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A B S T R A C T   

Despite the thousands of lives lost during the ongoing opioid crisis, a scarcity of new and effective clinical 
treatments for opioid use disorder (OUD) remains. To address this unmet need, some researchers have turned to 
dissociative and psychedelic drugs to treat multiple psychiatric conditions. In particular, low doses of ketamine 
have been shown to attenuate opioid withdrawal and drug use in clinical and preclinical studies. However, 
ketamine has misuse liability and dissociative side effects that may limit its widespread application as a treat-
ment for OUD. More recently, (2R,6R)-hydroxynorketamine (HNK), a ketamine metabolite that lacks misuse 
potential, has gained attention for its effectiveness in depression and stress models. To uncover its role in OUD, 
we tested the time-dependent effects of (2R,6R)-HNK on oxycodone withdrawal and reinstatement of oxycodone 
conditioned place preference (CPP). In male and female oxycodone-dependent mice, we found that 24 h pre-
treatment with (2R,6R)-HNK (10 or 30 mg/kg, s.c.) reduced the frequency of withdrawal-like behaviors and 
global withdrawal scores during naloxone-precipitated withdrawal, whereas 1 h pretreatment with (2R,6R)-HNK 
only reduced paw tremors and the sum of global withdrawal scores but not GWS Z-scores. In other experiments, 
both 1 h and 24 h pretreatment with (2R,6R)-HNK (30 mg/kg, s.c.) blocked drug-induced reinstatement of 
oxycodone CPP. Finally, we found (2R,6R)-HNK (30 mg/kg, sc) had no effect on locomotor activity and thig-
motaxis. Together, these results indicate that acute (2R,6R)-HNK has efficacy in some preclinical models of OUD 
without producing locomotor or anxiety-like side effects.   

1. Introduction 

Misuse of prescription opioids has played a significant role in the 
ongoing opioid crisis and opioid-related overdose deaths (Centers for 
Disease Control and Prevention, 2023; U.S. Department of Health and 
Human Services, 2015). For example, between 1991 and 2007, pre-
scriptions for oxycodone, a semi-synthetic mu-opioid receptor agonist, 
increased by 850%, which correlated to a significant increase in 
opioid-related deaths (Dhalla et al., 2009). Despite interventions to 
restrict prescription opioid access, illicit opioid use is projected to rise by 
61% between 2015 and 2025 (Chen et al., 2019). Although 
FDA-approved treatments for opioid use disorder (OUD) are available, 
the majority of patients seeking treatment for OUD return to use within 
the first six months of abstinence (Gandhi et al., 2003; Sinha, 2011). 
Thus, more effective treatments are clearly needed to blunt the opioid 
crisis and reduce misuse and overdose mortalities. 

Growing evidence supports a potential role of ketamine, a dissociative 
anesthetic, in the treatment of multiple psychiatric disorders, including 

refractory depression (McIntyre et al., 2021; Hashimoto, 2019), 
post-traumatic stress disorder (PTSD) (Albott et al., 2018; Feder et al., 
2014; Hartberg et al., 2018), and substance use disorders (SUD) (Krupitsky 
et al., 2002, 2007; Jovaisa et al., 2006; Dakwar et al., 2019). Although 
ketamine is classically defined as a non-competitive N-methyl-D-aspartate 
(NMDA) receptor antagonist, it has multiple downstream effects on 
neuroplasticity-associated targets including brain-derived neurotrophic 
factor (BDNF), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors, and mammalian target of rapamycin (mTOR) (Sleigh 
et al., 2014; Ivan Ezquerra-Romano et al., 2018), all of which likely play 
key roles in its therapeutic response. As a potential treatment for OUD, 
low-dose ketamine has been shown to reduce opioid-seeking behaviors 
and withdrawal symptoms in clinical and preclinical studies (Krupitsky 
et al., 2002; Jovaisa et al., 2006; Witkin et al., 2020; McKendrick et al., 
2020; Hailozian et al., 2022). Despite these promising results, ketamine 
therapy for OUD may have some limitations due to its misuse liability and 
other undesirable side effects (Liu et al., 2016; Trujillo et al., 2011; 
Sassano-Higgins et al., 2016). 

* Correspondence to: Department of Pharmaceutical Sciences, University of Connecticut, 69 N. Eagleville Road, Storrs, CT 06269, United States. 
E-mail address: Gregory.sartor@uconn.edu (G.C. Sartor).  

Contents lists available at ScienceDirect 

Drug and Alcohol Dependence 

journal homepage: www.elsevier.com/locate/drugalcdep 

https://doi.org/10.1016/j.drugalcdep.2023.110987 
Received 23 May 2023; Received in revised form 13 September 2023; Accepted 30 September 2023   

mailto:Gregory.sartor@uconn.edu
www.sciencedirect.com/science/journal/03768716
https://www.elsevier.com/locate/drugalcdep
https://doi.org/10.1016/j.drugalcdep.2023.110987
https://doi.org/10.1016/j.drugalcdep.2023.110987
https://doi.org/10.1016/j.drugalcdep.2023.110987


