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Abstract

Commonly utilized pain therapeutics like opioid medications exert dangerous side effects
and lack effectiveness in treating some types of pain. Ketamine is also used to treat pain, but
side effects limit its widespread use. (2R,6R)-hydroxynorketamine (HNK) is a ketamine
metabolite that potentially shares some beneficial behavioral effects of its parent drug without
causing significant side effects. This study compared the profile and potential mechanisms
mediating the antinociception activity of ketamine and (2R,6R)-HNK in C57BL/6J mice.
Additionally, this study compared the reversal of mechanical allodynia by (2R,6R)-HNK with
gabapentin in a model of neuropathic pain. Unlike the near-immediate and short-lived
antinociception caused by ketamine, (2R,6R)-HNK produced late-developing antinociception 24
hours following administration. Pharmacological blockade of AMPA receptors with NBQX
prevented the initiation and expression of (2R,6R)-HNK antinociception, suggesting the
involvement of AMPA receptor-dependent glutamatergic mechanisms in the pain reduction-like
responses. Blockade of opioid receptors with naltrexone partially prevented the antinociceptive
effect of ketamine but was ineffective against (2R,6R)-HNK. Furthermore, (2R,6R)-HNK did not
produce dystaxia, even when tested at doses five times greater than those needed to produce
antinociception, indicating a superior safety profile for (2R,6R)-HNK over ketamine. Additionally,
(2R,6R)-HNK reversed mechanical allodynia in an SNI model of neuropathic pain with similar
short-term efficacy to gabapentin (within 4 hours) while outperforming gabapentin 24 hours after
administration. These findings support the further study of (2R,6R)-HNK as a potentially
valuable agent for treating different types of pain and establish certain advantages of (2R,6R)-

HNK treatment over ketamine and gabapentin in corresponding assays for pain.

SIGNIFICANCE STATEMENT: The ketamine metabolite (2R,6R)-HNK produced
antinociception in male and female mice 24 hours after administration via activation of AMPA

receptors. The effects of (2R,6R)-HNK differed in time course and mechanism and presented a
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better safety profile than ketamine. (2R,6R)-HNK also reversed allodynia in SNI-operated
animals within 4 hours of treatment onset, with a duration of effect lasting longer than
gabapentin. Taken together, (2R,6R)-HNK demonstrates the potential for development as a

non-opioid analgesic drug.
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Introduction

An estimated 20.4% of adults in the U.S. suffer from a pain condition. For many adults,
pain is sufficient to cause significant limitations in their work capability, social life, or ability to
provide self-care (Dahlhamer et al., 2018). Inadequately treating pain over time increases the
risk of developing psychological disorders such as depression (Fine, 2011). Finding effective
pain treatments has proven difficult for many suffering from pain conditions. Ketamine is an
anesthetic medication in use since 1970 and known to effectively treat both acute pain
(Schwenk et al., 2018) and pain conditions that are chronic and difficult to treat (Eide et al.,
1994; Kvarnstrom et al., 2003; Sigtermans et al., 2009; Cohen et al., 2018). However, clinical
treatment of pain with ketamine or its use by patients at home is limited because the drug
causes a hallucinogenic state of dissociation, induces behavioral impairment through sedation,
and is diverted for recreational abuse. Ketamine is not approved for treating pain by the Food
and Drug Administration.

More recently, ketamine has demonstrated effectiveness in providing rapid onset and
prolonged relief from treatment-resistant depression (Berman et al., 2000; Ibrahim et al., 2011;
Zarate et al., 2012). Based on a compelling body of evidence, the FDA approved the use of the
S enantiomer (esketamine) for the indication of treatment-resistant depression in 2019. This
breakthrough in depression treatment helped drive a new investigation of ketamine metabolites.
Available preclinical data suggest one of the ketamine metabolites, (2R,6R)-
hydroxynorketamine (HNK), may share ketamine's therapeutic effects in rodent models of stress
exposure (Zanos et al., 2016; Chou et al., 2018) while lacking the liabilities for abuse potential
and dissociative cognition seen with the parent drug (Zanos et al., 2016; Pham et al., 2018;
Lumsden et al., 2019).

Given ketamine's efficacy in treating pain conditions, it was natural to question whether

(2R,6R)-HNK shares analgesic properties with the parent compound. A study recently
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demonstrated that a single (2R,6R)-HNK dose (10 mg//kg) produced a reversal of allodynia in
models of postoperative pain, neuropathic pain, and Chronic Regional Pain Syndrome type pain
for up to 24 hours following treatment in mice (Kroin et al., 2019). These studies supported the
supposition that (2R,6R)-HNK could be a putative analgesic agent. Still, the time course of
treatment onset, ideal doses to treat acute and chronic pain conditions, mechanism of action,
and the impact of sex on these outcomes are unknown. Moreover, the antinociceptive effects of
(2R,6R)-HNK have not been examined in animals with no existing pain condition. To replicate
the initial findings and provide more information on the antinociceptive effects of (2R,6R)-HNK,
a series of studies were conducted in healthy mice to determine if (2R,6R)-HNK produces
antinociception, to identify the optimal dose and temporal pattern for (2R,6R)-HNK mediated
pain reduction, to evaluate sex differences, and to compare the side effect profile and
mechanism of action between (2R,6R)-HNK and ketamine. Mechanism of action experiments
targeted AMPA and opioid receptors due to the identified association between (2R,6R)-HNK
and increases in AMPA receptor (AMPAR) dependent glutamatergic signaling and receptor
expression (Zanos et al., 2016; Pham et al., 2018) as well as the implication of opioid receptor
dependency for some of ketamine's therapeutic effects. The effects of (2R,6R)-HNK were then
examined in the SNI model of neuropathic pain, comparing the time course for reversing
allodynia by two doses of (2R,6R)-HNK with two doses of the common neuropathic pain
treatment gabapentin.

