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Abstract:   

Ketamine is a glutamate receptor antagonist that was developed over 50 years ago as an anesthetic 

agent. At subanesthetic doses, ketamine and some metabolites are analgesics and fast-acting 

antidepressants, presumably through targets other than glutamate receptors. We tested ketamine 

and its metabolites for activity as allosteric modulators of opioid receptors expressed in 

recombinant receptors in heterologous systems and native receptors in rodent brain; signaling was 

examined by measuring GTP binding, b-arrestin recruitment, MAPK activation and 

neurotransmitter release. While micromolar concentrations of ketamine alone had weak agonist 

activity at mu opioid receptors, the combination of submicromolar concentrations of ketamine with 

endogenous opioid peptides produced robust synergistic responses with statistically significant 

increases in efficacies. All three opioid receptors (mu, delta, and kappa) showed synergism with 

submicromolar concentrations of ketamine and either Met-enkephalin, Leu-enkephalin, and/or 

dynorphin A17, albeit the extent of synergy was variable between receptors and peptides. S-

ketamine exhibited higher modulatory effect compared to R-ketamine or racemic ketamine with 

nearly ~100% increase in efficacy. Importantly, the ketamine metabolite 6-hydroxynorketamine 

showed robust allosteric modulatory activity at mu opioid receptors; this metabolite is known to 

have analgesic and antidepressant activity but does not bind to glutamate receptors. Ketamine 

enhanced potency and efficacy of Met-enkephalin signaling both in mouse midbrain membranes 

and in rat ventral tegmental area neurons, as determined by electrophysiology recordings in brain 

slices. Taken together, these findings support the hypothesis that some of the therapeutic effects of 

ketamine and its metabolites are mediated by directly engaging the endogenous opioid system. 
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Significance Statement:  

We found that ketamine and its major biologically-active metabolites function as potent allosteric 

modulators of mu, delta, and kappa opioid receptors, with submicromolar concentrations of these 

compounds synergizing with endogenous opioid peptides such as enkephalin and dynorphin. This 

allosteric activity may contribute to ketamine’s therapeutic effectiveness for treating acute and 

chronic pain and as a fast-acting antidepressant drug.  
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Introduction:  

Ketamine is a general anesthetic developed in the 1960s. The S-stereoisomer of ketamine was 

recently approved by the FDA to treat major depressive disorder (MDD); the R-isomer also has 

antidepressant activity in animal models and the racemic mixture is used clinically to treat MDD 

(Andrade, 2017; Jelen et al., 2021; Kritzer et al., 2022; Passie et al., 2021). For MDD, ketamine is 

as effective as electroconvulsive shock therapy, eliciting a clinical response in ~50% of patients 

within hours of the first dose, in contrast to conventional antidepressants which take weeks for 

therapeutic effect onset (Almohammed et al., 2022; Anand et al., 2023; Berman et al., 2000; Cowen 

and Browning, 2015; Machado-Vieira et al., 2009; Zarate et al., 2006). Ketamine is also a powerful 

analgesic for acute and chronic pain (Barrett et al., 2020; Niesters et al., 2014). 

The mechanism of ketamine’s anesthetic activity is antagonism of N-methyl-D-aspartate 

(NMDA) receptors (Jelen and Stone, 2021; Zorumski et al., 2016). Some studies reported that 

NMDA receptors contribute to ketamine’s antidepressant and analgesic activities t(Ma et al., 2023; 

Xue et al., 2023). However, there are several issues. First, doses of ketamine that treat MDD and 

chronic pain are typically 0.15-0.5 mg/kg i.v., which is a fraction of the anesthetic dose of 1-2 

mg/kg i.v. (Zanos et al., 2018). Second, the antidepressant and analgesic effects often last for days 

or weeks while anesthesia wears off within minutes when plasma levels drop below ~5 µM (Zanos 

et al., 2018). Third, the major ketamine metabolite 6-hydroxynorketamine (6-HNK) is a potent 

antidepressant and analgesic but does not bind to NMDA receptors (Yost et al., 2022; Zanos et al., 

2016). Thus, other targets have been proposed to contribute to ketamine’s effects; these targets 

include  α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors (Zanos et al., 

2016), formation of D-Ser (Singh et al., 2016), and the opioid system (Gupta et al., 2011).  
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The endogenous opioid system consists of >20 opioid peptides that act through three opioid 

receptors: mu (MOR), delta (DOR), and kappa (KOR) (Gomes et al., 2020; Mansour et al., 1995). 

Individual opioid peptides have distinct potencies and show variable signaling bias through G 

protein- versus b-arrestin-mediated signaling at each type of opioid receptor (Fricker et al., 2020; 

Gomes et al., 2020). Activation of MOR produces analgesia and has antidepressant activity 

(Gassaway et al., 2014; Jelen et al., 2022; Pollan, 2021; Samuels et al., 2017). Compounds that 

target DOR and KOR also have analgesic and antidepressant-like effects in mice (Browne and 

Lucki, 2019; Dubois and Gendron, 2010; Gaveriaux-Ruff et al., 2011; Suzuki et al., 2001; van 

Haaren et al., 2000; Wulf et al., 2022).  

 Ketamine weakly binds and activates opioid receptors, with reported Ki or EC50 values in the 

7-100 µM range (Bonaventura et al., 2021; Finck and Ngai, 1982; Hess et al., 2022; Hirota et al., 

1999a; Hirota et al., 1999b; Hustveit et al., 1995; Smith et al., 1980). Some studies reported that 

opioid antagonists block the antidepressant effects of ketamine (Klein et al., 2020; Williams et al., 

2019; Williams et al., 2018; Zhang et al., 2021) although this was not observed in another study 

(Marton et al., 2019). Similarly, studies reported that ketamine-induced analgesia in mice is 

blocked by opioid receptor antagonists (Fidecka, 1987; Lawrence and Livingston, 1981; Petrocchi 

et al., 2019) while other studies did not see reversal by opioid antagonists (Mikkelsen et al., 1999; 

Wiley and Downs, 1982). In 2011, our laboratory found that low nM concentrations of ketamine 

potentiate the action of morphine and fentanyl (Gupta et al., 2011). This led us to hypothesize that 

ketamine is a positive allosteric modulator (PAM) of MOR at submicromolar concentrations, 

which differs from its direct agonist activity at micromolar concentrations. There are examples of 

other PAMs that enhance orthosteric ligand signaling at low concentrations and function as direct 
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agonists at higher concentrations (Abdel-Magid, 2015; Burford et al., 2013; Doornbos et al., 2018; 

Kandasamy et al., 2021; Pryce et al., 2021).  

 If ketamine’s activity as an opioid receptor PAM contributes to its antidepressant and analgesic 

effects, then ketamine should enhance signaling of endogenous opioid peptides, as it does for 

opioid drugs (Gupta et al., 2011). Here, we investigated the ability of ketamine and ketamine 

metabolites to function as PAMs enhancing opioid peptide-engaged MOR signaling. We focused 

on Met-enkephalin (Met-enk), the most abundant opioid peptide in brain. We also tested the 

activity of ketamine at DOR and KOR. Collectively, our studies support the hypothesis that 

ketamine and its major metabolites are potent allosteric modulators of MOR.  

 

Materials and Methods: 

Materials: [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO, cat. No. 1171/1), R-norketamine 

(cat. No. 5996/10), S-norketamine (cat. No. 6112/10), CTOP (cat. No. 1578/1), were from Bio-

Techne Corporation (Minneapolis, MN). Leu-enk (cat. No. 024-21), Met-enk (cat. No. 024-35), 

and Dyn A17 (cat. No. 021-03) were from Phoenix Pharmaceuticals, Inc (Burlingame, CA). 

Morphine (cat. No. M8777), RS-ketamine (cat. No.K-2753), 2R,6R-hydroxynorketamine (cat. No. 

SML1873), 2S,6S- hydroxynorketamine (cat. No. SML1875), protease inhibitor cocktail (cat. No. 