Drug and Alcohol Dependence 253 (2023) 110987

2

(2R,6R)-hydroxynorketamine (HNK) is a secondary metabolite of 
ketamine, and new evidence indicates that it plays a critical role in the 
long-lasting therapeutic response of ketamine (Pham et al., 2018; Zanos 
et al., 2016). When directly administered in rodents, (2R,6R)-HNK was 
found to reduce depression- and PTSD-like behaviors in preclinical 
models (Elmer et al., 2020; Zanos et al., 2018; Chen et al., 2020), but 
unlike ketamine, (2R,6R)-HNK did not have side effects or misuse lia-
bility (Zanos et al., 2018; Pham et al., 2018; Bonaventura et al., 2022). 
Despite having little to no binding at the NMDA receptor, (Bonaventura 
et al., 2022; Zanos et al., 2016), (2R,6R)-HNK produces similar down-
stream effects as sub-anesthetic doses of ketamine. For instance, several 
studies have demonstrated that (2R,6R)-HNK enhances neurogenesis, 
neuroplasticity, and synaptogenesis through stimulatory effects on 
BDNF-TrkB signaling, mTOR signaling, and/or AMPA receptor activity 
(Ju et al., 2022; Zanos et al., 2016; Lumsden et al., 2019). Given that 
(2R,6R)-HNK has similar efficacy as ketamine in some preclinical 
models, (2R,6R)-HNK may be an alternative, safer treatment approach 
for psychiatric disorders, including OUD. 

In the current experiments, we examined time-dependent effects of 
(2R,6R)-HNK on opioid withdrawal and seeking behavior. To investi-
gate (2R,6R)-HNK’s effects on withdrawal, we utilized an escalating 
dose model of oxycodone administration followed by naloxone- 
precipitated withdrawal that has previously been demonstrated to reli-
ably induce physical dependence and withdrawal-like symptoms (Enga 
et al., 2016; Carper et al., 2021). In other experiments, we investigated 
the effects of (2R,6R)-HNK on reinstatement of oxycodone conditioned 
place preference and open field behavior. Together, these initial ex-
periments demonstrate the efficacy of (2R,6R)-HNK in animal models of 
OUD and open the door for future experiments to investigate the 
behavioral and molecular effects of (2R,6R)-HNK in advanced models of 
OUD, including drug self-administration procedures. 

2. Materials and methods 

2.1. Drugs 

Oxycodone hydrochloride (MilliporeSigma) was dissolved in 0.9% 
sterile saline and administered subcutaneously (s.c.) at the concentra-
tions described below. Naloxone hydrochloride (Tocris) was dissolved in 
0.9% sterile saline and injected subcutaneously (10 mg/kg, s.c.). 
(2R,6R)-hydroxynorketamine (MilliporeSigma) was dissolved in 0.9% 
sterile saline and injected subcutaneously (10 or 30 mg/kg, s.c.). Injec-
tion volumes for all treatments were approximately 0.1 ml. 

2.2. Animals 

Male and female C57BL6 mice (8–10 weeks old; Charles River Lab-
oratories) were housed 4 mice per cage under a reverse 12 h/12 h light/ 
dark cycle and given ad libitum access to food and water. An equal 
number of male and female mice were used in every experiment. 
Different mice were used for each experiment. Mice were housed in a 
temperature-controlled AAALAC-accredited animal facility at the Uni-
versity of Connecticut and allowed to acclimate to the facility for at least 
one week prior to experimentation. All procedures were approved by the 
Institutional Animal Care and Use Committee of the University of Con-
necticut and performed in accordance with guidelines established by the 
U.S. Public Health Service Policy on Humane Care and Use of Laboratory 
Animals. 

2.3. Drug administration 

Oxycodone was administered using a dosing regimen previously 
described to induce oxycodone dependence in mice (Enga et al., 2016; 
Carper et al., 2021). Briefly, male and female mice (equal number of 
males and females per group) were injected for eight days with 
increasing doses of oxycodone (9, 17.8, 23,7, and 33 mg/kg, s.c. twice 

daily on days 1–2, 3–4, 5–6, and 7–8, respectively). During the 8 days of 
injections, oxycodone or saline was administered at 9 AM and 3 PM each 
day. One hour or 24 h before the withdrawal test (described below), 
mice received a subcutaneous injection of saline (n = 16), 10 mg/kg, s.c. 
of (2R,6R)-HNK (n = 16), or 30 mg/kg, s.c. of (2R,6R)-HNK (n = 16). 
The dose range of (2R,6R)-HNK (10–30 mg/kg) was chosen based on 
previous experiments that have demonstrated efficacy at these doses 
(Yost et al., 2022; Elmer et al., 2020; Yao et al., 2018; Bonaventura et al., 
2022; Zanos et al., 2018). The 1 h and 24 h timepoints were chosen 
based on previous behavioral studies that have observed therapeutic 
effects of (2R,6R)-HNK within this timeframe (Zanos et al., 2016, 2018; 
Elmer et al., 2020). 

