine, a chemical modification which specifically 

attenuates its metabolism to form the (2,6)-HNKs, prevents the sustained (observed 24 h 

post-treatment) antidepressant-relevant behavioral effects induced by ketamine in the 

mouse forced swim and learned helplessness tests (Zanos et al., 2016). Likewise, the 

analogous modification to (R)-ketamine, which specifically attenuates its metabolism to 

(2R,6R)-HNK and (2R,6S)-HNK, suppressed its antidepressant-relevant behavioral 
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effectiveness compared to that of unmodified (R)-ketamine (Zanos, Highland, Liu, et al., 

2019), further supporting a role of (2R,6R)-HNK (the predominant HNK) and possibly 

(2R,6S)-HNK in at least partly mediating the antidepressant-relevant effects of ketamine. 

However, the contribution of the (2,6)-HNKs to mediating ketamine’s actions has been 

called into question by some contrasting reports (Yamaguchi et al., 2018; Zhang et al., 

2018).  

In particular, it was reported that attenuating (R)-ketamine’s metabolism to 

(2R,6R)- and (2R,6S)-HNK, either via deuterium substitution (Zhang et al., 2018) or prior 

administration with a CYP inhibitor cocktail (Yamaguchi et al., 2018), did not attenuate 

ketamine’s antidepressant-like behavioral effects. Nonetheless, independent of their role in 

mediating ketamine’s actions, a growing number of studies have demonstrated that direct 

administration of (2R,6R)-HNK induces antidepressant-relevant behavioral effects in 

rodents (Chen et al., 2020; Chou et al., 2018; Elmer et al., 2020; Fukumoto et al., 2019; 

Lumsden et al., 2019; Pham et al., 2018; Zanos, Highland, Liu, et al., 2019; Zanos, 

Highland, Stewart, et al., 2019; Zanos et al., 2016). Several studies have also demonstrated 

antidepressant-relevant behavioral effects following (2S,6S)-HNK administration to 

rodents (Yokoyama et al., 2020; Zanos et al., 2016), albeit with lower apparent 

effectiveness when compared to (2R,6R)-HNK under similar experimental conditions 

(Zanos et al., 2016).  

Consistent with the greater relative antidepressant effectiveness of (2R,6R)-HNK 

compared to (2S,6S)-HNK, it has also been reported that (2R,6R)-, but not (2S,6S)-HNK, 

exerts behavioral effects when tested at equivalent doses in rodent tests thought to predict 

antidepressant efficacy (Chou, 2020; Chou et al., 2018). On the contrary, at least one study 
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has reported that  (2S,6S)-, but not (2R,6R)-HNK, reduced forced swim test immobility 

time and reversed measures of anhedonia following chronic stress in mice (Yokoyama et 

al., 2020). It is unclear whether this discrepancy may be explained by differences in 

experimental methods. Nonetheless, it is possible that additional HNK metabolites exert 

antidepressant-relevant behavioral actions with even greater effectiveness compared to 

(2R,6R)-HNK or (2S,6S)-HNK. Moreover, identifying the structural characteristics that 

confer enhanced behavioral effectiveness may inform the development of novel drug 

candidates.  

Here, we compared the antidepressant-like behavioral effects of (2R,6R)-, (2S,6S)-

, (2R,6S)-, and (2S,6R)-HNK in the mouse forced swim test and established their relative 

rank-order of effectiveness by comparing their minimally effective doses under the same 

experimental conditions. Additionally, we utilized the novel drug candidate (5R)-methyl-

(2R,6R)-HNK, which shares a three-dimensional structure similar to (2R,6S)-HNK, to 

evaluate whether three-dimensional structure confers the behavioral effectiveness of the 

(2,6)-HNKs. 

 

5.2. Methods 

Animals 

 Male CD-1 mice (Charles Rivers Laboratories; Raleigh, NC, USA), 8-11 weeks old 

at the time of testing, were habituated to the University of Maryland (Baltimore, MD, USA) 

animal facility for at least one week prior to testing. Mice were group housed in cages of 

4-5 per cage with a constant 12-hour light cycle (lights on/off at 07:00/19:00). Food and 

water were available ad libitum. All experiments were performed during the light phase. 
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All studies were approved by the University of Maryland School of Medicine Animal Care 

and Use Committee and conducted in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals.  