P2714), phosphatase inhibitor cocktail (cat. No. P0044), GDP (cat. No. G7127), GTPγS (cat. No. 

G8634) and antibodies recognizing tubulin (cat. No. T8660, RRID:AB_477590) were from 

Millipore Sigma (St. Louis, MO). R-ketamine (cat. No. 26316), S-ketamine (cat. No. 26317), and 

RS-norketamine (cat. No.15787) were from Cayman Chemicals (Ann Arbor, MI). 2R,6R-

hydroxynorketamine was also purchased from Cayman Chemicals (Ann Arbor, MI; cat. No. 

19603) and Bio-Techne Corporation (Minneapolis, MN; cat. No. 6094) and 2S,6S-
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hydroxynorketamine from  Bio-Techne Corporation  (Minneapolis, MN; cat. No. 6095) and since 

only 2R,6R-hydroxynorketamine and 2S,6S-hydroxynorketamine purchased from Millipore 

Sigma  gave consistent results in all our assays the data presented here are with compounds from 

Millipore Sigma. [35S]GTPγS (cat. No. NEG030H250UC) was from Perkin-Elmer (Shelton, CT). 

Antibodies to phospho-ERK1/2 (cat. No. 4370S, RRID:AB_2315112) and total ERK1/2 (cat. No. 

4696S, RRID:AB_390780) were from Cell Signaling Technology (Danvers, MA). Rabbit IRDye 

800 (cat. No. 926-32211, RRID:AB_621843) and mouse IRDye 680 (cat. No. 926-68070, 

RRID:AB_10956588) secondary antibodies were from LI-COR Biosciences (Lincoln, NE). F12 

media (cat. No. 11765-054), MEM Alpha media (cat. No. 12571-063), streptomycin-penicillin 

(cat. No. 15140-122), hygromycin (cat. No. 10687010) were from Gibco/Thermo Fisher 

(Waltham, MA). Fetal bovine serum (FBS, cat. No. FBS-01) was from LDP, Inc (Towaco, NJ).  

Geneticin (G418, cat. No.G-418-10) was from GoldBio (St. Louis, MO). The PathHunter 

Chemiluminescence detection kit (cat. No. 93-0001) was from DiscoverX (Eurofins Corporation, 

Fremont, CA). GF/B filters (cat. No. FP-100) were from Brandel, Inc. (Gaithersburg, MD). 

Additional reagents for the electrophysiology study included bestatin (Thermofisher, cat. No. 

78433), thiorphan (Cayman Chemicals, cat. No. 15600), 6,7-Dinitroquinoxaline-2,3-dione 

(DNQX) from Hello Bio (cat. No. HB0261), and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 

(CTAP) from Fisher Scientific (cat. No. AAJ66219MCR). 

 

Animals: Adult (12 weeks old) male C57BL/6 mice (Jackson Laboratories, Ban Harbor, ME; 

RRID:IMSR_JAX:000664) weighing 20-25 g were sacrificed using CO2 from compressed gas 

according to the protocol approved by the Icahn School of Medicine Institutional Animal Care and 
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Use Committee (LA11-00322), midbrain regions were extracted from individual mice by gross 

dissection and used to prepare membranes as described above. 

Adult male Sprague-Dawley rats (Envigo, Indianapolis, IN; RRID:RGD_734476) weighing 

250-300 g were used for whole cell electrophysiology recordings. Procedures were conducted in 

strict accordance with the recommendations of the National Institutes of Health (NIH) described 

in the Guide for the Care and Use of Laboratory Animals. Research protocols were approved by 

the Institutional Animal Care and Use Committee (University of California at San Francisco, 

CA), approval ID AN200119-00F. 

 

Cell Culture: CHO cells (ATCC Cat# CCL-61, RRID:CVCL_0214) were grown in F12 media 

containing 10% (vol/vol) FBS and streptomycin-penicillin. CHO cells stably expressing Flag-

tagged mouse MOR (OPRM1), mouse DOR (OPRD1), or rat KOR (OPRK1) were generated 

previously (Cvejic et al., 1996; Jordan and Devi, 1999; Trapaidze et al., 2000), and grown in F12 

media containing 10% (vol/vol) FBS, streptomycin-penicillin, and 500 μg/mL geneticin.  The  

plasmids for Flag-epitope tagged mouse mu and delta opioid receptors were a gift from Dr. M. von 

Zastrow, UCFS. The plasmid for untagged rat kappa opioid receptor was a gift from Dr. David 

Grandy, Oregon Health Sciences University and was tagged with a Flag epitope at the N-terminus 

as described in (Jordan and Devi, 1999). Saturation binding assays with [3H]DAMGO show that 

CHO cells stably expressing Flag-tagged mouse MOR exhibit a Kd of 2±1nM and a Bmax of 

517±9 fmol/mg protein, with [3H]Deltorphin II show that Flag-tagged mouse DOR exhibit a Kd 

of 3±2 nM and a Bmax of 497±13 fmol/mg protein, with [3H]U69,593 show that Flag-tagged rat 

kappa opioid receptor exhibits a Kd of 1±1nM and a Bmax of 322±10 fmol/mg protein. MOR 

UO5S cells expressing human MOR tagged with a ProLink/β-gal donor (PK) fragment at the C-
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terminal region and β-arrestin tagged with a complementary β-gal activator (EA) fragment 

(MORβgal) were a gift from DiscoverX (Fremont, CA; cat. No. 93-0213C3). These cells were 

grown in MEM Alpha media containing 10% (vol/vol) FBS, streptomycin-penicillin, 500  µg/mL 

of geneticin, and 250  µg/mL of hygromycin. Saturation binding assays with [3H]DAMGO show 

that the cells exhibit a Kd of 6±1nM and a Bmax of 690±50 fmol/mg protein. 

 

Measurement of ERK1/2 phosphorylation: CHO cells expressing MOR (2 × 105 cells/well) were 

seeded into 24-well poly-D-lysine-coated plates (Corning, Kennebunk, ME; cat. No. 356414). 

Next day, cells were grown in growth media without FBS for 3 h followed by treatment with either 

vehicle, morphine, DAMGO, or Met-enk  (0–10−6 M) in the absence or presence of 100 nM RS-

ketamine for 5 min at 37 °C. RS-ketamine was added first followed by either morphine, DAMGO, 

or Met-enk. In a separate set of experiments, cells were treated with vehicle, RS-ketamine (0–10−6 

M) in the absence or presence of 100 nM Met-enk for 5 min at 37 °C. RS-ketamine was added first 

followed by Met-enk. 

Cells were lysed with 2% sodium dodecyl sulfate in 50 mM Tris-Cl, pH 6.8 containing protease 

and phosphatase inhibitor cocktails and aliquots of lysates were subjected to Western blot analysis 

as described (Gupta et al., 2011; Gupta et al., 2016) using antibodies to phosphoERK1/2 (1:1,000), 

to total ERK1/2 (1:1,000), and to tubulin (1:5000) as primary antibodies. Anti-rabbit IRDye 800 

(1:10,000) and anti-mouse IRDye 680 (1:10,000) were used as secondary antibodies. Protein bands 

were visualized and densitized using the Odyssey infrared imaging system (LI-COR Biosciences; 

Lincoln, NE). 
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Membrane preparation: Membranes from CHO cells alone, from CHO cells expressing either 

MOR, DOR, or KOR, or from the midbrain of  4 individual wild-type C57Bl/6 mice were prepared 

as described previously (Gomes et al., 2016; Mack et al., 2022). Briefly, cells/midbrain tissue were 

homogenized in 25 volumes (1 g wet weight per 25 ml) of ice-cold 20 mM Tris-Cl buffer, pH 7.4, 

containing 250 mM sucrose, 2 mM EGTA, and 1 mM MgCl2, followed by centrifugation at 

27,000g for 15 minutes at 4°C. The pellet was resuspended in 25 ml of the same buffer, and the 

centrifugation step was repeated. The resulting membrane pellet was resuspended in 10 volumes 

(of original wet weight) of 2 mM Tris-Cl buffer, pH 7.4, containing 2 mM EGTA and 10% glycerol. 