The results showed that (2R,6R)-HNK produced delayed antinociception lasting more
than 24 hours in male and female mice. Unlike ketamine, (2R,6R)-HNK antinociception did not
involve opioid receptor activation but was initiated and sustained by the activation of AMPAR.
Additionally, (2R,6R)-HNK reversed mechanical allodynia in SNI-treated mice with a similar
short-term onset but lasted longer than gabapentin. Finally, (2R,6R)-HNK did not produce the
dystaxic effects associated with ketamine treatment. These findings support the further

development of (2R,6R)-HNK as a potential analgesic agent for treating different types of pain.

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 2, 2022 as DOI: 10.1124/jpet.122.001278
This article has not been copyedited and formatted. The final version may differ from this version.

Materials and Methods

Animals

Male and female C57BL/6J mice (Jackson Laboratory; Bar Harbor, ME), age 8-15
weeks, were housed with four to five animals per cage, maintained on a standard 12-hour
light/dark cycle (lights on at 06:00), and provided with food and water ad libitum. Each
experiment was conducted with separate cohorts of animals. The animals were randomly
assigned to treatment groups for all experiments. Measurements from mice were excluded from
experiments if their baseline response extended beyond mean group values by two standard
deviations. All experiments were carried out following the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals and with approval from the Uniformed

Services University of the Health Sciences Institutional Animal Care and Use Committee.

Drugs

The (2R,6R)-HNK and (2S,6S)-HNK used for these experiments were obtained from the
National Center for Advancing Translational Sciences (NCATS; Bethesda, MD), which was
synthesized as previously described (Morris et al., 2017). (R/S) ketamine was purchased from
Mylan Pharmaceuticals (Canonsburg, PA; #67457010810), while gabapentin was obtained from
Acros Organics through Fisher Scientific (#458020010). The a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) antagonist NBQX disodium salt (2,3-dioxo-6-nitro-7-
sulfamoyl-benzo[flquinoxaline, Tocris, #1044) and the opioid receptor antagonist naltrexone
hydrochloride (Millipore Sigma, MO; #N3136) were used in the pharmacological mechanism of
action studies. Physiological saline (0.9% NaCl; Quality Biological, MD; #114-055-721) was

used as the control and to dilute medications. Doses were calculated according to the molecular
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weight of the base. All drugs were administered via the intraperitoneal route at a 10 ml/kg

volume.

Antinociception in healthy animals.

Antinociception was assessed in normal healthy mice by measuring paw withdrawal
latencies on a Thermal Analgesia Meter (Ugo Basile, Stoelting Co.; Wood Dale, IL) set to 50°C,
as described previously (Jacobson et al., 2020). After placement on the hot plate, the latency for
the mouse to either jump or lick a hind paw was measured. The animal was immediately

removed from the hot plate upon response.

The antinociceptive effects of ketamine 10 and 30 mg/kg, (2R,6R)-HNK 10 mg/kg, and
(2S,6S)-HNK 10 mg/kg with saline control were examined in healthy male mice (N = 10-22, 10
for ketamine 30 mg/kg, 21 for ketamine 10 mg/kg, 20 for saline control, 22 for both HNK
groups). Two animals (one from the control group and one from the ketamine 10 mg/kg group)
were excluded for baseline values beyond two standard deviations from the group mean. The
beneficial effect of (2R,6R)-HNK (10 mg/kg) on nociception was confirmed in a second
experiment that used both males (N = 30) and females (N = 36). Dose-response curves were
generated from latencies of male (N = 10-12 per dose) and female (N = 16-17 per dose) mice
tested 24 hours following administration of (2R,6R)-HNK at quarter log doses beginning with 3
mg/kg (10%°) for male or 6 mg/kg (10%®) for female mice and ending with 100 mg/kg (10?),
comparing each dose to saline control. Treatment groups in the male mice consisted of 12
animals for the saline group, 11 animals for the 6 and 18 mg/kg groups, and 10 animals for all
other groups. Two female animals, one from the saline group and one from the 18 mg/kg group,

were excluded for baseline values that exceeded two standard deviations from the group mean.
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To test the contribution of opioid receptors in mediating the initiation of (2R,6R)-HNK's
effect on nociception, the nonselective opioid receptor antagonist naltrexone (1 mg/kg) was
administered 30 minutes before (2R,6R)-HNK treatment (N = 12) and the animals underwent
testing 24 hours following treatment. The 1 mg/kg dose was selected because it blocked the
antinociceptive effects of morphine in the hot plate test (data not shown). To test the
contribution of opioid receptors in mediating the expression of (2R,6R)-HNK's behavioral effects,
naltrexone 1 mg/kg was administered 24 hours following (2R,6R)-HNK treatment (N = 12) and

30 minutes before behavioral testing.

The contribution of AMPAR in the initiation of (2R,6R)-HNK's delayed antinociception
effect was tested by administering the antagonist NBQX 10 mg/kg 30 minutes before (2R,6R)-
HNK' treatment (Dalgaard et al., 1994; Karasawa et al., 2005; Zanos et al., 2016) with the
animals (N = 12) undergoing testing 24 hours following (2R,6R)-HNK. Testing for the
contribution of AMPAR to the sustained expression of (2R,6R)-HNK's effect was done by
administering NBQX 10 mg/kg 24 hours following (2R,6R)-HNK (N = 11-12) with hot plate
testing 30 minutes later. One animal from the saline/saline group was excluded for a baseline
measurement beyond two standard deviations from the group mean. NBQX 10 mg/kg,
naltrexone 1 mg/kg, or saline pretreatment 30 minutes before ketamine 10 mg/kg or saline
treatment were administered to test the contribution of both opioid and AMPAR in mediating
ketamine's antinociception effect (N = 10). In this case, the animals were tested on the hot plate

10 minutes following ketamine or saline treatment.