2.4. Naloxone-induced precipitated withdrawal 

To precipitate withdrawal, mice were injected with naloxone 
(10 mg/kg, s.c.) on day 10, 1 h or 24 h after the vehicle or (2R,6R)-HNK 
treatment. Immediately following the naloxone injection, mice were 
placed individually in a clear plexiglass box, and their behavior was 
video recorded for 30 min. Videos of the mice were scored individually 
for somatic symptoms of withdrawal including the number of paw 
tremors, rearing, grooming, jumps, writhing, and hind limb scratching 
using methods previously described (Mori et al., 2013, 2022). The sum 
of the somatic signs of withdrawal was used to calculate the global 
withdrawal score. Also, to account for the varying frequencies of each 
withdrawal-like behavior, Z-scoring was used as a method of standard-
ization global withdrawal scores, as previously described (Bravo et al., 
2021). Behavioral scoring was conducted by an experienced and trained 
researcher that was blinded to treatment conditions. 

2.5. Conditioned place preference (CPP) 

The CPP apparatus (Med Associates Inc.) consisted of two compart-
ments with black walls and grid rod-style floors on one side and white 
walls and mesh-style floors on the other side. The sides were separated 
by a divider containing a small door that could be opened or closed 
during testing and conditioning, respectively. In the drug-free pre-test, 
the partition door was opened, and mice were allowed to freely explore 
both sides of the chamber for 15 min. The time spent on each side of the 
CPP chamber was automatically recorded by infrared photobeam de-
tectors. Mice that exhibited a strong bias for one side of the chamber 
during the pretest (>65% of time spent on one side) were excluded from 
further testing. For the next three consecutive days, mice were condi-
tioned as previously described (Singh et al., 2022; Babigian et al., 2022; 
Sartor et al., 2016, 2015). During the 30-min conditioning sessions, one 
side of the chamber was paired with a subcutaneous saline injection and 
the other side was paired with an oxycodone injection (3 mg/kg, s.c.). 
Conditioning occurred in morning and afternoon sessions in a counter-
balanced design (at least 6 h apart). One day after the last conditioning 
session, mice received a drug-free CPP test where they had free access to 
each side of the chamber. The preference score was calculated by sub-
tracting the time spent on the oxycodone-paired side during the post-test 
from the time spent on the same side during the pre-test. One female 
mouse did not exhibit a preference for the oxycodone-paired side on test 
day and was excluded from further testing (Fig. 5). For extinction, mice 
were passively extinguished by giving a drug-free CPP test each day until 
preference scores were reduced by at least 50% (relative to their initial 
preference) for two consecutive days, as previously described (Sartor 
et al., 2016). Treatment groups were assigned such that there was no 
difference in initial preference score and number of extinction days 
between treatment groups. In oxycodone-primed reinstatement tests, 
(2R,6R)-HNK (30 mg/kg, s.c.) or saline was administered 1 h or 24 h 
before the oxycodone-primed reinstatement test. To reinstate the place 
preference, oxycodone (1 mg/kg, s.c.) was injected immediately before 
the reinstatement CPP test. 
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2.6. Open field 

The open field apparatus consists of a 46 cm×46 cm chamber with 
opaque gray walls (40 cm high). One hour after a saline or (2R,6R)-HNK 
(30 mg/kg, s.c.) injection, each mouse was placed in the middle of the 
chamber and allowed to freely explore the environment for 30 min while 
being recorded by an overhead camera, as previously described (Singh 
et al., 2022) (n = 6 males and 6 females per treatment group). Here, we 
focus on 1 h pretreatment with (2R,6R)-HNK as a previous study found 
that 24 h pretreatment had no effect on locomotor activity (Bonaventura 
et al., 2022). EthoVision video tracking software was used to quantify 
time spent in the inner and outer zones, as well as distance traveled. 
Between each trial, the apparatus was thoroughly cleaned with 70% 
ethanol. 

2.7. Data analysis 

Statistical analyses were performed with GraphPad Prism 7.0 soft-
ware. A Student’s t-test was used to compare locomotor activity between 
saline and (2R,6R)-HNK treated mice. One-way analysis of variance 
(ANOVA) was used to evaluate differences between treatment condi-
tions for withdrawal scores. Two-way ANOVA was used to evaluate sex- 
dependent effects for withdrawal scores, CPP scores, and open field 
behavior. For ANOVA tests, when a significant F value was obtained, 
post hoc comparisons were performed using Bonferroni correction. All 
data are expressed as means ± SEM and the level of significance was set 
to P < 0.05. 

3. Results 

3.1. The effects of (2R,6R)-HNK on naloxone-induced precipitated 
withdrawal 

In Fig. 1, oxycodone-dependent mice were treated with saline or 
(2R,6R)-HNK (10 or 30 mg/kg, s.c.) 1 h before the naloxone-induced 
withdrawal test. A one-way ANOVA showed a significant main effect 
in paw tremors (F (2, 45) = 13.16, P < 0.0001) (Fig. 1A). Bonferroni post 
hoc analysis revealed that (2R,6R)-HNK significantly decreased fre-
quency of paw tremors at 10 mg/kg, s.c. (P = 0.0001) and 30 mg/kg, s.c. 
(P = 0.0002) when compared to saline. In contrast, 1 h pretreatment 
with (2R,6R)-HNK did not alter rearing (F (2, 45) = 0.2952, P = 0.7458, 
Fig. 1B), grooming (F (2, 45) = 1.875, P = 0.1651, Fig. 1C), jumps (F (2, 45) 
= 0.331, P = 0.7199, Fig. 1D), hind limb scratching (F (2, 45) = 2.721, P 
= 0.0767, Fig. 1E), or writhing (F (2, 45) = 1.568, P = 0.2197, Fig. 1F) 
when compared to saline. Additionally, no sex-dependent effects in paw 
tremors (F (1, 42) = 1.548, P = 0.2203), jumps (F (1, 42) = 2.735, P =
0.1056), rearing (F (1, 42) = 3.542, P = 0.0668), hind-limb scratching (F 
(1, 42) = 2.040, P = 0.1606), writhing (F (1, 42) = 0.6512, P = 0.4242), or 
grooming (F (1, 42) = 1.438, P = 0.2372) were observed (data not 
shown). 