The protein content of the homogenates was determined using the Pierce BCA Protein Assay 

reagent (Rockford, IL), after which homogenates were stored in aliquots at -80°C until use. 

 

[35S]GTPgS binding: [35S]GTPγS binding assays were carried out as described previously (Gomes 

et al., 2020; Mack et al., 2022). In experiments examining if RS-ketamine exhibits signaling at 

MOR, membranes (20 μg protein) from CHO cells alone or from CHO cells expressing MOR were 

incubated for 1 hour at 30°C with different concentrations of RS-ketamine in the absence or 

presence of 1 μM final concentration CTOP (CTOP/assay buffer was added first to the tubes 

followed by RS-ketamine) in assay buffer A (50 mM Tris-Cl buffer, pH 7.4, containing 100 mM 

NaCl, 10 mM MgCl2, 0.2 mM EGTA, and protease inhibitor cocktail) containing freshly prepared 

30 μM GDP, and 0.1 nM [35S]GTPγS. Nonspecific binding was determined in the presence of 10 

μM cold GTPγS. Basal values represent values obtained in the presence of GDP and in the absence 

of ligand. In experiments examining the allosteric effects of different ketamines on opioid-

mediated G-protein activity, membranes (20 μg protein) from cells expressing either MOR, DOR, 

or KOR, or from midbrain of each single mouse were incubated with opioids and/or ketamines; 
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ketamines (concentrations described in figure legends) were added first followed by different 

concentrations of opioids and assay carried out as described above. At the end of the incubation 

period, samples were filtered using a Brandel filtration system and GF/B filters. Filters were 

washed three times with 3 ml of ice-cold 50 mM Tris-Cl buffer, pH 7.4, and bound radioactivity 

was measured using a scintillation counter (MicroBeta TriLux; PerkinElmer).  

 

 b-arrestin recruitment: Cells expressing MORβgal were plated in each well of either a 96-well 

white clear bottom plate (Corning, Kennebunk, ME; cat. No. 3903; 10,000 cells/well) or a 384-

well white clear bottom plate (Thermo Scientific, Rochester, NY; cat. No. 142762; 2,500 

cells/well) in 100  µL media. The next day, cells were rinsed with buffer A and treated with 

different concentrations of ketamines (concentrations described in figure legends) followed by 

opioids; for 60 min at 37 °C in buffer A. At the end of the incubation period, the bottoms of the 

plates were sealed with white vinyl sealing tape, and β-arrestin recruitment measured using the 

PathHunter Chemiluminescence detection kit, as described in the manufacturer’s protocol 

(DiscoverX).  

 

Slice preparation and ex vivo whole-cell electrophysiology: Rats were anesthetized with isoflurane 

and their brains removed. Horizontal brain slices (200 µm thick) containing the ventral tegmental 

area (VTA) were prepared using a vibratome (Campden Instruments). Slices were cut in ice-cold 

artificial CSF solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 1.4 NaH2PO4, 2.5 

CaCl2, 25 NaHCO3, and 11 glucose saturated with 95% O2 – 5% CO2 and then allowed to recover 

at 33°C for at least 1 h. Individual slices were visualized under a Zeiss AxioExaminer D1 with 
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differential interference contrast, Dodt, and near-infrared optics using a monochrome Axiocam 

506 (Zeiss). 

Whole-cell patch-clamp recordings were made at 33°C using 2.5–5 MW pipettes containing 

(in mM) 128 KCl, 20 NaCl, 1 MgCl2, 1 EGTA, 0.3 CaCl2, 10 HEPES, 2 MgATP, and 0.3 Na3GTP 

(pH 7.2, osmolarity adjusted to 275). Signals were amplified using an IPA amplifier with 

SutterPatch software (Sutter Instrument) filtered at 1 kHz and collected at 10 kHz. Voltage clamp 

recordings were made at Vholding = -70 mV. Series resistance and input resistance were tracked 

throughout the experiment (0.1 Hz) with 4 mV, 200 ms hyperpolarizing steps. GABAA receptor- 

mediated inhibitory postsynaptic potentials were pharmacologically isolated with 6,7-

dinitroquinoxaline-2,3(1H,4H)-dione (DNQX: 10 µM). Stimulating electrodes were placed 80–

250 µm anterior or posterior to the soma of the recorded neuron. To measure drug effects on evoked 

inhibitory post synaptic currents (IPSCs), paired pulses (50-ms interval) were delivered once every 

10 s. At least 7 min of baseline evoked IPSCs were collected in control aCSF or 10 nM ketamine. 

Met-enk was then added to the aCSF perfusion for 7 min. In a subset of experiments 500 nM CTAP 

was then added to the Met-enk solution for an additional 7-10 min.  

The IPSC amplitude was calculated by comparing the peak PSC voltage to a 2 ms interval just 

before stimulation. All drugs were bath-applied.  

 

Data Analysis: Each experiment was carried out 3 independent times with triplicates unless 

otherwise stated. Data were analyzed using GraphPad Prism 10 software. Each data set was fit in 

GraphPad Prism 10 using sigmoidal or bell-shaped concentration response models to determine 

which one fits best with confidence intervals of  95% for EC50 and Emax. Statistical analysis was 

carried out in GraphPad Prism 10 using either Student’s t-test, One-Way ANOVA with Tukey’s 
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multiple comparison test (indicated as preferred tests in GraphPad Prism 10) or Two-Way ANOVA 

with Sidak’s or Tukey’s multiple comparison test GraphPad Prism 10 (indicated as preferred tests 

in GraphPad Prism 10) with p<0.05 considered to be significant. Since the studies in this 

manuscript are exploratory, the described p-values are descriptive. 

Whole cell recording data were analyzed in IGOR (Wavemetrics). Drug effects were quantified 

by comparing the mean evoked IPSC amplitude during the 4 min of baseline just preceding drug 

application and the mean response amplitudes during minutes 4–7 of drug application. p < 0.05 

was considered significant. 

 

Results  

 Modulation of MOR-mediated ERK1/2 phosphorylation by RS-ketamine 

We previously used ERK1/2 phosphorylation as a readout for MOR activation and found that 

a combination of morphine and RS-ketamine in a 1:1 ratio caused a greater response than either 

drug alone (Gupta et al., 2011). Here we extend this finding with a peptidic synthetic ligand, 

DAMGO, and an endogenous peptide, Met-enk. First, to confirm earlier findings, studies were 

carried out with morphine. As previously found, treatment with 100 nM RS-ketamine plus 

morphine produced a significant increase in ERK1/2 phosphorylation compared to cells treated 

with morphine alone (***p>0.001; Fig. 1A, Supplemental Fig. 1). The increase was especially 

dramatic at the lowest concentration of morphine tested (0.1 nM).  Next, we examined the effect 

of 100 nM RS-ketamine on DAMGO, a classic synthetic peptidic agonist. The results revealed that 

for morphine RS-ketamine significantly enhanced signaling by DAMGO  (***p<0.001; Fig. 1B, 

Supplemental Fig. 1).  
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The endogenous opioid peptide Met-enk also showed synergism with RS-ketamine (Fig. 1C, 

Supplemental Fig. 1), and the RS-ketamine-mediated increase was most pronounced at low 

concentrations of Met-enk. For example, 0.1 nM Met-enk alone produced a negligible response, 

but when combined with 100 nM RS-ketamine there was an 8-fold increase in signaling over basal 

(Fig. 1C). The Emax for all three opioids was higher in the presence of 100 nM RS-ketamine 

(Supplemental Table 1). The EC50 values for each opioid were dramatically lower in the presence 

of 100 nM RS-ketamine although statistical analyses failed to reach significance (Supplemental 

Table 1). It should be pointed out that RS-ketamine alone showed a small increase in 

phosophoERK1/2 levels but only at high concentrations (1 µM), whereas in the presence of 100 

nM Met-Enk there was an enhancement of phosphoERK1/2 levels with submicromolar 

concentrations of RS-ketamine (Fig. 1D; Supplemental Table 1). Comparison of the effect of 100 

nM RS-ketamine alone, or 100 nM Met-enk alone, with that of a combination of RS-ketamine and 

Met-enk clearly indicates that the combination of ligands produces a greater increase compared to 

either ligand alone (Fig. 1E). Moreover, because submicromolar concentrations of RS-ketamine 

alone have no effect, the increases seen with the combination of submicromolar RS-ketamine and 

Met-enk are much greater than additive changes. Together, these results confirm our earlier study 

and extend it by showing that submicromolar concentrations of RS-ketamine potently synergize 

with opioid peptides.  