Spared nerve injury

Surgery: Spared nerve injury (SNI) surgery was performed to model a neuropathic pain
condition on male mice aged 8-12 weeks. The model was initially developed in rats (Decosterd
and Woolf, 2000) but is also used in mice (Shields et al., 2003; Bourquin et al., 2006). Briefly,

mice underwent axotomy of the tibial and peroneal branches of the sciatic nerve while carefully
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preserving the sural branch under aseptic conditions and 2-2.5% isoflurane anesthesia. The
sciatic nerve branches were gently dissected to minimize stretching of the sural nerve. A 6-0 silk
suture was tied tightly around the tibial and peroneal branches just distal to the bifurcation of the
sural nerve from the sciatic nerve bundle. A second 6-0 silk suture was tightly applied 1.5 mm
distal to the first, and a 1 mm section of the adjoined tibial and peroneal branches was removed.
Following surgery, the incision was closed with sutures, and the mice were returned to their
home cages after recovery from anesthesia. The total time required for the procedure was 15
minutes or less for each animal. The animals were given 11 days to recover from surgery before
further experimentation. All animals exhibited normal food intake, grooming, and regular

movements other than favoring the injured limb before post-surgery experimentation.

Mechanosensitivity (von Frey): Paw withdrawal threshold (PWT) was measured in SNI
treated mice by examining the responses to lateral-plantar stimulation with von Frey
aesthesiometer monofilaments (Stoelting Co.; Wood Dale, IL; 58011) using the classic up-down
method (Dixon, 1980; Chaplan et al., 1994). The animals were placed in small plastic
enclosures atop a wire mesh platform. Monofilaments (beginning with 1.0 g f) were gently
applied with sufficient force only to bend the filament slightly. The monofilament was removed
after one second of application. A positive response was defined as licking or rapid paw
withdrawal upon stimulation. The subsequent monofilament applied was either the next higher
or lower force dependent upon the previous response. The animals were given 3-4 minutes
between each application. Once a change in response from the previous monofilament
applications was recorded, four additional monofilaments were applied, moving up or down

according to the prior response. The paw withdrawal threshold (PWT) was defined as the 50%

10(Xf+k8)
where

threshold in grams force according to the following formula: 50% threshold (g f) = 10000

X¢ was the value in log units of the final monofilament used, k was the tabular value for the
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response pattern (see Appendix 1 in Chaplan et al., 1994), and & was the average log unit

increment between monofilaments (0.224).

The mechanical allodynia reversing effects of (2R,6R)-HNK (10 and 30 mg/kg) and
gabapentin (10 and 30 mg/kg) were compared to saline injection in the SNI operated male mice
(N = 9-10, 9 for the saline and gabapentin 30 mg/kg groups and 10 for all other groups).
Gabapentin is a calcium channel blocker commonly used to treat neuropathic type pain in
humans. In mice, gabapentin has been shown to suppress inflammatory edema (Dias et al.,
2014), reverse pain-depressed burrowing behavior (Shepherd et al., 2018), produce
antinociception in healthy animals (Kilic et al., 2012), and reverse SNI-induced allodynia
(Shepherd and Mohapatra, 2018) at doses as small as 1 mg/kg and up to 30 mg/kg depending
upon the effect. In this study, the SNI mice received once-daily treatment for three days with
mechanosensitivity testing immediately preceding treatment on day two and at the same time

on day four (24 hours following the third and final treatment, see Figure 4A).

Gait analysis

Gait analysis was used to determine if ketamine or (2R,6R)-HNK produced motor
impairments at the doses effective in the pain assays (N = 12 for each group). Gait analysis was
performed utilizing the DigiGait™ treadmill system and Video Imaging Acquisition software
(Mouse Specifics Inc.; Framingham, MA) adapted from the original protocol (Wooley et al.,
2005) with speed set to 9 cm/s and data represented as fore and hind paw measurements for
each animal (Browne et al., 2022). This system analyzes paw placement and measures
spatiotemporal gait characteristics. Following 30 minutes of habituation to the testing room and
five minutes of familiarization with the treadmill apparatus, the animals were treated with either
ketamine (10 mg/kg or 30 mg/kg), (2R,6R)-HNK (10 mg/kg or 50 mg/kg), or saline. Video
sequences of two to five seconds were captured for each animal walking on the treadmill ten

minutes after injection. The images were then analyzed using the software. Eight animals were
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excluded from the study for refusal to walk on the treadmill, one from the ketamine 10 mg/kg,
one from the ketamine 30 mg/kg, two from the (2R,6R)-HNK cohort saline control, two from the

(2R,6R)-HNK 10 mg/kg, and two from the (2R,6R)-HNK 50 mg/kg groups.

Data analysis

The data are expressed as scatter plots showing group means + S.D. A repeated
measures two-way ANOVA with Dunnett multiple comparisons was used to determine
significant differences between groups comparing ketamine, (2R,6R)-HNK, (2S,6S)-HNK, and
vehicle control thermal pain sensitivity over time. A repeated measures two-way ANOVA with
Sidak multiple comparisons was used to compare (2R,6R)-HNK against saline control in the
time course thermal antinociception experiments for male and female animals. In contrast, a
repeated measures three-way ANOVA with Tukey multiple comparisons was used to analyze a

sex effect in the combined data.