 

Drugs 

 (2R,6R)-HNK hydrochloride, (2S,6S)-HNK hydrochloride, (2R,6S)-HNK, and 

(2S,6R)-HNK were synthesized and characterized (molecular structures were confirmed 

via 1H and 13C NMR, the absolute and relative stereochemistry was assigned by x-ray 

crystallography, and the purity was determined via LC/MS) at the National Center for 

Advancing Translation Sciences (National Institutes of Health, Rockville, MD, USA). The 

synthesis and characterization of (2R,6R)-HNK hydrochloride, (2S,6S)-HNK 

hydrochloride, (2R,6S)-HNK, and (2S,6R)-HNK were performed as previously described 

(Morris et al., 2017b). (5R)-methyl-(2R,6R)-HNK was obtained from Organix Inc. 

(Woburn, MA, USA). All compounds were dissolved in 20% (w/v) cyclodextrin (Sigma 

Aldrich, USA) in saline and administered intraperitoneally (i.p.) in a volume of 7.5 ml/kg.  

 

Forced swim test 

 The (2,6)-HNKs were tested in separate cohorts of mice. (2R,6R)-HNK, (2S,6S)-

HNK, (2R,6S)-HNK, (2S,6R)-HNK were administered at the doses of 1, 3, 10, 30, and 100 

mg/kg. (5R)-methyl-(2R,6R)-HNK was administered at the doses of 0.3, 1, 3, and 10 

mg/kg. Vehicle and (2R,6R)-HNK (30 mg/kg) were included as controls in each cohort. 

Injections were performed by a male experimenter. Twenty-four h after treatment, mice 

were tested in the forced swim test, according to previously described methods (Highland 
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et al., 2018; Zanos et al., 2016). Briefly, mice were placed into a clear Plexiglass cylinder 

(20 cm height x 15 cm diameter) filled to a depth of 15 cm with water (23 ± 1°C) and 

subjected to a 6-min swim session. Swim sessions were recorded using a digital video 

camera. The time spent immobile (defined as passive floating with no movements other 

than those necessary to keep the head above water) was scored during the final 4 min of 

the session. Sessions were scored by a trained experimenter blind to the treatment groups.  

 

Statistical analysis 

All experiments and analyses were performed in a blinded and randomized manner. 

All injections were performed by a male experimenter. Statistical analyses were performed 

using GraphPad Prism software (v8; GraphPad Software, Inc.). All statistical tests were 

two-tailed, and significance was assigned at p<0.05. Differences in immobility time were 

analyzed via one-way ANOVA followed by Holm–Šídák post-hoc comparison (with all 

groups compared to saline control group) when significance was reached. Significant 

results are indicated with asterisks in the figures (*p<0.05, **p<0.01, ***p<0.001). Data 

are presented as the mean ± standard error of the mean (SEM). Individual group sizes and 

statistical analyses for each experiment are summarized in Table 5.1. 

 

5.3. Results 

(2,6)-HNKs reduce forced swim test immobility time with differing effectiveness  

 The behavioral effects of (2R,6R)-HNK (Figure 5.1A), (2S,6S)-HNK (Figure 5.1B), 

(2R,6S)-HNK (Figure 5.1C), and (2S,6R)-HNK (Figure 5.1D) were evaluated in the mouse 

forced swim test, 24 h after treatment (see Table 5.1 for statistical analyses). Relative to 
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vehicle, (2R,6R)-HNK reduced immobility time at 10, 30, and 100 mg/kg (Figure 5.1A), 

whereas (2S,6S)-HNK reduced immobility at 30 and 100 mg/kg, consistent with previous 

reports of their relative behavioral effectiveness (Zanos et al., 2016). (2R,6S)-HNK (Figure 

5.1C) and (2S,6R)-HNK (Figure 5.1D) reduced immobility time at the doses of 1, 3, and 

10 mg/kg and at 3 and 10 mg/kg, respectively. This demonstrates, for the first time, that 

(2R,6S)- and (2S,6R)-HNK are capable of exerting antidepressant-relevant behavioral 

effects, both with enhanced effectiveness compared to (2R,6R)-HNK. Of note, both 

(2R,6S)- and (2S,6R)-HNK exhibited U-shaped dose response curves, reducing immobility 

time at doses ≤10 mg/kg, but not at doses ≥30 mg/kg (Figure 5.1C-D), in contrast with 

(2R,6R)- and (2S,6S)-HNK, which did not demonstrate U-shaped dose responses within 

the tested range (up to 100 mg/kg).  