 

Modulation of MOR-mediated G-protein activity by RS-ketamine 

Activation of opioid receptors can lead to activation of G-protein-dependent and b-arrestin-

dependent pathways of signaling (Al-Hasani and Bruchas, 2011; McLennan et al., 2008; Zheng et 

al., 2008a; Zheng et al., 2008b). In order to directly examine the effect of RS-ketamine on G protein 
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signaling, increases in [35S]GTPγS binding was measured in CHO cells expressing MOR and 

compared to CHO cells alone. In CHO cells alone (without MOR), RS-ketamine did not cause 

measurable signaling (Fig. 2A) whereas in cells with MOR a small increase in signal (~20% over 

basal) was observed at high concentrations (10 µM), and this was completely blocked by the MOR 

antagonist CTOP (Fig. 2B, Supplemental Table 2). These data fit with a previous study that found 

that ketamine alone had partial agonist activity at MOR, with an EC50 of ~9 and ~34 µM for the 

S- and R-stereoisomers, respectively (Bonaventura et al., 2021). 

Next, the ability of RS-ketamine to enhance signaling by the classic MOR agonist DAMGO 

was examined. Because nanomolar concentrations of RS-ketamine do not increase signaling in the 

absence of opioid agonists (Fig. 2B), we examined the effects of these concentrations on 

[35S]GTPγS binding mediated by DAMGO (Fig. 2C). RS-ketamine at a concentration as low as 1 

nM was able to enhance maximal signaling by DAMGO with an increase in the potency (Fig. 2C, 

Supplemental Table 2). Next, the ability of RS-ketamine to synergize with the endogenous opioid 

peptide, Met-enk was examined (Fig. 2D, E). Met-enk responses in the absence or presence of 

different concentrations of RS-ketamine show a concentration-dependent enhancement of Met-

enk efficacy (Fig. 2D, E; Supplemental Fig. 2D, E; Supplemental Table 2). For example, 1 nM RS-

ketamine caused a ~64% increase and 100 nM RS-ketamine a ~78% increase in the [35S]GTPγS 

binding mediated by 1 µM Met-enk (taken as 100%; Fig. 2E; Supplemental Fig. 2E; Supplemental 

Table 2). Morphine responses in the absence and presence of different concentrations of RS-

ketamine also show that nanomolar concentrations of RS-ketamine increase the efficacy for 

morphine, with 100 nM RS-ketamine increasing the efficacy of signaling by 100 nM morphine by 

~131% (Fig. 2F, G; Supplemental Fig. 2F, G; Supplemental Table 2). Taken together, these results 
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show that RS-ketamine enhances G protein signaling by MOR mediated by peptidic (DAMGO, 

Met-Enk) and non-peptidic (morphine) agonists.  

 

Modulation of MOR-mediated b-arrestin recruitment by RS-ketamine   

Next, we examined the effect of RS-ketamine on opioid peptide- or morphine-mediated b-

arrestin recruitment using the enzyme-fragment complementation technology developed by 

DiscoverX. In their MORbgal cell line, MOR is tagged at the C-terminus with a b-galactosidase 

fragment and b-arrestin is tagged with the enzyme acceptor fragment; activation of the receptor 

selectively recruits b-arrestin leading to b-galactosidase activity, providing a rapid, sensitive, and 

selective read-out of MOR activation (Gomes et al., 2020). In this assay, RS-ketamine elicits a 

weak signal (~17% above basal) at the maximum concentration tested, 10 µM (Fig. 2H; 

Supplemental Table 2). Because signaling by submicromolar concentrations of RS-ketamine was 

not different from basal signaling in this assay (Fig. 2H, Supplemental Fig. 2H; Supplemental 

Table 2), the effects of these concentrations on b-arrestin recruitment by Met-enk and morphine 

were examined (Figs. 2I-L; Supplemental Fig. 2I-L). The effect of various concentrations of RS-

ketamine on Met-enk response curves revealed enhancement of the efficacy for b-arrestin 

recruitment at most of the concentrations tested (Supplemental Fig. 2J). For example, addition of 

1 nM RS-ketamine caused ~78% increase in the Emax of Met-enk-mediated b-arrestin recruitment, 

while higher concentrations of RS-ketamine were less effective (Fig. 2J; Supplemental Fig. 2J; 

Supplemental Table 2). RS-ketamine effects on morphine-mediated b-arrestin recruitment were 

not as robust as that seen with Met-enk, and enhancement of RS-ketamine mediated signaling was 

dependent on the concentration of morphine used (Fig. 2K, L; Supplemental Fig. 2K, L; 

Supplemental Table 2). Also, morphine alone increased b-arrestin recruitment to a much lesser 
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extent than Met-enk with an Emax of ~40% over basal (Fig. 2L; Supplemental Fig. 2L; 

Supplemental Table 2). These results indicate that b-arrestin recruitment to MOR is greatly 

enhanced by the combination of ketamine with Met-enk, but not with morphine.  

 

RS-ketamine modulation of Leu-Enkephalin- and Dynorphin A17-mediated G-protein signaling 

by MOR, DOR, and KOR. 

In order to examine if potentiated signaling by RS-ketamine at CHO-MOR could also be seen 

with other endogenous opioid peptides, we examined signaling by Leu-enk and Dyn A17 each of 

which has previously been shown to activate MOR (Gomes et al., 2020). RS-ketamine increased 

the efficacy of Leu-Enk signaling (Fig. 3B) albeit to a lesser extent than Met-Enk (Fig. 3A; 

Supplemental Fig. 2, 3). For example, treatment with 1 nM RS-ketamine leads to a ~20% increase 

in signaling mediated by 1 µM Leu-enk as compared to a ~64% increase in signaling mediated by 

1 µM Met-enk (Fig. 3A, B; Supplemental Fig. 2, 3; Supplemental Table 2, 3). Treatment with RS-

ketamine also increased the efficacy of Dyn A17 signaling at MOR (Fig. 3C; Supplemental Fig. 3; 

Supplemental Table 3). In the case of [35S]GTPγS binding mediated by 1 µM Dyn A17, the addition 

of 1 nM RS-ketamine caused a ~43% increase, and 100 nM RS-ketamine caused a ~66% increase 

in signaling (Fig. 3C; Supplemental Fig. 3; Supplemental Table 3). Together these results show 

that RS-ketamine increases the efficacy of these endogenous opioid peptides at MOR in the 

following order: Met-enk>Dyn A17>Leu-enk.  

 There is evidence that the analgesic and/or antidepressant effects of ketamine can be mediated 

in part through DOR and KOR (Pacheco et al., 2014; Wulf et al., 2022). Therefore, we examined 

synergism of RS-ketamine and opioid peptides in CHO cells stably expressing DOR or KOR using 

[35S]GTPγS binding as a measure of receptor activation (Fig. 3; Supplemental Fig. 3). In general, 
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the EC50 values for the opioid peptides in the absence of RS-ketamine were similar to previously 

published results, although there were some differences that could be due to the different cell lines 

used (Gomes et al., 2020). 