In Fig. 2, global withdrawal scores (GWS) were calculated in the mice 
treated with saline or (2R,6R)-HNK (10 or 30 mg/kg, s.c.) 1 h before the 
naloxone-induced withdrawal test. A one-way ANOVA revealed a sig-
nificant main effect of GWS (F (2, 45) = 5.13, P = 0.0098, Fig. 2A). 
Bonferroni post hoc analysis indicated that GWS was significantly 
reduced by 10 mg/kg, s.c. (P = 0.0208) and 30 mg/kg, s.c. of (2R,6R)- 
HNK (P = 0.0281) compared to the saline group. No significant differ-
ence in GWS was observed between 10 and 30 mg/kg, s.c. of (2R,6R)- 
HNK (P > 0.05). To account for the varying frequencies of each indi-
vidual behavior, Z-scoring was used as a method of standardization. Z- 
score reports values as a number of standard deviations each individual 
animal’s score falls from a mean of observed scores for each behavior 
(Bravo et al., 2021). One-way ANOVA revealed that (2R,6R)-HNK, when 
administered 1 h prior to naloxone-precipitated withdrawal, had no 
significant effect on GWS Z-scores (F (2, 45) = 0.639, P = 0.5325, Fig. 2B). 
A two-way ANOVA showed no sex-dependent treatment effects in global 

withdrawal scores (P values > 0.05, data not shown). 
In Fig. 3, a different group of oxycodone-dependent mice were 

treated with saline or (2R,6R)-HNK (10 or 30 mg/kg, s.c.) 24 h before 
the naloxone-induced withdrawal test. A one-way ANOVA showed a 
significant main effect in paw tremors (F(2, 45) = 8.304; P = 0.0009) 
(Fig. 3A), rearing (F(2, 45) = 5.239; P = 0.0090) (Fig. 3B), grooming (F(2, 

45) = 9.332; P = 0.0004) (Fig. 3C), and jumps (F(2, 45) = 3.449; P =
0.0404) (Fig. 3D). Bonferroni post hoc analysis revealed that (2R,6R)- 
HNK significantly decreased frequency of paw tremors at 30 mg/kg, s.c. 
(P = 0.0006) (Fig. 3A) and grooming at 10 mg/kg, s.c. (P = 0.0002) and 
30 mg/kg, s.c. (P = 0.0004) (Fig. 3C), but no significant effect between 
groups for jumps was observed in post hoc analysis (Fig. 3D). Compared 
to saline, rearing was significantly reduced in mice receiving a 10 mg/ 
kg, s.c. dose of (2R,6R)-HNK (P = 0.0299) but not 30 mg/kg, s.c. (P >
0.05) (Fig. 3B). Although there was a decreasing trend in (2R,6R)-HNK 
treated mice, no significant effects were observed for hind limb 
scratching (F (2, 45) = 1.0, P = 0.3758, Fig. 3E) or writhing (F (2, 45) =

3.155, P = 0.0522, Fig. 3F). One saline mouse under writhing (Fig. 3F) 
was identified as a significant outlier (Z-score = 3.11, P < 0.05). With 
this mouse removed, a one-way ANOVA indicated a significant main 
effect in writhing (F (2, 44) = 8.768, P = 0.0006), and Bonferroni post-hoc 
test revealed significant differences between 10 mg/kg, s.c. and 30 mg/ 
kg, s.c. of (2R,6R)-HNK (P = 0.002) when compared to saline. In other 
analyses, a two-way ANOVA did not reveal sex-dependent effects in paw 
tremors (F(1, 42) = 0.0314; P = 0.8600), jumps (F(1, 42) = 1.852; P =
0.1808), rearing (F(1, 42) = 0.0137; P = 0.9071), hind-limb scratching 
(F(1, 42) = 0.8469; P = 0.3627), writhing (F(1, 42) = 1.032; P = 0.3154), 
or grooming (F(1, 42) = 0.7504; P = 0.4784) (data not shown). 

In Fig. 4, global withdrawal scores were calculated in mice treated 
with saline or (2R,6R)-HNK (10 or 30 mg/kg, s.c.) 24 h before the 
naloxone-induced withdrawal test. A one-way ANOVA revealed a sig-
nificant main effect in GWS (F(2, 45) = 10.98; P = 0.0001). Bonferroni 
post hoc analysis showed that GWS was significantly reduced by 10 mg/ 
kg, s.c. (P = 0.0002) and 30 mg/kg, s.c. of (2R,6R)-HNK (P = 0.0031) 
compared to the saline group (Fig. 4A). No significant difference in GWS 
was observed between 10 and 30 mg/kg, s.c. of (2R,6R)-HNK (P > 0.05). 
For GWS Z-scores, a one-way ANOVA revealed a significant main effect 
(F(2, 45) = 20.74; P < 0.0001), and in Bonferroni post hoc analysis, GWS 
Z-scores were found to be significantly attenuated by 10 mg/kg, s.c. 
(2R,6R)-HNK (P < 0.0001) and 30 mg/kg, s.c. of (2R,6R)-HNK (P <
0.0001) compared to the saline group (Fig. 4B). No significant difference 
was observed for GWS Z-scores between 10 and 30 mg/kg, s.c. of 
(2R,6R)-HNK (P > 0.05). A two-way ANOVA showed no sex-dependent 
treatment effects in global withdrawal scores (P values > 0.05, data not 
shown). 