A one-way ANOVA with Dunnett multiple comparisons was used to compare thermal
nociception responses to different doses of (2R,6R)-HNK 24 hours following treatment.
Mechanism of action data were analyzed using a two-way ANOVA with Tukey multiple
comparisons. Gait characteristics of groups following ketamine or (2R,6R)-HNK were compared
to the respective saline control group using a one-way ANOVA. Repeated measures two-way
ANOVA with Tukey multiple comparisons was used to compare two doses of (2R,6R)-HNK, two
doses of gabapentin, and saline control in reversing mechanical allodynia in SNI operated mice.
All statistical analyses were performed using GraphPad Prism 9.0.0 for Windows (GraphPad

Software; San Diego, CA, www.graphpad.com). Statistical significance was defined as P < 0.05.
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Results

(2R,6R)-HNK produced antinociception: time course, sex differences and dose-response

curve

The time course for the effects of ketamine, (2R,6R)-HNK, and (2S,6S)-HNK on the hot
plate showed different patterns of antinociceptive response (Figure 1; time x treatment
interaction F(20, 450) = 10.60, P < 0.0001). The groups were analyzed together and shown in
separated graphs for clarity, with the same saline groups shown in both. Mice that received
(2R,6R)-HNK at 10 mg/kg demonstrated increased latency to respond to the heat stimulus 24
hours following injection compared to saline (Figure 1B, P = 0.0087). Ketamine produced short-
lived antinociception with response latencies increasing significantly only at 10 minutes (Figure
1A, P = 0.0003 for 10 mg/kg and P = 0.0008 for 30 mg/kg). In contrast, (2S,6S)-HNK did not
increase the response latency at any time point (Figure 1B). The same data are shown as
%MPE in Supplementary Figure 1.

An additional experiment compared the time course for (2R,6R)-HNK in male and female
mice. The results of this experiment confirmed that (2R,6R)-HNK increased latency to respond
for both male (Figure 2A; P = 0.0149) and female (Figure 2B; P = 0.0203) mice 24 hours
following treatment when compared to saline control (males: time x treatment interaction F(4,
232) = 4.28, P = 0.0023; females: time x treatment interaction F(4, 280) = 3.884, P = 0.0044).
The results of the time-course experiment indicate the onset of (2R,6R)-HNK's delayed

antinociception to be between 10- and 24-hours following administration. A three-way ANOVA
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of the male and female data, excluding the baseline measurement, revealed a sex effect (F(1,
62)=5.216, P = 0.0258). However, the post-hoc analysis revealed no significant sex differences
at the same treatment and time. The same data are shown as %MPE in Supplementary Figure

1.

The response on the hot plate was evaluated at quarter log scale doses of (2R,6R)-HNK
24 hours after administration and revealed an inverted U-shaped dose response curve for both
males (Figure 2C; F(7, 76) = 4.986, P = 0.0001) and females (Figure 2D; F(6, 110)=4.971, P =
0.0002). Specifically, males exhibited increased latencies to doses of 10 mg/kg (P = 0.0004)
and 18 mg/kg (P = 0.0010). Females displayed increases in latency to (2R,6R)-HNK at doses of
10 mg/kg (P = 0.0028), 18 mg/kg (P = 0.0262) and 32 mg/kg (P = 0.0049). (2R,6R)-HNK at a
dose of 30 mg/kg was also tested at 10 minutes, 1, and 4 hours (data not shown) but did not
increase latency to respond to the hotplate at any measured time. Additional examination is
required to determine if even higher doses of (2R,6R)-HNK can reduce the onset of its

antinociception effect.

AMPA but not opioid receptors are involved in the initiation and expression of the
antinociceptive effects of (2R,6R)-HNK

The effect of AMPAR blockade on the initiation of (2R,6R)-HNK antinociception was
tested by administering NBQX 30 minutes before injection. Pretreatment with NBQX (10 mg/kg)
blocked the (2R,6R)-HNK generated hot plate effect when tested 24 hours post-injection
(Figure 3A; pretreatment x treatment interaction, F(1, 58) = 4.592, P = 0.0363, saline/saline vs.
saline/HNK P = 0.0015, saline/HNK vs. NBQX/HNK P = 0.0491). The effect of AMPAR blockade
on the expression of (2R,6R)-HNK antinociception was tested by administering NBQX 24 hours
following treatment and 30 minutes before testing. NBQX given at this time also blocked the
(2R,6R)-HNK mediated increase in latency to respond to the hot plate (Figure 3C; treatment x

post-treatment interaction, F(1, 43) = 4.972, P = 0.0310, saline/saline vs. HNK/saline P =
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0.0077, HNK/saline vs. HNK/NBQX P = 0.0496). Altogether, these data suggest both the
initiation and expression of the delayed antinociception effect of (2R,6R)-HNK is dependent on
the interaction between (2R,6R)-HNK and AMPAR.

The nonselective opioid receptor antagonist naltrexone (1 mg/kg) was used to test the
involvement of opioid receptors in the initiation and expression of (2R,6R)-HNK (10 mg/kg)
antinociception. Administration of the naltrexone 30 minutes before (2R,6R)-HNK treatment had
no impact on the initiation of antinociception produced by (2R,6R)-HNK when measured 24
hours after treatment (Figure 3B; HNK/saline treatment effect F(1, 44) = 9.364, P = 0.0038,
pretreatment x treatment interaction F(1, 44) = 0.01805, P = 0.8937). Similarly, the
administration of naltrexone 24 hours after (2R,6R)-HNK treatment and 30 minutes before hot
plate testing failed to alter the expression of (2R,6R)-HNK antinociception (Figure 3D; HNK
treatment effect, F(1, 44) = 13.93, P = 0.0005, HNK treatment x naltrexone administration
interaction F(1, 44) = 0.9235, P = 0.3418). These data suggest that any potential interaction
(2R,6R)-HNK may have with opioid receptors had no impact on its mediation of antinociception
at the initiation of the delayed effect or its expression 24 hours later.