In CHO-DOR cells, submicromolar concentrations of RS-ketamine alone did not substantially 

influence [35S]GTPγS binding (Supplemental Fig. 3E; Supplemental Table 4) but did enhance 

signaling by 1 µM Met-enk, Leu-enk, or Dyn A17 (Fig. 3D-F; Supplemental Fig. 3E-J). For 1 µM 

Met-enk, addition of 1 nM RS-ketamine caused a ~34% increase in signaling, and 100 nM RS-

ketamine a ~50% increase in signaling (Fig. 3D; Supplemental Fig. 3E, F; Supplemental Table 4), 

while for 1 µM Leu-enk, 1 nM RS-ketamine caused ~20%  increase and 100 nM RS-ketamine 

caused a ~28% increase in signaling (Fig. 3E; Supplemental Fig. 3G, H; Supplemental Table 4). 

For 1 µM Dyn A17, 1 nM RS-ketamine caused a ~22%  increase and 100 nM RS-ketamine caused 

a ~28% increase in signaling (Fig. 3F; Supplemental Fig. 3I, J; Supplemental Table 4).  

In CHO-KOR cells, submicromolar concentrations of RS-ketamine alone had a negligible 

effect on [35S]GTPγS binding (Supplemental Fig. 4K; Supplemental Table 5). RS-ketamine at 1 

nM enhanced signaling by Met-enk and Dyn A17 while there was no significant impact on Leu-

enk signaling (Fig. 3G-I; Supplemental Fig. 3 K-P; Supplemental Table 5). RS-ketamine at 1 nM 

caused a ~26% increase and at 100 nM a ~40% increase in [35S]GTPγS binding mediated by 1 µM 

Met-enk (Fig. 3G; Supplemental Fig. 3K, L; Supplemental Table 5). No such increases were seen 

for Leu-enk (Fig. 3H; Supplemental Fig. 3M, N; Supplemental Table 5). For 1 µM Dyn A17, the 

increase was ~20% with 1 nM and ~31% with 100 nM RS-ketamine (Fig. 3I; Supplemental Fig. 

3O, P; Supplemental Table 5). Together, these results show that RS-ketamine can enhance opioid 

peptide-mediated signaling at MOR, DOR, and KOR (with the exception of Leu-enk at KOR), and 

are most robust with MOR.  
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Modulation of MOR mediated [35S]GTPγS binding and b-arrestin recruitment by ketamine 

enantiomers  

The response curves with the racemic mixture, RS-ketamine, were compared to those for the 

individual stereoisomers in the [35S]GTPγS binding assay. Both R- and S-ketamine produced a 

small increase above basal signaling in the [35S]GTPγS binding assay at µM concentration, but not 

at submicromolar concentrations (Supplemental Fig. 4A; Supplemental Table 6). Met-enk 

concentration response curves in the absence and presence of different concentrations of R- or S-

ketamine show that both isomers enhanced Met-enk responses (Fig. 4A, B; Supplemental Figs. 

4B-E; Supplemental Table 6). The enhancement was more robust with S-ketamine compared to R-

ketamine (Fig. 4A, B; Supplemental Fig. 4B-E; Supplemental Table 6).  Addition of 1 nM S-

ketamine caused a ~186% increase whereas 1 nM R-ketamine a ~72% increase in [35S]GTPγS 

binding mediated by 1 µM Met-enk (Fig. 4A, B; Supplemental Table 6).  

In the β-arrestin recruitment assay in the absence of opioid peptide, the profile of S-ketamine 

is similar to that of RS-ketamine with a small signal  at the maximum tested concentration (10 µM), 

while R-ketamine produced a negligible response (Supplemental  Fig. 4F; Supplemental Table 6).  

Met-enk response curves in the absence and presence of different concentrations of R- or S-

ketamine show that R-ketamine had no effect on β-arrestin recruitment (Fig. 4C; Supplemental 

Fig. 4G-H) while S-ketamine caused a marked enhancement of Met-enk responses with peak 

enhancement seen with 1 nM S-ketamine (Fig. 4D; Supplemental Fig. 4I-J; Supplemental Table 

6).  Taken together, these results suggest that S-ketamine is more effective than R-ketamine in the 

enhancement of G protein activity and b-arrestin recruitment at MOR.  
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Modulation of MOR activity by ketamine metabolites 

The ketamine metabolite 6-hydroxynorketamine (6-HNK) is active as an analgesic and 

antidepressant but does not bind to NMDA receptors (Zanos et al., 2016), therefore a key question 

is whether it interacts with opioid receptors. We tested stereoisomers of 6-HNK and also the 

intermediate metabolite norketamine (NK) in the [35S]GTPγS binding and b-arrestin recruitment  

assays with MOR. In both assays, without Met-enk the ketamine metabolites produce negligible 

effects at submicromolar concentrations (Supplemental Fig. 5; Supplemental Table 7).  

In the [35S]GTPγS binding assay, Met-enk signaling was concentration-dependently enhanced 

by various ketamine metabolites (Fig 5A-D; Supplemental Fig. 5B-E). The NK isomers enhanced 

the efficacy for Met-enk to different extents; 1 nM R-NK increased the efficiency of Met-enk 

signaling by ~23% and S-NK increased the efficiency by ~71% (Fig. 5C; Supplemental Fig. 5; 

Supplemental Table 7). Met-enk efficacy was increased by the NK compounds in the following 

order: S-NK>RS-NK>R-NK and a small decrease in EC50 was observed with R-NK (Fig. 5C; 

Supplemental Fig. 5G-L; Supplemental Table 7). With HNKs we find that both isomers enhanced 

the efficacy of Met-Enk signaling to a similar extent; 10 nM RR-HNK increased the efficacy by 

~40% and 10 nM SS-HNK increased the efficacy by ~47% (Fig. 5D; Supplemental Fig. 5; 

Supplemental Table 7). 

In the b-arrestin recruitment assay, Met-enk concentration response curves in the absence and 

presence of different concentrations of the ketamine metabolites showed enhancement of Met-enk-

mediated b-arrestin recruitment, with the enhancement being more robust for RS-NK, S-NK and 

RR-HNK compared to R-NK and SS-HNK (Fig. 5E-I; Supplemental Fig. 5). Submicromolar 

concentrations of ketamine metabolites increase the efficacy for Met-enk to varying extents (Fig. 

5E-I; Supplemental Fig. 5; Supplemental Table 7). For example, 1 nM RS-NK enhanced Met-Enk 
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efficacy by ~71%, R-NK by ~20% and S-NK by ~110% (Figs. 5E-G, Supplemental Fig. 5; 

Supplemental Table 7). While ketamine metabolites showed minimal b-arrestin recruitment when 

tested alone at submicromolar concentrations, when tested at micromolar levels some metabolites 

produced a small response (Supplemental Fig. 5). When combined with Met-Enk, both HNK 

isomers enhanced the efficacy of Met-Enk, with 1 nM RR-HNK increasing the efficacy by ~65% 

and 1 nM SS-HNK increasing the efficacy by ~24% (Fig. 5H, I; Supplemental Figs. 5O-Q;  

Supplemental Table 7).  Taken together, the finding that ketamine stereoisomers and metabolites 

are all able to enhance the efficacy of Met-enk supports the idea that opioid receptors contribute 

to the therapeutic activity of ketamine and its major metabolites as analgesics and antidepressants.  

 

RS-ketamine modulates MOR activity in brain. 

The assays described above used opioid receptors heterologously expressed in various cell 

lines to measure  [35S]GTPγS binding, b-arrestin recruitment and MAPK phosphorylation. We also 

used the TRUPATH biosensor assay (Olsen et al., 2020) to detect modulation of Met-enk responses 

by RS-ketamine; however, this assay did not yield reproducible results. Because all of the assays 

above were with cell lines heterologously expressing opioid receptors and/or in engineered 

systems, it is important to test whether ketamine enhances opioid peptide-mediated signaling with 

native receptors in brain. We first used midbrain membranes from wild-type mice and examined 

the effect of RS-ketamine on DAMGO-mediated [35S]GTPγS binding. Both 1 and 100 nM RS-

ketamine increased the potency and efficacy of DAMGO signaling (Fig. 6A). The EC50 of 

DAMGO was reduced from 3 nM to 0.2 nM by 100 nM RS-ketamine, and the Emax was increased 

by 52% (Fig. 6A).  
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Next, MOR agonist induced inhibition of GABA release onto VTA neurons, an action of MOR 

that is strongly associated with the in vivo rewarding effects of opioids, was examined. For this, ex 

vivo whole cell recordings were carried out in acutely prepared rat brain slices to test whether 

ketamine modifies Met-enk responses at MOR in the VTA. Representative traces from recordings 

without ketamine show responses to saturating concentrations of Met-enk that are completely 

reversed by the MOR selective antagonist CTAP (500 nM), indicating the response is fully 

mediated by MOR (Fig. 6B, left panel). In a second example neuron, the combination of 1 µM 

Met-enk and 10 nM RS-ketamine produced a greater response than 10 µM Met-enk alone (Fig. 