 

Figure 5.1. (2,6)-

hydroxynorketamines 

reduce immobility time 

in the mouse forced 

swim test. (A) (2R,6R)-

hydroxynorketamine 

(HNK), (B) (2S,6S)-

HNK, (C) (2R,6S)-HNK, 

and (D) (2S,6R)-HNK 

reduced immobility time 

in the mouse forced swim 

test with minimal 

effective doses of 10 

mg/kg, 30 mg/kg, 1 

mg/kg, and 3 mg/kg, 

respectively, 24 h after 

intraperitoneal injection. 

Graphs and error bars 

represent mean and SEM, 

respectively, of results 

obtained from 10-18 

mice/group. *p<0.05, 

**p<0.01, ***p<0.001.  
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Table 5.1 Statistical analyses of effects of the (2,6)-HNKs in the forced swim test. 

Note: samples sizes are listed in respective order of experimental groups. Abbreviations:  HNK, 

hydroxynorketamine; Me, methyl; NA, not applicable; VEH, vehicle. 

 

 

(5R)-methyl-(2R,6R)-HNK has comparable antidepressant-like behavioral effectiveness 

to (2R,6S)-HNK 

 Based upon the finding that (2R,6S)-HNK reduced forced swim test immobility 

with greater effectiveness compared to (2R,6R)-HNK (Figure 5.1), it was hypothesized that 

differences in the three-dimensional structures of these compounds (Figure 5.2 A-B) 

underlie their differential behavioral effectiveness. While in (2R,6R)-HNK the amine and 

hydroxyl groups are preferentially oriented equatorial and the aryl group axial to the 
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cyclohexyl ring (Figure 5.2A), in (2R,6S)-HNK the aryl group is preferentially oriented 

equatorial to the cyclohexyl ring (Figure 5.2B; see Morris et al., 2017b). Thus, the novel 

compound (5R)-methyl-(2R,6R)-HNK was synthesized, where the methyl group 

substitution causes the compound to adopt a three-dimensional structure akin to (2R,6S)-

HNK (Figure 5.2C). Because it was predicted that (5R)-methyl-(2R,6R)-HNK would exert 

antidepressant-relevant behavioral effects at low doses, it was tested within the range of 

0.3-10 mg/kg.  

Similar to (2R,6S)-HNK, (5R)-methyl-(2R,6R)-HNK reduced immobility time in 

the forced swim test with a minimum effective dose of 1 mg/kg, and was effective within 

the range of 1-10 mg/kg (with a trend to reduce immobility, p=0.06, observed at the dose 

of  3 mg/kg; Figure 5.2D). The present data demonstrate that the novel compound (5R)-

methyl-(2R,6R)-HNK exerts antidepressant-relevant behavioral effects in the forced swim 

test, (Figure 5.2D) with similar effectiveness compared to (2R,6S)-HNK (Figure 5.1C), 

consistent with the hypothesis that the three-dimensional structure of (2R,6S)-HNK confers 

its enhanced effectiveness compared to (2R,6R)-HNK.  

Figure 5.2. (5R)-methyl-(2R,6R)-hydroxynorketamine reduces forced swim test immobility time.  

(A-C) Three-dimensional structures of (A) (2R,6R)-hydroxynorketamine (HNK; adapted from Morris et al., 

2017b), and), (B) (2R,6S)-HNK (adapted from Morris et al., 2017b), and (C) (5R)-methyl (Me)-(2R,6R)-

HNK. (D) (5R)-Me-(2R,6R)-HNK reduces immobility time in the mouse forced swim test 24 hours after 

treatment, with minimal effective dose of 1 mg/kg (i.p.). Data are the mean ± SEM. n=13-15/group. *p<0.05, 

**p<0.01. 
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5.4. Discussion 

For the first time, antidepressant-relevant behavioral effects of the four (2,6)-HNKs 

were compared in the mouse forced swim test. Results presented here demonstrate that 

(2R,6R)-HNK has greater behavioral effectiveness (minimum effective dose 10 mg/kg, i.p.; 

Figure 5.1A) compared to (2S,6S)-HNK (minimum effective dose 30 mg/kg, i.p.; Figure 

5.1B). This is consistent with an earlier study (Zanos et al., 2016), which reported that 