Pretreatment with either saline, NBQX, or naltrexone 30 minutes before ketamine
injection was used to test the involvement of AMPA and opioid receptors in the antinociceptive
effect of ketamine (10 mg/kg) (Figure 3E; pretreatment x ketamine treatment interaction, F(2,
54)=4.634, P = 0.0139). AMPAR antagonism with NBQX had no impact on ketamine-mediated
antinociception (P = 0.9763). In contrast, naltrexone pretreatment reversed ketamine mediated
antinociception (saline/ketamine vs naltrexone/ketamine P = 0.0072). These results suggests

that the mechanism for ketamine's antinociception differs from that of (2R,6R)-HNK.

(2R,6R)-HNK reversed mechanical allodynia in SNI treated mice with a longer duration of

effect than gabapentin
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Two doses of (2R,6R)-HNK (10 and 30 mg/kg) were compared with two doses of
gabapentin (10 and 30 mg/kg) for reversal of mechanical allodynia in an SNI model of
neuropathic pain. All of the animals exhibited a significantly lower threshold to respond to
mechanical stimulation on day 11 after SNI surgery compared to their corresponding baseline
values (data not shown, average baseline before surgery for all groups was 4.3 + 1.10 g f),
indicating the presence of mechanical allodynia. There was no significant difference between
groups at time 0 (day 11) before treatment. The mice were treated once daily for three days.
Mechanosensitivity testing was repeated 4 and 24 hours following the first treatment and again
24 hours following the third treatment (Figure 4A). Analysis of the results revealed a time x
treatment interaction (F(12, 129) = 6.211, P < 0.0001). (2R,6R)-HNK reversed hypersensitivity
associated with the SNI condition 4 hours after administration (Figure 4B, P = 0.0003 for 10
mg/kg and P < 0.0001 for 30 mg/kg). (2R,6R)-HNK’s allodynia-reversing effect persisted for
greater than 24 hours after a single dose (P < 0.0001 for 10 mg/kg and P < 0.0001 for 30
mg/kg) and was still present 24 hours following the third treatment (P = 0.0023 for 10 mg/kg and
P < 0.0001 for 30 mg/kg). Both doses of gabapentin reversed the hypersensitivity when tested 4
hours after treatment (P = 0.0005 for 10 mg/kg and P < 0.0001 for 30 mg/kg). However,
gabapentin failed to maintain a reversal of mechanical allodynia 24 hours following the first or

even third drug treatment.

(2R,6R)-HNK did not impair gait or induce loss of motor coordination, unlike ketamine

Male mice underwent gait analysis 10 minutes following treatment with either ketamine
at doses of 10 mg/kg and 30 mg/kg or (2R,6R)-HNK at doses of 10 mg/kg and 50 mg/kg. The
animals' gait characteristics were compared to animals that received saline injections. Animals
receiving ketamine exhibited dose-dependent alterations in fore and hind paw gait parameters,
including brake/stride ratio, propel/stride ratio, paw area variability at peak stance, propel

duration, and brake duration (Table 1). These gait alterations, taken altogether, reflect a
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reduction in motor coordination. In contrast, animals receiving (2R,6R)-HNK did not exhibit
significant changes in any of these parameters even at 50 mg/kg, which is five times greater

than the dose needed to produce antinociception or analgesia.

Discussion

In this study, the ketamine metabolite (2R,6R)-HNK produced an increase in the
threshold for healthy mice to respond to a painful heat stimulus (Figure 1 and 2) and reversed
SNI induced mechanical allodynia (Figure 4). Antinociception on the hot plate was produced in
healthy animals without a pre-existing pain condition and is a standard screen for analgesic
drugs (Piercey and Schroeder, 1981). Ketamine showed some key differences from (2R,6R)-
HNK. Ketamine-mediated antinociception was rapid (onset < 10 minutes) and lasted less than 1
hour. In contrast, (2R,6R)-HNK produced delayed antinociception measured 24 hours after
injection when the drug has already been eliminated from the body (Zanos et al., 2016).
Moreover, the pain-reducing effects of ketamine were mediated partially through opioid
receptors, while those of (2R,6R)-HNK were AMPAR dependent and opioid-receptor
independent (Figure 3). The persistent duration of (2R,6R)-HNK analgesia was also seen in
effects measured with the SNI model. (2R,6R)-HNK produced an acute and prolonged increase
in threshold to respond to mechanical stimulation with a duration of action exceeding that of

gabapentin, a drug used to treat neuropathic pain, even after repeated dosing.
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An earlier publication demonstrated that (2R,6R)-HNK could reverse mechanical
allodynia associated with acute and chronic pain conditions in mice (Kroin et al., 2019). The
reduction in mechanical allodynia was evident as early as within 1 hour, persisted for 24 hours
after a single administration, and continued even up to 72 hours after once-daily repeated
administration. The onset of the antinociception by (2R,6R)-HNK described in this study
occurred between 10 and 24 hours. Still, it was active beyond the expected physical presence
of the drug, considering the half-life of (2R,6R)-HNK in the brain is approximately 1 hour (Zanos
et al., 2016), and plasma half-life is 0.2-0.8 hours in mice (Highland et al., 2019). These data
suggest that persistent changes in neuroplasticity, presently unidentified, induced by (2R,6R)-

HNK may underlie the protracted antinociception effect.