6B, right panel). This augmented response was also fully reversed by CTAP (Fig. 6B, right panel). 

Concentration response curves for Met-enk in the absence or presence of 10 nM RS-ketamine 

show that RS-ketamine increased both the potency and Emax of Met-enk at this synaptic site (Fig. 

6C). Specifically, the EC50 for Met-enk was shifted 10-fold by ketamine (Fig 6C). The maximal 

inhibition was also increased: calculated as % of baseline IPSC amplitude, ~44% of the IPSC 

persisted with Met-enk alone but only ~23% remained in the presence of 10 nM ketamine. 

Together, these results indicate that the PAM effect of RS-ketamine characterized in [35S]GTPγS 

binding and b-arrestin recruitment assays can also occur at endogenously expressed MORs in 

brain. 

 

Discussion 

Major findings of the present study are that ketamine and its metabolites synergize with 

endogenous opioid peptides to increase opioid receptor-mediated signaling but do not directly 

activate opioid receptors at 100 nM or lower concentrations. These results build on our previous 

finding that treatment of cells expressing MOR with a combination of ketamine and morphine led 
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to a 2-3-fold increase in ERK1/2 phosphorylation relative to either drug alone (Gupta et al., 2011). 

By extending this finding to endogenous opioid peptides, we provide a potential mechanism for 

the analgesic and antidepressant actions reported for ketamine. This ketamine interaction is not 

limited to MOR; it was also observed with DOR and KOR, albeit with different efficacies. Our 

finding that stereoisomers of ketamine and its major metabolites share this effect is important 

because all of these compounds are known to have analgesic and antidepressant activity (Zanos et 

al., 2018). Our finding that ketamine augments Met-enk’s actions at MOR in mouse brain 

membranes and rat brain slices extends the results to endogenous receptors. Collectively, these 

studies advance our understanding of the physiological actions of ketamine that likely account for 

some of its therapeutic effects.  

Previously, opioid peptides and drugs were found to exhibit differential signaling at opioid 

receptors (Civciristov et al., 2019; Gomes et al., 2020; Ho et al., 2018; Raehal et al., 2011; Stoeber 

et al., 2018; Thompson et al., 2016). This was also found in the present study comparing the 

synergism between ketamine and three different classes of opioids: an opiate (morphine), a 

synthetic peptide (DAMGO), and native opioid peptides (Met-enk, Leu-enk, and DynA17). The 

magnitude of the synergism was most dramatic with Met-enk, especially with low concentrations 

of ketamine and Met-enk. Our finding that three different opioid peptides showed different 

efficacies with ketamine also fits with previous studies which found signaling differences between 

peptides (Gomes et al., 2020; Thompson et al., 2016). The term ‘bias’ is often used to describe 

differential signaling seen with agonists and positive allosteric modulators (Kandasamy et al., 

2021; Livingston and Traynor, 2018; Ramos-Gonzalez et al., 2023; Slosky et al., 2021). An 

example of this was observed in the present study; S-ketamine was synergistic with Met-enk in 

both G protein activity and b-arrestin recruitment assays, while R-ketamine significantly enhanced 
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only G protein activity and not b-arrestin recruitment activity of Met-enk. The subtle differences 

in the way S- and R-ketamine affect the opioid system may contribute to their analgesic and 

antidepressant activities, which are similar but not identical (Bonaventura et al., 2021; Jelen et al., 

2021). 

The present results are consistent with the proposal that ketamine is a PAM for opioid 

receptors. PAMs can enhance binding affinity by modulating kon and koff rates of the orthosteric 

agonist; they can enhance the efficacy of the orthosteric agonist; and they can prevent receptor 

downregulation triggered by sustained exposure to orthosteric agonists (Valant et al., 2012). 

Although kon and koff rates were not measured in the present study, the observation of a significant 

change in EC50 under some conditions is consistent with these rates being altered by ketamine. 

Direct evidence of an altered signaling efficacy was observed for most combinations of ketamine 

and opioid peptides, and because ketamine alone at submicromolar concentrations had no effect 

on signaling in the absence of opioids, it can be considered an opioid receptor PAM. However, due 

to its weak effects as a direct agonist at micromolar concentrations, technically ketamine should 

be considered a combined agonist/PAM.   

 The potent activity of ketamine as an opioid receptor PAM may explain previous controversial 

data. Several studies reported that micromolar concentrations of ketamine affect opioid receptor 

activity, but relatively low concentrations of ketamine are required for behavioral effects (Adzic 

et al., 2023; Browne et al., 2018; Browne et al., 2020; Browne and Lucki, 2019; Levinstein and 

Michaelides, 2024; Wulf et al., 2022; Zhang et al., 2021; Zhou et al., 2023).  Evidence that the 

opioid system is involved in mediating ketamine’s therapeutic effects came from studies testing 

the effect of opioid antagonists such as naloxone or naltrexone. Some studies reported that 

antagonists blocked the analgesic effects of ketamine (Fidecka, 1987; Lawrence and Livingston, 
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1981; Petrocchi et al., 2019) although other studies did not see reversal by the opioid antagonists 

(Mikkelsen et al., 1999; Wiley and Downs, 1982; Yost et al., 2022). Similarly, some clinical studies 

reported that naltrexone blocked the antidepressant effect of ketamine (Klein et al., 2020; Williams 

et al., 2019; Williams et al., 2018; Zhang et al., 2021), although this effect was not observed in 

another study (Marton et al., 2019). Naltrexone blocked the antidepressant action of ketamine in 

mice, and the authors concluded that the “opioid system is necessary...for antidepressive actions 

of ketamine in rodents” (Klein et al., 2020). However, because morphine did not provide 

comparable antidepressant activity to ketamine, the authors stated that the opioid system was “not 

sufficient” for ketamine’s antidepressant action (Klein et al., 2020). This apparent paradox can be 

explained by ketamine functioning as an opioid receptor PAM rather than a direct agonist. 

Morphine is an orthosteric agonist that activates all MORs, regardless of whether endogenous 

peptides are present. In contrast, PAMs amplify endogenous signals, only driving a response when 

the orthosteric ligand is present. Thus, the biological effects of PAMs are usually distinct from 

those of orthosteric receptor agonists (Livingston and Traynor, 2018). 