3.2. Effects of (2R,6R)-HNK on reinstatement of oxycodone CPP 

Because SUD is defined as a chronic relapsing condition, we sought 
to investigate the effects of (2R,6R)-HNK on the reinstatement of oxy-
codone CPP. After conditioning, mice showed robust expression of 
oxycodone CPP during the initial test (n = 11–12 per group) (Fig. 5A). 
Next, mice were passively extinguished by daily, drug-free CPP testing, 
and the number of days to reach the extinction criteria was not different 
between treatment groups (7.91 ± 0.5793 for saline and 8.75 ± 0.9303 
for HNK; t21 = 0.7509, P = 0.4611). Prior to reinstatement testing, there 
was no significant difference between groups during expression and 
extinction tests (P values > 0.05). Once extinguished, mice received an 
injection of saline or (2R,6R)-HNK (30 mg/kg, s.c.) 1 h prior to the 
oxycodone-primed reinstatement test. A two-way ANOVA showed a 
significant effect of treatment (F (1, 63) = 13.36, P = 0.0005), test (F (2, 63) 
= 33.44, P < 0.0001), and interaction (F (2, 63) = 13.44, P < 0.0001) 
(Fig. 5A). Bonferroni post hoc test revealed that (2R,6R)-HNK signifi-
cantly reduced reinstatement scores compared to saline-treated mice (P 
< 0.0001). A two-way ANOVA did not reveal any sex differences be-
tween groups during the expression, extinction, and reinstatement tests 
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(P values < 0.05) (Fig. 5B). 
In the next experiment, different oxycodone conditioned mice were 

treated with saline or (2R,6R)-HNK (30 mg/kg, s.c., n = 12 per group) 
24 h before the oxycodone-induced reinstatement test (Fig. 6). Prior to 
reinstatement testing, there were no significant differences between 
groups during expression and extinction tests (P values > 0.05). Also, 
the number of days to reach the extinction criteria was not different 
between treatment groups (6.417 ± 0.7829 for saline and 6.25 ± 0.7295 
HNK; t22 = 0.1557, P = 0.8777). A two-way ANOVA showed a signifi-
cant effect of treatment (F (1, 66) = 10.95, P = 0.0015), test (F (2, 66) =

34.57, P < 0.0001), and interaction (F (2, 66) = 16.02, P < 0.0001) 
(Fig. 6A). Bonferroni post hoc test revealed that (2R,6R)-HNK (30 mg/ 
kg, s.c.) significantly reduced reinstatement scores compared to saline- 
treated mice (P < 0.0001). A two-way ANOVA did not reveal any sex 

differences between groups during the expression, extinction, and 
reinstatement tests (P values < 0.05) (Fig. 6B). 

3.3. Effects of (2R,6R)-HNK on open field behavior 

In previous studies, (2R,6R)-HNK did not alter locomotor activity 
when injected 24 h before testing (Bonaventura et al., 2022). However, 
it is unclear if (2R,6R)-HNK has effects on locomotor activity or thig-
motaxis when measured 1 h post-injection, a timepoint used in the 
withdrawal and CPP reinstatement experiments described above. In  
Fig. 7, a new group of male and female mice were injected with saline or 
(2R,6R)-HNK (30 mg/kg, s.c.) 1 h before being placed in an open field (n 
= 12 per group). Distance traveled was not altered between treatments 
(t22 = 0.6994; P = 0.7842) (Fig. 7A), and no sex differences were 

Fig. 1. Withdrawal-like behaviors in mice treated with saline or (2R,6R)-HNK 1-h before naloxone-induced withdrawal. Oxycodone-dependent mice were treated 
with saline or (2R,6R)-HNK (10 or 30 mg/kg, sc), and the number of (A) paw tremor, (B) rearing, (C) grooming, (D) jumps, (E) hind limb scratching, and (F) writhing 
events were measured during naloxone-induced withdrawal (n = 16 per group). Data were analyzed via one-way ANOVA followed by Bonferroni post hoc tests. ***P 
< 0.001. Data are expressed as means (±SEM). 
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observed between groups (treatment effect: F (1, 20) = 0.492, P = 0.4911; 
sex effect: F (1, 20) = 0.04466, P = 0.8348; interaction effect: F (1, 20) =

2.084, P = 0.1644) (Fig. 7B). Time spent in the inner or outer zone did 
not differ between treatment groups (t22 = 1.162, P = 0.2577) (Fig. 7C), 
and no sex differences in time spent in the inner and outer zones were 
observed between treatment groups (treatment effect: F (1, 20) = 1.379, P 
= 0.2540; sex effect: F (1, 20) = 2.152, P = 0.1580; interaction effect: F (1, 

20) = 0.3222, P = 0.5766) (Fig. 7D). 