(2R,6R)-HNK reduced forced swim test immobility time at doses as low as 5 mg/kg, i.p. 

and reduced escape failures in the learned helplessness test at doses as low as 3 mg/kg, i.p., 

whereas (2S,6S)-HNK required doses of 25 and 75 mg/kg, i.p., respectively, to exert effects 

in the same behavioral tests. The relatively greater behavioral effectiveness of (2R,6R)-

HNK compared to that of (2S,6S)-HNK is also consistent with earlier studies demonstrating 

that, when tested at equivalent doses (10 mg/kg, i.p.), (2R,6R)-, but not (2S,6S)-HNK, 

reduced forced swim test immobility time in mice (Chou et al., 2018) and reversed learned 

helplessness in rats (Chou, 2020). However, these findings are in contrast to one study 

which reported that (2S,6S)-, but not (2R,6R)-HNK, reduced forced swim test immobility 

time and measures of anhedonia following chronic stress in mice when each was tested at 

the same dose (20 mg/kg, i.p.; Yokoyama et al., 2020). It is unclear whether differences in 

experimental design, species, or strain may underlie these apparent discrepancies. 

Nevertheless, by testing across a 100-fold range of doses and comparing compounds under 

the same experimental conditions, the present data support that (2R,6R)-HNK exhibits 

greater behavioral effectiveness, relative to (2S,6S)-HNK, in the forced swim test.   

A novel finding is that both (2R,6S)-HNK (effective at 1 mg/kg, i.p.; Figure 5.1C) 

and (2S,6R)-HNK (minimum effective dose 3 mg/kg, i.p.; Figure 5.1D) exerted behavioral 
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effects in the forced swim test at lower doses compared to either (2R,6R)- or (2S,6S)-HNK. 

Altogether, the rank-order of effectiveness in the forced swim test was determined to be 

(2R,6S)-, (2S,6R)-, (2R,6R)-, and (2S,6S)-HNK, from most to least effective. Although 

these findings await further validation, these data are the first to highlight the potential 

superior potency of (2R,6S)-HNK.  

The novel compound (5R)-methyl-(2R,6R)-HNK adopts a three-dimensional 

structure similar to (2R,6S)-HNK (Figure 5.2). In particular, the methyl group substitution 

at the C5 position causes (5R)-methyl-(2R,6R)-HNK to localize the aryl group equatorial 

to the cyclohexyl ring while the amine and hydroxyl groups are localized axial, similar to 

(2R,6S)-HNK (Figure 5.2B) and in contrast with (2R,6R)-HNK (Figure 5.2A; see Morris 

et al., 2017b). Notably, (5R)-methyl-(2R,6R)-HNK reduced immobility time (minimum 

effective dose 1 mg/kg, i.p.; Figure 5.2D) with similar effectiveness as (2R,6S)-HNK, 

consistent with the hypothesis that the three-dimensional structure of (2R,6S)-HNK confers 

enhanced behavioral effectiveness. It is unclear whether (5R)-methyl-(2R,6R)-HNK will 

share the U-shaped dose response curve observed for (2R,6S)-HNK when tested at doses 

≥30 mg/kg. Additionally, the range of doses tested did not allow the determination of a true 

minimally effective dose of (2R,6S)-HNK (which reduced immobility at the lowest dose 

tested, 1 mg/kg). Thus, future studies should aim to more fully characterize the dose-

response of both of these compounds and to determine whether (5R)-methyl-(2R,6R)-HNK 

recapitulates the complete dose response characteristics of (2R,6S)-HNK. 

There are several important limitations to the present study. First, only one 

behavioral outcome, immobility time in the forced swim test, was evaluated and only at a 

single time point. It is possible that the relative effectiveness of the (2,6)-HNKs may differ 
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in additional behavioral tests thought to be predictive of antidepressant efficacy or at 

different times relative to testing (e.g. it is possible that some HNKs may have longer-

lasting actions or exert more robust effects when evaluated earlier or later relative to 

dosing). It is important for future studies to evaluate the effects of the (2,6)-HNKs as well 

as the other HNKs that  have not yet been tested, in a variety of behavioral tests, including 

those that predict antidepressant effectiveness and in those that aim to characterize adverse 

behavioral effects.  Second, only male mice were included in these experiments, in order 

to evaluate the relative effectiveness of the test compounds independent of the previously 

observed sex-dependent differences in their brain concentrations (described in Chapter 2).   