 Studies examining ketamine’s analgesic effects in mice are consistent with an action as an 

opioid receptor PAM (Petrocchi et al., 2019). Specifically, Petrocchi et al. demonstrated that a 

nonselective opioid receptor antagonist (naloxone) as well as selective MOR and DOR antagonists 

blocked ketamine-induced peripheral antinociception (Petrocchi et al., 2019). Importantly, they 

found that bestatin significantly potentiated ketamine-induced peripheral antinociception 

(Petrocchi et al., 2019). Bestatin inhibits a key enzyme involved in opioid peptide degradation and 

prolongs the half-life of extracellular opioid peptides (Chaillet et al., 1983). Thus, the synergism 

between bestatin and ketamine is consistent with a role for ketamine as a PAM of peptide-engaged 

opioid receptors.   
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Our finding that stereoisomers of ketamine and its major metabolites (norketamine and 6-

hydroxynorketamine) show opioid receptor PAM activity is important for two reasons. First, each 

of these compounds have analgesic and antidepressant activity (Zanos et al., 2016; Zanos et al., 

2018). While ketamine and norketamine act as non-competitive NMDA receptor antagonists, 6-

hydroxynorketamine does not (Zanos et al., 2016; Zanos et al., 2018). This is strong evidence that 

NMDA activity cannot fully account for the analgesic and antidepressant effects. Second, the 

activity of ketamine metabolites can potentially explain why antidepressant and analgesic effects 

last considerably longer than the elimination half-life of ketamine, which is typically 2-3 hours 

(Niesters et al., 2014; Orhurhu et al., 2019; Zanos et al., 2018). Norketamine has a longer half-life, 

approximately 12 hours, and 6-hydroxynorketamine also has a long elimination half-life (Zanos et 

al., 2018). Ketamine metabolites are detectable in plasma >24 hours after administration and may 

be present at nM levels in brain or other tissues for days due to their hydrophobicity and/or binding 

to tissue proteins (Zanos et al., 2018). The antidepressive and analgesic concentrations of ketamine 

typically produce peak plasma levels of ~1 µM (Zanos et al., 2018), which is orders of magnitude 

higher than the ~1 nM levels of ketamine and metabolites that were found in the present study to 

synergize with opioid peptides. It takes approximately 10 half-lives for levels to drop 3 orders of 

magnitude from 1 µM to 1 nM, assuming linearity. Thus, the biological activity of the metabolites 

together with their ultra-high potency as opioid receptor PAMs are consistent with the days-long 

therapeutic effects. Other mechanisms may also contribute, such as the reported upregulation of 

opioid peptides and receptors in rat brain following ketamine treatment (Jiang et al., 2024).  

In summary, we found a potential mechanism for the antidepressant and analgesic effects 

of ketamine. By acting as PAMs at opioid receptors, ketamine and its metabolites amplify the 

activity of endogenous opioid peptides. Because this activity only affects opioid receptors that are 



28 
 

stimulated by the nearby release of endogenous opioid peptides, this is a distinct target from 

conventional opioid agonists. PAMs of opioid receptors are being developed for clinical use due 

to their potential to have fewer side effects than orthosteric opioid agonists (Kandasamy et al., 

2021; Livingston et al., 2018; Livingston and Traynor, 2018). It remains to be determined if the 

allosteric binding site targeted by these other PAMs is where ketamine binds, or if there are 

multiple allosteric sites on these receptors. Because low nanomolar concentrations of ketamine do 

not drive opioid receptor signaling in the absence of orthosteric agonists, but much higher 

micromolar concentrations show weak agonist activity in our studies, it is possible that there are 

multiple binding sites on the opioid receptors. A recent molecular modeling study predicted that 

MOR binds 6-hydroxynorketamine in the orthosteric pocket, but experimentally the metabolite 

had only modest effects on GTPγS binding and appeared to function as an inverse agonist (Joseph 

et al., 2021). Further studies are needed to directly examine binding of ketamine and metabolites 

to opioid receptors.  
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Figure Legends: 

Figure 1. RS-ketamine enhances MOR-mediated ERK1/2 phosphorylation. CHO cells 

expressing MOR were treated for 5 min at 37°C with either vehicle alone (basal) or with 10-10 - 

10-6 M morphine (A), DAMGO (B), or Met-enkephalin (Met-enk; C) in the absence or presence 

of 100 nM RS-ketamine (RS-ket) or with RS-ketamine (10-10 - 10-6 M)  in the absence or presence 

of 100 nM Met-enk (D). Cell lysates were subjected to Western blot analysis as described in 

Methods. Representative blots are shown in the figure (also see Supplemental Fig.1). Data (A-D) 

represents Mean±SD n=3; ***p<0.001 for treatment effect; Two-Way ANOVA with Sidak’s 

multiple comparison test (Statistical Analysis in Supplemental Table 8). (E) Comparison of 

phosphoERK1/2 levels obtained under basal conditions, with 100 nM RS-ketamine, 100 nM Met-

enk and a combination of the two. Basal values were taken as 100%. Each  dot represents the mean 

of an individual experiment. Data represents Mean±SD. n.s. = not significant, *p<0.05, **p<0.01 
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One-Way ANOVA with Tukey’s multiple comparison test (Statistical Analysis in Supplemental 

Table 8). 

 
Figure 2. RS-ketamine modulates MOR-mediated signaling. (A, B) CHO cells (A) or CHO 

cells expressing Flag-MOR (CHO-MOR; B) were subjected to a [35S]GTPgS binding assay with 

0 - 10 µM RS-ketamine in the absence or presence of 1 µM CTOP as described in Methods. (C) 

CHO-MOR cells were subjected to a [35S]GTPgS binding assay with 0 - 10 µM DAMGO in the 

absence or presence of 1 or 100 nM RS-ketamine (RS-ket) as described in Methods. Data was 

normalized by taking basal values in the absence of any drug as 0% and the response with 10 µM 

DAMGO as 100%. (D, F) CHO-MOR cells were subjected to a [35S]GTPgS binding assay with 0 

– 100 nM or 1 µM RS-ketamine in the absence or presence of 1 or 100 nM of either Met-enkephalin 

(ME; D) or morphine (Morp; F) as described in Methods. (E, G)  CHO-MOR cells were subjected 

to a [35S]GTPgS binding assay with 0 - 1 µM Met-enkephalin (E) or  0 - 100 nM morphine (G) in 

the absence or presence of 1 nM or 100 nM RS-ketamine (RS-ket) as described in Methods. Data 

was normalized by taking basal values in the absence of any drug as 0% and the response with 1 

µM Met-enkephalin (E) or 100 nM morphine (G) as 100%. (H) Cells expressing MORβgal were 

treated with  0 - 10 µM RS-ketamine and  b-arrestin recruitment measured as described in 

Methods. Data represents Mean±SD, n=3. (I, K) Cells expressing MORβgal were treated with  0 - 

100 nM RS-ketamine in the absence or presence of 1 or 100 nM of either Met-enkephalin (ME; I) 

or morphine (Morp, K) and  b-arrestin recruitment measured as described in Methods. (J, L) Cells 

expressing MORβgal were treated with different concentrations of either 0 - 10 µM Met-enkephalin  

(J) or 0 - 3 µM morphine (L) in the absence or presence of 1 nM or 100 nM RS-ketamine (RS-

ket) and b-arrestin recruitment measured as described in Methods. Data was normalized by taking  
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basal values in the absence of any drug as 0% and the response with 10 µM Met-enk or 3 µM 

morphine as 100%. Data represents Mean±SD, n=3; ***p<0.001 for treatment effect; Two-Way 

ANOVA with Sidak’s (B, K) or Tukey’s (C-G, I, J, L) multiple comparison tests (Statistical 

Analysis in Supplemental Table 8). Original data for figure shown in Supplemental Figure 2.  

 
Figure 3. Comparison of the effects of RS-ketamine on Met-enkephalin-, Leu-enkephalin-, 

and dynorphin A17-mediated G-protein activity at MOR, DOR, KOR. CHO cells stably 

expressing Flag-MOR (A - C), Flag-DOR (D - F) or Flag-KOR (G - I) were subjected to a 

[35S]GTPgS binding assay with different concentrations 0 - 1 µM Met-enkephalin (A, D, G), 0 - 1 

µM Leu-enkephalin (B, E, H) or 0 - 1 µM Dynorphin A17 (C, F, I)  in the absence or presence of 

1 nM or 100 nM RS-ketamine (RS-ket) as described in Methods. Data was normalized by taking  

basal values in the absence of any drug as 0% and the response at 1 µM of either Met-enkephalin  

(A, D, G),  Leu-enkephalin (B, E, H) or Dynorphin A17 (C, F, I)  as 100%. Data represents 

Mean±SD n=3; n.s. = not significant; **p<0.01; ***p<0.001 for treatment effect; Two-Way 

ANOVA with Tukey’s (A, B, E-I) or Sidak’s (C, D) multiple comparison tests (Statistical Analysis 

in Supplemental Table 8). Original data for figure shown in Supplemental Figure 2 and 3.  