4. Discussion 

Growing evidence indicates that (2R,6R)-HNK, a secondary keta-
mine metabolite, effectively reduces symptoms associated with depres-
sion and stress in rodent models (Elmer et al., 2020; Zanos et al., 2018; 
Chen et al., 2020) but lacks the side effects and misuse potential asso-
ciated with ketamine (Zanos et al., 2018; Pham et al., 2018; Bona-
ventura et al., 2022). Because (2R,6R)-HNK has exhibited efficacy across 
multiple preclinical models of psychiatric disorders, we sought to 
examine (2R,6R)-HNK’s effects in animal models of OUD. In a mouse 
model of oxycodone dependence, we revealed that 24 h pretreatment 
with (2R,6R)-HNK (10 and 30 mg/kg, s.c.) decreased multiple somatic 
withdrawal-like symptoms, as well as global withdrawal scores. How-
ever, 1 h pretreatment with (2R,6R)-HNK only reduced paw tremors and 
the sum of global withdrawal scores but not GWS Z-scores. In prior 
behavioral experiments using (2R,6R)-HNK, multiple pretreatment 
timepoints were rarely examined within the same study. However, 
Zanos and colleagues did show that both 1 h and 24 h pretreatment with 
(2R,6R)-HNK reduced immobility time in the forced-swim test to a 
similar degree (Zanos et al., 2016). In contrast, the same paper revealed 
that BDNF and AMPAR subunits (GluA1 and GluA2) were significantly 
increased in the hippocampus 24 h, but not 1 h, after (2R,6R)-HNK 
administration. These data indicate (2R,6R)-HNK has rapid and sus-
tained effects in the brain which may contribute to time-dependent 

differences in behavior and molecular adaptations. 
In the naloxone-precipitated withdrawal experiments, we did not 

observe dose-dependent effects of (2R,6R)-HNK (10 vs. 30 mg/kg, s.c.) 
on global withdrawal scores. A lack of dose-dependent effect within this 
range has been reported in other behaviors (Zanos et al., 2016; Fuku-
moto et al., 2019). For example, one study found that 1 or 24 h pre-
treatment with 5, 25, 75, or 125 mg/kg of (2R,6R)-HNK attenuated 
forced swim test scores to a similar degree, and no significant differences 
were reported between these doses in the forced swim test (Zanos et al., 
2016). However, dose-dependent effects of (2R,6R)-HNK (5, 10, 25, 
75 mg/kg) were reported in learned helplessness behaviors. Thus, in 
some behaviors, (2R,6R)-HNK has similar efficacy across a wide dose 
range, and future studies using lower doses (< 5 mg/kg) may be 
required to observe dose-dependent responses. Additionally, our results 
indicate that not all behaviors were affected by (2R,6R)-HNK during 
naloxone-precipitated withdrawal. As the majority of 
naloxone-precipitated withdrawal papers only report the sum of with-
drawal behaviors (GWS) or a single withdrawal-like behavior, it difficult 
to compare and contrast our findings with others. Also, our data high-
light the importance of reporting GWS as Z-scores, as one behavior can 
greatly influence the global withdrawal score when it is reported as a 
sum. 

In addition to showing effects in withdrawal-like behaviors, we also 
found that both 1 and 24 h pretreatment with (2R,6R)-HNK attenuated 
reinstatement of oxycodone CPP. These data align with a number of 
recent studies showing that low-dose ketamine attenuates morphine- 
and cocaine-seeking behaviors and incentive-motivational value of 
reward-related cues in rodents (McKendrick et al., 2020; Maltbie et al., 
2019; Fitzpatrick and Morrow, 2017), as well as heroin use in humans 
(Krupitsky et al., 2002). While the mechanism of action of (2R,6R)-HNK 
in the reinstatement of oxycodone CPP remains unclear, some putative 
targets of (2R,6R)-HNK have been linked to opioid-induced seeking 
behaviors. For example, using patch-clamp techniques, Moaddel and 

Fig. 2. Global withdrawal scores in mice treated with saline or (2R,6R)-HNK 1-h before naloxone-induced withdrawal. (A) Oxycodone-dependent mice were 
injected with saline or (2R,6R)-HNK (10 or 30 mg/kg, sc) and the sum of all withdrawal-like behaviors during naloxone-precipitated withdrawal was calculated as 
the global withdrawal score (n = 16 per group). (B) Global withdrawal scores reported as Z-scores during naloxone-precipitated withdrawal. Data were analyzed via 
one-way ANOVA followed by Bonferroni post hoc tests. *P < 0.05. Data are expressed as means (±SEM). 
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colleagues found that (2R,6R)-HNK, but not ketamine, inhibited α7 
nicotinic acetylcholine receptors at concentrations less than 1 µM 
(Moaddel et al., 2013). In preclinical OUD studies, inhibition of α7 
nicotinic receptors systemically or within the ventral hippocampus 
attenuated reinstatement of morphine and heroin CPP (Wright et al., 
2019; Palandri et al., 2021). Interestingly, the ventral hippocampus is 
also a key brain region in ketamine’s antidepressant response (Carreno 
et al., 2016) and may also be a target brain region of (2R,6R)-HNK 
during reinstatement. In addition to the ventral hippocampus, (2R, 
6R)-HNK has been shown to modulate activity in the rodent nucleus 
accumbens (NAc) and basolateral amygdala (Yao et al., 2018; Bona-
ventura et al., 2022; Xu et al., 2023), brain regions that are involved in 
opioid-seeking behaviors (Scofield et al., 2016; Fuchs and See, 2002). 
Additional studies are needed to understand the brain regions, cell types, 

and receptors that mediate (2R,6R)-HNK’s effects on opioid withdrawal 
and seeking behaviors. 