(2S,6S)-HNK is another ketamine metabolite receiving attention for its potential role in
ketamine's antidepressant behavioral effects. This metabolite would be derived in racemic form
from RS-ketamine or selectively from S-ketamine, an antidepressant approved by the FDA in
the form of a nasal spray (Spravato®). Several studies have found that (2R,6R)-HNK was more
potent and effective than (2S,6S)-HNK on tests in rodents for antidepressant activity (Zanos et
al., 2016; for review, see Highland et al., 2021). However, a recent study demonstrated that
(2S,6S)-HNK, and not (2R,6R)-HNK, effectively reversed depression-like behavior in a
corticosterone-induced mouse model of depression (Yokoyama et al., 2020). In these
experiments, (2S,6S)-HNK at doses of 10 mg/kg (Figure 1B) and 30 mg/kg (data not shown)
did not produce antinociception. Although additional doses could be tested, (2S,6S)-HNK did
not appear to produce the analgesia-like effects produced by (2R,6R)-HNK and racemic

ketamine.

This study is the first to investigate a dose-response relationship for (2R,6R)-HNK
mediated reduction of pain behavior. The inverted U-shaped dose response for antinociception

was consistent between male and female mice. (2R,6R)-HNK also showed an inverted U-
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shaped dose-response to reduce escape failures in an inescapable shock paradigm (Zanos et
al., 2019). The loss of antinociception as the (2R,6R)-HNK dose increased to and above 30
mg/kg in this study does not likely reflect behavioral competition because (2R,6R)-HNK does
not alter motor coordination or locomotor activity (Zanos et al., 2016). Instead, the descending
limb may reflect competing downstream effects of (2R,6R)-HNK at higher doses that are yet
unidentified. Interestingly, some of ketamine's behavioral and cellular therapeutic effects have
also shown an inverted U-shaped dose response. Ketamine induced mTOR activation in the rat

prefrontal cortex at moderate doses, while low or high doses produced no effect (Li et al., 2010).

The mechanism underlying the initiation of delayed antinociception of (2R,6R)-HNK was
investigated using antagonists for AMPA and opioid receptors. (2R,6R)-HNK has been reported
to increase AMPAR dependent synaptic transmission by increasing glutamate release and
AMPAR expression (Zanos et al., 2016; Pham et al., 2018). AMPAR antagonism with NBQX
has been shown to prevent the sustained antidepression-like effects in mice by ketamine and
(2R,6R)-HNK 24 hours after injection (Koike and Chaki, 2014; Zanos et al., 2016),
demonstrating that some persistent behavioral effects of these drugs appear to be mediated by
the AMPAR. AMPAR glutamatergic signaling also is known to play a vital role in pain
transmission. Correlations have been identified between increased AMPAR subunit composition
within the anterior cingulate cortex and the facilitation of pain signal transmission (Xu et al.,
2008) as well as AMPAR subunit expression in the spinal cord and a stress-induced transition
from acute to chronic pain (Li et al., 2014). AMPARs have also been implicated in pain-
reduction in rodents, where AMPAR positive allosteric modulators (AMPAkines) reduced
mechanical allodynia in rats with induced neuropathic and inflammatory type pains (Le et al.,
2014). The ability of NBQX to block the behavioral expression of (2R,6R)-HNK antinociception
24 hours after injection is consistent with (2R,6R)-HNK producing a persistent increase in

AMPAR signal transmission (Zanos et al., 2016; Pham et al., 2018). The results of this study
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suggest that (2R,6R)-HNK induced antinociception requires AMPA receptor activation in both
the initiation and expression of the delayed antinociceptive effect. This aligns with previous data
where AMPAR blockade inhibited (2R,6R)-HNK mediated behavioral effects in rodent models of
stress and increased gamma power measured via quantitative electroencephalography (Zanos

et al., 2016).

The involvement of opioid receptors has also been implicated in ketamine's
antidepressant effects. Pretreatment with the nonselective opioid receptor antagonist naltrexone
blocked improvements in depression scores associated with ketamine infusion therapy in
humans (Williams et al., 2018), signifying the acute antidepressant effects of ketamine are at
least partially dependent upon opioid receptor activation. Opioid receptor antagonism has also
been shown to block the antinociceptive effects of ketamine on the tail-flick test in mice
(Pacheco et al., 2014). In this study, ketamine antinociception was also blocked by naltrexone
pretreatment but not AMPAR antagonism. In contrast, (2R,6R)-HNK antinociception was not
blocked by naltrexone pretreatment while AMPAR antagonism blocked the antinociception,
signifying that the drugs use different mechanisms to induce pain reduction effects. These
results align with previous data where naltrexone did not block (2R,6R)-HNK mediated reversal

of mechanical allodynia in a model of postoperative pain (Kroin et al., 2019).

Kroin et al. (2019) demonstrated that (2R,6R)-HNK 10 mg/kg reversed mechanical
allodynia associated with a model of neuropathic pain in female mice. (2R,6R)-HNK's allodynia-
reversing effect was confirmed in male SNI treated mice using multiple doses and compared the
results to gabapentin treatment (Figure 4). Acutely, (2R,6R)-HNK reversed the allodynia 4
hours after administration at 10 and 30 mg/kg. The onset of analgesia for (2R,6R)-HNK in the
SNI model was more rapid than the antinociceptive effects in healthy animals and may reflect
changes in behavioral sensitivity when testing in the presence of spontaneous pain.

Nevertheless, (2R,6R)-HNK demonstrated a sustained analgesic effect 24 hours after
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treatment, whereas gabapentin did not. Although similar to gabapentin when tested at 4 hours,
the effects of (2R,6R)-HNK persisted longer than gabapentin following cessation of a once-daily
for three days dosing regimen, indicating that (2R,6R)-HNK exerts a longer duration of effect
compared to gabapentin and is not subject to tolerance under these conditions. Additional
research is needed to examine whether (2R,6R)-HNK's allodynia reversing effect in this model

of neuropathic pain, or other pain models, is dependent on AMPAR.