Of note, total brain concentrations of (2R,6R)-, (2S,6S)-, and (2S,6R)-HNK were 

greater in female mice compared to males, while total brain concentrations of (2R,6S)-

HNK were greater in male than female mice (see Table 2.2). Thus, it is important for future 

studies to evaluate the behavioral effects of the (2,6)-HNKs in females, in order to evaluate 

how the sex-dependent pharmacokinetic differences may impact antidepressant-like 

behavioral effects, and also to determine if their rank-order of effectiveness is conserved 

between both sexes. Finally, the effects of the HNKs on biochemical and/or synaptic 

outcomes thought to underlie antidepressant-relevant behavioral effects are yet to be 

studied (discussed below).  

In addition to the sex-dependent differences in their pharmacokinetics profiles, it is 

important to note that within-sex differences between the four (2,6)-HNKs have been 

observed, including differences in their peak and total brain concentrations (described in 

Chapter 2). In particular, following systemic treatment with equivalent doses, peak and 

total brain levels of (2S,6S)-HNK are approximately 2-3-fold greater than those of (2R,6R)-
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HNK in male mice (see Table 2.1). However, despite its greater brain concentrations, 

(2S,6S)-HNK was less effective in reducing immobility time in the forced swim test, 

requiring three-fold higher doses to exert effects, compared to (2R,6R)-HNK (minimum 

effective doses of 30 vs. 10 mg/kg, i.p., respectively; Figure 5.1A-B). Thus, in light of the 

observed pharmacokinetic differences, it is possible that (2R,6R)-HNK is substantially 

more potent than (2S,6S)-HNK with respect to its engagement of targets in the brain. By 

the same token, it is possible that (2R,6S)- and (2S,6R)-HNK are even more potent 

compared to (2R,6R)-HNK, since both compounds exhibit greater behavioral effectiveness 

(effective at 1 mg/kg, i.p. and 3 mg/kg, i.p., respectively), despite reaching lower brain 

concentrations. Namely, peak and total brain levels were approximately two-fold lower 

following (2R,6S)-HNK dosing and approximately three-fold lower following (2S,6R)-

HNK dosing, compared to equivalent dosing with (2R,6R)-HNK (see Table 2.1).  

While these findings require further testing, it is possible that differences in three-

dimensional structure of HNKs confer distinct potencies to engage targets underlying their 

behavioral effects. The precise mechanisms underlying the antidepressant-relevant effects 

of the HNKs are still being elucidated. However, several putative targets have been 

identified. Specifically, (2R,6R)-HNK has been shown to potentiate glutamatergic 

transmission via a facilitation of glutamate release (Chou et al., 2018; Pham et al., 2018; 

Riggs et al., 2019; Ye et al., 2019; Zanos et al., 2016). HNK-induced facilitation 

glutamatergic transmission has also been associated with subsequent activation of 

intracellular signaling pathways, including the BDNF/TrkB (Fukumoto et al., 2019; 

Lumsden et al., 2019; Zanos et al., 2016) and mTOR (Fukumoto et al., 2019; Lumsden et 

al., 2019; Paul et al., 2014) pathways, which can lead to increased expression of synaptic 
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proteins including AMPARs (Ho et al., 2018; Shaffer et al., 2019; Zanos et al., 2016) that 

ultimately promote a long-lasting increase in synaptic strength in mood-regulating brain 

regions (see Chapter 1). Future studies should evaluate the effects of (2R,6S)-, (2S,6R)-, 

and (5R)-methyl-(2R,6R)-HNK on these various biochemical and synaptic outcomes, and, 

importantly, compare their relative potencies to induce such effects, in order to understand: 

1) how the potency to engage putative targets is related to the observed rank-order of 

behavioral effectiveness, and 2) how the three-dimensional structures of the (2,6)-HNKs 

modulates their effectiveness to engage these putative targets. Moreover, additional studies 

are needed to characterize the behavioral, biochemical, and synaptic actions of the (2,4)- 

and (2,5)-HNKs in order to fully understand the structure-function relationship underlying 

the antidepressant-relevant behavioral effects of the HNKs, which may inform the 

development of HNKs, or structurally similar novel compounds, as novel antidepressant 

drugs.   