While the specific mechanisms by which (2R,6R)-HNK reverses the 
behavioral adaptations seen in OUD are unclear, several direct or indi-
rect, putative targets of (2R,6R)-HNK have also been implicated in OUD 
models, including AMPA receptors (Russell et al., 2016; Zanos et al., 
2016), mTOR (Ucha et al., 2022; Yao et al., 2018), α7 nicotinic receptors 
(nAChRs) (Wright et al., 2019; Moaddel et al., 2013), BDNF-TrkB (Chen 
et al., 2012; Koo et al., 2014; Lumsden et al., 2019; Ju et al., 2022), and 
opioid receptors (Joseph et al., 2021). For example, the efficacy of (2R, 
6R)-HNK in animal models of depression has been associated with 
changes in AMPA receptor activity (Yao et al., 2018; Zanos et al., 2016). 
Treatment with AMPA receptor antagonist NBQX prior to (2R,6R)-HNK 
administration blocked its antidepressant effects, indicating that the 

Fig. 3. Withdrawal-like behaviors in mice treated with saline or (2R,6R)-HNK 24-h before naloxone-induced withdrawal. Oxycodone-dependent mice were treated 
with saline or (2R,6R)-HNK (10 or 30 mg/kg, sc), and the number of (A) paw tremor, (B) rearing, (C) grooming, (D) jumps, (E) hind limb scratching, and (F) writhing 
events were measured during naloxone-induced withdrawal (n = 16 per group). Data were analyzed via one-way ANOVA followed by Bonferroni post hoc tests. **P 
< 0.01, ***P < 0.001. Data are expressed as means (±SEM). 
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antidepressant properties of (2R,6R)-HNK rely on an AMPAR-dependent 
mechanism (Zanos et al., 2016). Further, acute (2R,6R)-HNK adminis-
tration increased GluA1 and GluA2 expression in the mouse hippo-
campal synaptoneurosomes 24 h after treatment (Zanos et al., 2016), 
suggesting that a single dose of (2R,6R)-HNK induces long-lasting 

neuroadaptations in AMPA receptor signaling. Importantly, GluA1 in 
the NAc and central amygdala has been shown to play a critical role in 
morphine CPP as well as morphine withdrawal (Cai et al., 2013, 2020), 
with lower NAc GluA1 expression linked to potentiated morphine CPP 
(Hou et al., 2022) and withdrawal (Russell et al., 2016). Thus, the effects 

Fig. 4. Global withdrawal scores in mice treated with saline or (2R,6R)-HNK 24-h before naloxone-induced withdrawal. (A) Oxycodone-dependent mice were 
injected with saline or (2R,6R)-HNK (10 or 30 mg/kg, sc) and the sum of all withdrawal-like behaviors during naloxone-precipitated withdrawal was calculated as 
the global withdrawal score (n = 16 per group). (B) Global withdrawal scores reported as Z-scores during naloxone-precipitated withdrawal. Data were analyzed via 
one-way ANOVA followed by Bonferroni post hoc tests. **P < 0.01; ***P < 0.001; **** P < 0.0001. Data are expressed as means (±SEM). 

Fig. 5. 1-h pretreatment with (2R,6R)-HNK significantly attenuated oxycodone-induced reinstatement. (A) Conditioned mice exhibited oxycodone CPP, and the 
oxycodone preference was reduced following extinction testing. Saline or (2R,6R)-HNK (30 mg/kg, s.c.) was administered 1 h prior to the oxycodone-induced 
reinstatement test. Reinstatement of CPP was significantly attenuated in (2R,6R)-HNK-treated mice compared to saline-treated mice (n = 11–12 per group). (B) 
No differences in expression, extinction, and reinstatement were observed when comparing male and female mice. Data were analyzed via two-way ANOVA followed 
by Bonferroni post hoc tests. **** P < 0.0001. Data are expressed as means (±SEM). 
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of (2R,6R)-HNK on GluA1 during oxycodone withdrawal and seeking 
behaviors is an area of research that merits further investigation. 