Identifying novel analgesics that lack the side effects common with opioids and ketamine
is critical to identifying more effective long-term pain treatments. Ketamine induces transient
alterations in motor coordination (Irifune et al., 1995; Razoux et al., 2007), produces dissociative
cognition, and demonstrates considerable abuse potential. Careful assessment of motor
impairment can differentiate between actual analgesia behavior and analgesia masked by motor
dysfunction. Here treatment-induced motor impairment following ketamine or (2R,6R)-HNK
administration was evaluated by analyzing a sensitive computerized assay of gait
characteristics. Treadmill videography has been used preclinically to measure spatiotemporal
gait alterations resulting from pathological conditions (Berryman et al., 2009; Zhan et al., 2019;
Kwok et al., 2020) and may be sensitive enough to identify gait alterations even before the
impairment becomes clinically significant. Subsequent analysis identified ketamine-induced
dystaxia in several gait parameters (Table 1). (2R,6R)-HNK did not produce changes in gait,
even at doses considerably higher than required to achieve a pain reduction-like effect. Based
on the present and published data, (2R,6R)-HNK is unlikely to induce motor incoordination,
impair sensorimotor gaiting, or possess rewarding effects (Zanos et al., 2016; Lilius et al.,

2018).

In conclusion, these data indicate that (2R,6R)-HNK can produce antinociception and
analgesia in animals, with a duration of action that exceeds its physical presence. (2R,6R)-HNK

likely initiates and sustains this effect through persistent activation of AMPAR, a different
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mechanism than other common pain therapeutics. In addition, (2R,6R)-HNK does not produce
the side effects that limit the clinical utility of other strong analgesic medications. Further
investigation into the mechanism underlying (2R,6R)-HNK's antinociceptive effects and
exploration of its efficacy in different pain conditions may prove valuable towards developing
novel therapeutics for treating pain conditions and discerning pathophysiological alterations that

may be normalized by (2R,6R)-HNK treatment in spontaneous pain conditions.
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Figure Legends

Figure 1. (2R,6R)-HNK produced delayed antinociception (Panel B), while ketamine produced
rapid and short-lived antinociception (Panel A). (2S,6S)-HNK did not produce antinociception at
any time point (Panel B). The data were analyzed together using a repeated measures two-way
ANOVA but are shown in two separate graphs for clarity. The error bars represent group means
+ S.D. Comparisons are made between drug/dose and saline at the same time point: ** P <
0.01, ** P < 0.001. N = 20 for saline control, N = 21 for ketamine 10 mg/kg, N = 10 for ketamine

30 mg/kg, N = 22 for both HNK groups.

Figure 2. Male (Panel A) and female (Panel B) time course for latency to respond to hot plate
stimulus following (2R,6R)-HNK 10 mg/kg treatment. Comparisons are made between the
treatment and saline groups at the same time point: * P < 0.05. N = 30 for males and N = 36 for
females. Panel C (males) & Panel D (females) represent the quarter log dose-response for
(2R,6R)-HNK mediated antinociception measured 24 hours after treatment. (2R,6R)-HNK
produced antinociception at doses of 10 and 18 mg/kg in both sexes, while the 32 mg/kg dose
produced antinociception in female mice only. Asterisks indicate significant differences
compared to the saline control. * P < 0.05, ** P < 0.01, ** P < 0.001. N = 10-12 for males, and
N = 17 for females. The error bars represent group means = S.D. For the dose-response
figures, the mean of the saline group is represented by the dashed line while the + S.D. are

represented by dotted lines.

Figure 3. The effects of AMPA receptor antagonism with NBQX (10 mg/kg) or opioid receptor
antagonism with naltrexone (1 mg/kg) on the initiation or expression of antinociception by
(2R,6R)-HNK. The effects of (2R,6R)-HNK (10 mg/kg) were measured 24 hours after injection.
Panel A: The NBQX given 30 minutes before (2R,6R)-HNK treatment blocked the initiation of
(2R,6R)-HNK antinociception. Panel B: Naltrexone given 30 minutes before (2R,6R)-HNK

treatment did not block the initiation of (2R,6R)-HNK antinociception. Panel C: NBQX given 24
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hours following (2R,6R)-HNK treatment blocked the expression of (2R,6R)-HNK mediated
antinociception. Panel D: Naltrexone given 24 hours following (2R,6R)-HNK treatment did not
alter (2R,6R)-HNK antinociception. Panel E: Ketamine (10 mg/kg) mediated antinociception
measured 10 minutes following treatment was unaffected by pretreatment with NBQX (10 mg/kg
given 30 minutes prior) while naltrexone (1 mg/kg given 30 minutes prior) blocked ketamine
antinociception. The error bars represent group means + S.D. Group comparisons are indicated
with horizontal lines. Asterisks represent treatment/saline to saline/saline comparisons: ** P <
0.01, ™ P < 0.001, and *** P < 0.0001. The # symbol represents treatment/NBQX to
treatment/saline comparisons: # P < 0.05, ## P < 0.01, and ### P < 0.001. The @ symbol
represents NBQX/saline compared with NBQX/ketamine: @@@@, P < 0.0001. N = 11-12 for

the (2R,6R)-HNK experiments, N = 10 for the ketamine experiment.