Of note, the present data are consistent with an NMDAR inhibition-independent 

mechanism contributing to the actions of the (2,6)-HNKs. In particular, (2S,6S)-HNK has 

been demonstrated to have moderate inhibitory actions on NMDARs (Ki = 7.34-21.19 µM) 

compared to ketamine (Ki = 0.25-1.06 µM; Lumsden et al., 2019; Moaddel et al., 2013; 

Morris et al., 2017b). By contrast, (2R,6R)-HNK has markedly lower potency to bind or 

inhibit NMDARs (Ki > 100 µM) (Abbott & Popescu, 2020; Lumsden et al., 2019; Moaddel 

et al., 2013; Morris et al., 2017b), and does not meaningfully inhibit NMDARs at 

concentrations similar to those produced following the behaviorally active dose of 10 

mg/kg, i.p. (estimated to be <20 µmol/kg in brain tissue and <10 µM in the extracellular 

hippocampal space; Lumsden et al., 2019).  
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The relatively low binding affinities of (2R,6S)- and (2S,6R)-HNK are similar to 

that of (2R,6R)-HNK (all were reported to be >100 µM; Morris et al., 2017b). Both 

compounds reduced immobility time in the forced swim test at doses ≤10 mg/kg, i.p., 

despite producing lower brain concentrations that similar doses of (2R,6R)-HNK, 

suggesting that the brain concentrations of (2R,6S)- and (2S,6R)-HNK necessary to induce 

antidepressant-like actions are even lower than those required for (2R,6R)-HNK, and, 

therefore, also below the threshold for NMDAR inhibition. Altogether, these findings 

suggest that (2R,6S)- and (2S,6R)-HNK exert antidepressant-relevant behavioral actions at 

brain concentrations that are insufficient to inhibit NMDARs, consistent with an NMDAR-

independent mechanism of action. However, the mechanistic actions of (2R,6S)- and 

(2S,6R)-HNK, in addition to the other HNKs, require further clarification.  

Altogether, the data presented here demonstrate, for the first time, that the relative 

rank-order of effectiveness of the four (2,6)-HNKs to reduce forced swim test immobility 

time, from most to least effective, is (2R,6R)-, (2S,6R)-, (2R,6R)-, and (2S,6S)-HNK. This 

is the first indication that (2R,6S)-HNK has greater effectiveness compared to (2R,6R)-

HNK, exerting antidepressant-relevant behavioral effects at 10-fold lower doses, despite 

its lower relative brain concentrations. Consistent with the three-dimensional structure of 

(2R,6S)-HNK conferring its enhanced effectiveness, the structurally similar, novel 

compound (5R)-methyl-(2R,6R)-HNK recapitulated the effectiveness of (2R,6S)-HNK. 

While these compounds require further study, the data suggest that (2R,6S)-HNK, (5R)-

methyl-(2R,6R)-HNK, or additional HNKs yet to be tested, may represent novel, potent 

drug candidates for the treatment of depression. 
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Chapter 6. Discussion and conclusions 

The studies presented here aimed to address several important considerations for 

the development of HNKs as novel antidepressant treatments. First, the pharmacokinetic 

profiles of the 12 HNKs formed in vivo from ketamine were characterized. Robust 

differences in peak concentrations (6-fold differences in the plasma, 7-8-fold differences 

in the brain) and total levels (11-12-fold differences in the plasma, 9-12-fold differences in 

the brain) in the plasma and the brain were observed between the various HNKs, in addition 

to sex-dependent differences in peak and total concentrations that were identified for most 

HNKs. However, all 12 HNKs readily penetrated the brain (with brain to plasma exposure 

ratios between 0.6-1.4) and shared similar rapid elimination profiles (half-lives between 

0.4-0.8 h in the plasma and 0.3-0.8 h in the brain). These data provide the first in-depth 

assessment of the pharmacokinetics of the 12 HNKs, and, importantly, highlight the ability 

of all 12 HNKs to readily penetrate the brain suggesting that these compounds may be 

capable of exerting pharmacodynamic effects in the brain, including antidepressant-

relevant actions.  

Second, it was demonstrated that (2R,6R)-HNK has favorable oral bioavailability 

of approximately 50% (between 45-52%) in mice, which was not improved by an ester 

prodrug strategy. Notably, orally administered (2R,6R)-HNK exerted antidepressant-

relevant behavioral actions (15-50 mg/kg) but did not exert overt adverse effects (up to 450 

mg/kg, at least 9-fold fold higher than doses required for antidepressant-relevant effects) 

in mice. Taken together, these data may support the use of (2R,6R)-HNK as an oral 

antidepressant drug, although its antidepressant efficacy and oral bioavailability in humans 

awaits testing in clinical trials.  