(2R,6R)-HNK has attracted attention as a novel treatment for psy-
chiatric disorders, yet discrepancies in (2R,6R)-HNK’s mechanism of 
action and behavioral effects do exist. For instance, several studies have 
reported that (2R,6R)-HNK induces alterations in a number of receptors 

and signaling pathways (Zanos et al., 2016; Collo et al., 2018; Yao et al., 
2018; Shaffer et al., 2019; Li et al., 2022; Herzog et al., 2021; Yao et al., 
2018; Lumsden et al., 2019; Ju et al., 2022), as well as depression- and 
anxiety-like behaviors (Pham et al., 2018; Chou et al., 2018; Highland 
et al., 2019). Contrasting these findings, target deconvolution studies 
conducted by Bonaventura et al. (2022) report (2R,6R)-HNK as having 

Fig. 6. 24-h pretreatment with (2R,6R)-HNK significantly attenuated oxycodone-induced reinstatement. (A) Conditioned mice exhibited oxycodone CPP, and the 
oxycodone preference was reduced following extinction testing. Saline or (2R,6R)-HNK (30 mg/kg, s.c.) was administered 24 h prior to the oxycodone-induced 
reinstatement test. Reinstatement of CPP was significantly attenuated in (2R,6R)-HNK-treated mice compared to saline-treated mice (n = 12 per group). (B) No 
differences in expression, extinction, and reinstatement were observed when comparing male and female mice. Data were analyzed via two-way ANOVA followed by 
Bonferroni post hoc tests. **** P < 0.0001. Data are expressed as means (±SEM). 

Fig. 7. Effects of (2R,6R)-HNK on open field behavior. (A) In the open field test, (2R,6R)-HNK (30 mg/kg, s.c., n = 12 per group) did not alter distance traveled when 
injected 1 h prior to testing, and (B) no sex-dependent effects on locomotor activity were observed. (C) (2R,6R)-HNK did not alter time spent in the inner and outer 
zones in the open field, and (D) no sex-dependent effects on time spent in the inner/outer zones were observed. Data were analyzed via a Student’s t-test or two-way 
ANOVA. Data are expressed as means (±SEM). 
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an inert pharmacologic profile in vitro, including a negligible affinity for 
NMDA receptors, glutamate receptors, and opioid receptors (Bona-
ventura et al., 2022). Despite reporting no clear pharmacologic targets, 
the same study found a significant increase in metabolic activity in the 
NAc and a reduction in depression-like behaviors in mice treated with 
(2R,6R)-HNK. Thus, it is possible that (2R,6R)-HNK is exerting its effects 
in vivo through an unidentified mechanism of action that is not easily 
detected in cell-based screening assays (Bonaventura et al., 2022). 
Additionally, differences in mouse strain and sex, the behavioral model 
used, and conditions prior to (2R,6R)-HNK treatment (e.g., naïve vs. 
stressed) may also contribute to the discrepancies seen in the literature 
(Hashimoto and Shirayama, 2018; Highland et al., 2022; Chen et al., 
2020; Georgiou et al., 2022). 

Some limitations should be considered when interpreting the current 
study. First, the withdrawal experiments were conducted using 
naloxone-precipitated withdrawal, and the effects of (2R,6R)-HNK on 
spontaneous withdrawal remain unknown. Nonetheless, precipitated 
opioid withdrawal in patients seeking treatment for OUD remains an 
important clinical issue (Oakley et al., 2021; D’Onofrio et al., 2023), and 
new evidence suggests that low-dose ketamine administration alleviates 
buprenorphine-precipitated opioid withdrawal symptoms in patients 
with OUD (Hailozian et al., 2022), and promotes heroin abstinence in 
humans (Krupitsky et al., 2002, 2007; Lalanne et al., 2016). Second, the 
drug-seeking experiments were conducted using CPP procedures in 
which the mice receive limited oxycodone exposure, and the oxycodone 
is administered by the experimenter. Testing the effects of (2R,6R)-HNK 
in operant drug self-administration experiments will be an important 
future study for understanding the translatable applications of (2R, 
6R)-HNK in OUD. Third, the long-term behavioral adaptations induced 
by (2R,6R)-HNK remain unclear. In the current experiments, we re-
ported effects of (2R,6R)-HNK when injected 1 h and 24 h before CPP 
reinstatement and precipitated withdrawal test, and previous studies 
have also reported neurobehavioral effects within this time frame 
following an acute (2R,6R)-HNK injection (Elmer et al., 2020; Zanos 
et al., 2016, 2018; Chen et al., 2020). However, the long-lasting (> 24 h) 
therapeutic effects of acute and/or repeated (2R,6R)-HNK in OUD 
models will be necessary for understanding its therapeutic utility in 
humans. Last, the side effects of repeated exposure to (2R,6R)-HNK in 
OUD models is another unknown. While there appears to be little to no 
side effects following a single injection of (2R,6R)-HNK, daily adminis-
tration of (2R,6R)-HNK (30 mg/kg) in mice over a period of 3–4 weeks 
was shown to impair memory in novel object recognition and 
passive-avoidance tasks (Riggs et al., 2021). Therefore, it is important 
for future studies to optimize the long-term dosing regimen of (2R, 
6R)-HNK in animal models of SUD (Hou et al., 2022). 

Overall, our findings suggest that (2R,6R)-HNK exhibits time- 
dependent effects in animal models of oxycodone withdrawal and 
seeking behavior. Continued efforts to identify the molecular and 
cellular mechanisms that underlie (2R,6R)-HNK’s therapeutic effects in 
oxycodone dependence, as well as testing the effectiveness of (2R,6R)- 
HNK in other drug use models (e.g., fentanyl, psychostimulants) will be 
essential for determining (2R,6R)-HNK’s potential as a safe and effective 
treatment for substance use disorders. 
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