Figure 4. The SNI condition produced mechanical allodynia 11 days after surgery. Time O
represents mechanosensitivity results on day 11 before treatment. Results of a baseline
measurement before surgery demonstrated no significant difference between groups (data not
shown, average baseline before surgery for all groups was 4.3 £ 1.10 g f). Panel A: The
experimental paradigm comprised once-daily treatment for three days and mechanosensitivity
testing before daily treatment. Panel B: (2R,6R)-HNK reversed mechanical allodynia associated
with the neuropathic pain condition within 4 hours of treatment, and the effect persisted for at
least 24 hours. Repeat dosing did not appear to lessen the pain reduction-like effect.
Gabapentin reversed mechanical allodynia 4 hours following treatment but did not produce a
significant effect 24 hours following the first or third treatment. Vertical bars represent the group
means + S.D. Drug doses are compared to saline at the same time point, ** P < 0.01, *** P <
0.001, *** P < 0.0001, N=9-10 (N = 9 for saline and gabapentin 30 mg/kg groups, N = 10 for all

other groups).
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Parameter Treatment Saline 1100;‘“9%? ((ft::ﬁrﬁ;lt()) 5%0;3{("99 (g?rrk}l(ﬁlt()) Treatment effect
Brake/?tride Ketamine Forepaw 26.15+7.35 29.06 + 6.52 34.89+9.27 F(2, 65) = 7.433, P = 0.0012
Ratio (%) Hindpaw 13.35 £ 5.41 17.81 £ 6.56 19.69 £7.43 F(2, 65) = 5.849, P = 0.0046
(2R,6R)-HNK Forepaw 33.44 +6.91 32.92+6.17 30.36 + 7.68 n.s.
Hindpaw 15.36 £ 6.35 16.50 £ 7.59 16.29 + 5.99 n.s.
PropeI/Stride Ketamine Forepaw 43.55+7.13 39.62+7.16 37.09+ 9.91 F(2, 65) = 3.689, P = 0.0304
Ratio (%) Hindpaw 62.92 +7.32 60.46 + 6.61 55.47 + 8.83 F(2, 65) =5.612, P = 0.0056
(2R,6R)-HNK Forepaw 37.88 £ 5.65 36.41+6.36 38.89+5.87 n.s.
Hindpaw 62.00 + 7.98 60.99 + 8.42 61.59 + 6.95 n.s.
Paw Area Ketamine Forepaw 0.026 + 0.008 0.036 + 0.017 0.048 + 0.022 F(2, 65) =9.973, P = 0.0002
\F(:gibsllgynié Hindpaw 0.054 + 0.026 0.057 + 0.025 0.095 + 0.045 F(2, 65) = 10.89, P < 0.0001
(e (2R,6R)-HNK Forepaw 0.036 + 0.021 0.034 £ 0.016 0.031+0.018 n.s.
Hindpaw 0.050 + 0.017 0.048 + 0.023 0.039 +.016 n.s.
Propel Duration ~ Ketamine Forepaw 0.177 £ 0.040 0.175 £ 0.046 0.142 £ 0.048 F(2, 65) = 4.240, P = 0.0186
(seconds) Hindpaw 0.250 + 0.037 0.259 + 0.051 0.224 + 0.052 F(2, 65) = 3.235, P = 0.0458
(2R,6R)-HNK Forepaw 0.147 £ 0.030 0.144 + 0.042 0.151 + 0.025 n.s.
Hindpaw 0.250 + 0.052 0.254 + 0.050 0.253 + 0.051 n.s.
Brake Duration Ketamine Forepaw 0.105 + 0.029 0.127 + 0.031 0.132 + 0.038 F(2, 65) =4.577, P =0.0138
(seconds) Hindpaw 0.053 + 0.024 0.076 + 0.030 0.077 +0.028 F(2, 65) = 5.602, P = 0.0057
(2R,6R)-HNK Forepaw 0.130 + 0.033 0.127 £ 0.026 0.120 + 0.040 n.s.
Hindpaw 0.061 + 0.022 0.067 + 0.029 0.065 + 0.022 n.s.

Table 1. Gait analysis following the administration of ketamine and (2R,6R)-HNK. Computer

analysis of gait form was performed 10 minutes following ketamine or (2R,6R)-HNK injection

and assessed a variety of motor parameters using the DigiGait™ apparatus. The data shown

are group means * SD. Two separate cohorts, one for each medication, testing two doses

against saline control were analyzed using a one-way ANOVA. N = 11-12 for the ketamine

cohort and N = 10 for the (2R,6R)-HNK cohort.
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Supplementary Figure. Data from Figures 1 & 2 displayed as percentage of maximum possible
effect (%MPE), calculated according to the following equation: %MPE = [(latency — baseline
latency) / (cut off time — baseline latency)] x 100. Panel A: Ketamine antinociception as %MPE.
Panel B: (2R,6R)-HNK and (2S,6S)-HNK antinociception as %MPE. (2R,6R)-HNK
antinociception in male mice (Panel C) compared to that of female mice (Panel D) expressed as

%MPE. Results of the two-way ANOVA for panels A & B are as follows: Treatment — F(4, 90) =



4.606, P = 0.0020. Time — F(3.6, 321.9) = 8.378, P < 0.0001. Time x Treatment — F(16, 360) =
10.96, P < 0.0001. Results of the two-way ANOVA for male mice are as follows: Treatment — F(1,
58) =3.121, P = 0.0825. Time — F(2.9, 168.3) = 4.779, P = 0.0035. Time x Treatment — F(3, 174)
=4.499, P =0.0046. Results of the two-way ANOVA for female mice are as follows: Treatment
- F(1, 70) = 8.886, P = 0.0039. Time — F(2.7, 188.4) = 13.07, P < 0.0001. Time x Treatment —

F(3,210)=3.381, P =0.0192.
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