104 
 

Additionally, sex-dependent differences in the pharmacokinetics of ketamine and 

(2R,6R)-HNK were characterized. It was demonstrated that, compared to males, female 

mice have lower levels of ketamine and higher levels of HNK following ketamine 

administration, as well as higher levels of (2R,6R)-HNK following its direct administration, 

and that male gonadal hormones at least partly mediate these differences. While the precise 

mechanisms by which male gonadal hormones modulate metabolism and the impact of 

these metabolic differences on the behavioral effectiveness of ketamine and/or (2R,6R)-

HNK require further clarification, the observed sex-dependent pharmacokinetic 

differences may contribute to differences in antidepressant efficacy and/or adverse effect 

burden between the sexes, and highlight the importance of sex as a biological variable 

when designing and interpreting studies of ketamine and (2R,6R)-HNK.  

Further, the relative behavioral effectiveness of the four (2,6)-HNKs was evaluated 

in the mouse forced swim test in male mice. The data demonstrated for the first time that 

both (2R,6S)-HNK (effective at 1 mg/kg, i.p.) and (2S,6R)-HNK (minimum effective dose 

3 mg/kg, i.p.) exhibit greater effectiveness compared to either (2R,6R)-HNK (minimum 

effective dose 10 mg/kg, i.p.) or (2S,6S)-HNK (minimum effective dose 30 mg/kg, i.p.). 

They also indicated a relative rank-order of effectiveness of (2R,6S)- > (2S,6R)- > (2R,6R)- 

> (2S,6S)-HNK to reduce immobility time in the forced swim test. Interesting, enhanced 

behavioral effectiveness of (2R,6S)-HNK compared to (2S,6R)-HNK was observed despite 

(2R,6S)-HNK dosing resulting in lower peak and total brain concentrations compared to 

equivalent dosing of (2R,6R)-HNK. This may suggest that, if these compounds were tested 

at equal concentrations and compared independent of pharmacokinetic differences (for 

example testing in in vitro models), (2R,6S)-HNK may demonstrate an even more robust 
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enhancement in potency to engage targets compared to (2R,6R)-HNK. However, this 

possibility requires further testing in future studies.  

Finally, the novel compound (5R)-methyl-(2R,6R)-HNK, which shares a similar 

three-dimensional structure with (2R,6S)-HNK, recapitulated the behavioral effectiveness 

of (2R,6S)-HNK in the forced swim test, suggesting a critical role of three-dimensional 

structure in mediating antidepressant-relevant effectiveness in this assay. While these 

compounds require further study, including additional evaluations of their antidepressant-

relevant effects in other behavioral tests, characterization of potential adverse effects, and 

assessment of their mechanisms of action, the data suggest that (2R,6S)-HNK, (5R)-

methyl-(2R,6R)-HNK, or additional HNKs yet to be tested, may represent novel, potent, 

antidepressant drug candidates. Notably, it is possible that (2R,6S)-HNK and/or (5R)-

methyl-(2R,6R)-HNK may have greater potency to engage targets involved in mediating 

their antidepressant-relevant behavioral effects. Understanding the how the relative 

potencies to engage putative antidepressant targets is related to behavioral effectiveness 

may provide valuable insights into the mechanisms of action underlying the effects of 

HNKs.   

Future studies are needed to validate and expand upon these findings. These should 

include studies focused on: (i) identifying the mechanisms underlying the antidepressant-

relevant behavioral actions observed here, (ii) evaluating the full range of behavioral 

actions including potential adverse effects of the (2,6)-HNKs, (iii) understanding the 

mechanisms underlying sex-dependent differences in the pharmacokinetic profile of 

ketamine and HNKs and how these differences impact behavioral outcomes, and (iv) 
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characterizing the behavioral actions of the (2,4)-, and (2,5)-HNKs that were not tested 

here.  

The present studies provide important insights into the pharmacokinetic profiles 

and behavioral effects of the HNKs, particularly, the (2,6)-HNKs, and lay the foundation 

for additional studies to elucidate the potential clinical relevance of HNKs as novel 

antidepressant treatments.  
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