 
Figure 4. Effects of ketamine enantiomers (R-ketamine and S-ketamine) on signaling 

mediated by Met-enkephalin at MOR. CHO-MOR cells were treated with 0 - 1 µM Met-

enkephalin in the absence or presence of 1 nM or 100 nM  of either R-ketamine (R-ket; A) or S-

ketamine (S-ket; B) and [35S]GTPgS binding measured as described in Methods. Data was 

normalized by taking  basal values in the absence of any drug as 0% and the response with 1 µM 

Met-enkephalin as 100%. Cells expressing MORβgal were treated with 0 - 1 µM Met-enkephalin 

(C, D) in the absence or presence of 1 nM or 100 nM  of either R-ketamine (R-ket; C) or S-
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ketamine (S-ket; D) and b-arrestin recruitment measured as described in Methods. Data was 

normalized by taking  basal values in the absence of any drug as 0% and the response with 1 µM 

Met-enkephalin as 100%. Data represents Mean±SD, n=3. n.s. = not significant, ***p<0.001 for 

treatment effect; Two-Way ANOVA with Sidak’s (A) or Tukey’s (B-D) multiple comparison tests 

(Statistical Analysis in Supplemental Table 8). Original data for figure shown in Supplemental 

Figure 4. 

 
Figure 5. Effects of ketamine metabolites on signaling mediated by Met-enkephalin at MOR. 

CHO-MOR cells were treated with 0 - 1 µM Met-enkephalin in the absence or presence of 1 nM 

or 100 nM of RS-norketamine (RS-NK; A) and [35S]GTPgS binding measured as described in 

Methods. Data was normalized by taking  basal values in the absence of any drug as 0% and the 

response with 1 µM Met-enkephalin as 100%.  A comparison of the effect of 1 nM RS-NK, R-

norketamine (R-NK) or S-norketamine (S-NK) on 100 nM Met-enkephalin (Met-enk)-mediated 

G-protein activity (B); basal values in the absence of any ligand were taken as 100%. CHO-MOR 

cells were treated with 0 - 1 µM Met-enkephalin in the absence or presence of 1 nM of  RS-, R-, 

or S-norketamine (C) or in the absence or presence of 10 nM RR- or SS-hydroxynorketamine (RR-

HNK or SS-HNK) (D) and [35S]GTPgS binding measured as described in Methods. Data was 

normalized by taking  basal values in the absence of any drug as 0% and the response with 1 µM 

Met-enkephalin as 100%. Cells expressing MORβgal were treated with 0 - 1 µM Met-enkephalin  

in the absence or presence of 1 nM or 100 nM  of either RS-norketamine (RS-NK; E), R-

norketamine (R-NK; F), S-norketamine (S-NK; G), RR-hydroxynorketamine (RR-HNK; H) or 

SS-hydroxynorketamine (SS-HNK; I) and b-arrestin recruitment measured as described in 

Methods. Data was normalized by taking  basal values in the absence of any drug as 0% and the 
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response with 1 µM Met-enkephalin as 100%. Data represents Mean±SD n=3. n.s. = not 

significant, *p<0.05, **p<0.01, ***p<0.001; One-Way ANOVA (B) or Two-Way ANOVA with 

Tukey’s multiple comparison test (A, C-I) (Statistical Analysis in Supplemental Table 8).  Original 

data for figure shown in Supplemental Figure 5.   

 
Figure 6. RS-ketamine modulates MOR activity in brain. (A) Midbrain membranes from 

individual wild-type C57BL/6 mice were treated with 0 - 10 µM DAMGO in the absence or 

presence of 1 nM or 100 nM of RS-ketamine (RS-ket) and [35S]GTPgS binding measured as 

described in Methods. Data was normalized by taking basal values in the absence of any drug as 

0% and the response with 10 µM DAMGO as 100%. Data are Mean ±SD n= 4 animals each in 

triplicate. (B, C) Whole cell electrophysiology recordings of electrically evoked inhibitory 

postsynaptic currents (IPSCs) were made in ventral tegmental area (VTA) neurons. (B) Example 

traces from two different neurons, with 10 µM Met-enkephalin (ME) in artificial cerebrospinal 

fluid (aCSF) (left), and 1 µM Met-enk(ME)+10 nM RS-ketamine (ket) in aCSF (right) in the 

absence or presence of 500 nM CTAP. (C) Concentration-response curves for Met-enkephalin 

induced inhibition of electrically evoked IPSCs in the absence and presence of 10 nM RS-ketamine 

(RS-ket). ***p<0.001 for treatment effect, Two-Way ANOVA with Tukey’s (A) or Sidak’s (C) 

multiple comparison test (Statistical Analysis in Supplemental Table 8). For insets *p<0.05, 

**p<0.01 and ***p<0.001 One-Way ANOVA Tukey’s multiple comparison test (A) or Student’s 

t-test (C). Original data for (A) is in in Supplemental Figure 3Q.   
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Supplemental Figures 

Supplemental Figure 1. Effect of RS-ketamine on phosphorylation of ERK1/2 in CHO-MOR 

cells. Representative blots for CHO cells expressing MOR (CHO-MOR) treated with different 

concentrations (10-10 - 10−6 M)  of  either morphine (A), DAMGO (B), or Met-enkephalin (Met-

enk; C) in the absence or presence of 100 nM RS-ketamine (RS-ket) or with different 

concentrations (10-10 - 10−6 M) of RS-ketamine (RS-ket)  in the absence or presence of 100 nM 

Met-enkephalin (Met-enk; D). Basal represents signal obtained in the absence of any ligand 

treatment. Blots were probed with antibodies to phospho ERK1/2, total ERK1/2 and tubulin as 

described in Methods. 

 
Supplemental Figure 2. RS-ketamine modulates MOR-mediated signaling. CHO cells (A) or 

CHO cells expressing Flag-MOR (B) were subjected to a [35S]GTPgS binding assay with RS-

ketamine (0 - 1 mM) in the absence or presence of 1 µM CTOP as described in Methods. CHO-

MOR cells were subjected to a [35S]GTPgS binding assay with DAMGO (0 - 10 µM) in the absence 

or presence of 1 or 100 nM RS-ketamine (RS-ket) as described in Methods (C). CHO-MOR cells 

were treated with 0 - 1 µM of RS-ketamine in the absence or presence of 100 pM - 1 µM of Met-

enkephalin (ME; D) or  100 pM - 100 nM of morphine  (Morp; F) and [35S]GTPgS binding 

measured as described in Methods.  CHO-MOR cells were treated with 0 - 1 µM Met-enkephalin 

(E) or  0 – 100 nM morphine (G) in the absence or presence of 100 pM - 100 nM or 1 µM RS-

ketamine (RS-ket), and [35S]GTPgS binding measured as described in Methods. Cells expressing 

MORβgal were treated with 0 - 10 µM of either RS-ketamine (RS-ket), R-ketamine (R-ket) or S-



ketamine (S-ket) and b-arrestin recruitment measured as described in Methods (H). Cells 

expressing MORβgal were treated with 0 - 100 nM of RS-ketamine in the absence or presence of  

100 pM - 1 µM Met-enkephalin (ME; I) or morphine (Morp; K) and b-arrestin recruitment 

measured as described in Methods. Cells expressing MORβgal were treated with 0 - 10 µM Met-

enkephalin (J)  or  0 - 3 µM morphine (L) in the absence or presence of  1 pM - 100 nM RS-

ketamine (RS-ket)  and b-arrestin recruitment measured as described in Methods. Data represents 

Mean±SD. 

 
Supplemental Figure 3. Effects of RS-ketamine on opioid peptide-mediated G-protein 

activity at MOR, DOR, and KOR. CHO-MOR cells were treated with 0 - 1 µM RS-ketamine in 

the absence or presence of 100 pM-1 µM Leu-enkephalin (Leu-enk; A) or Dynorphin A17 (Dyn 

A17; C) and [35S]GTPgS binding measured as described in Methods. CHO-MOR cells were treated 

with either 0 - 1 µM Leu-enkephalin (B) or Dynorphin A17 (D) in the absence or presence of 100 

pM - 1 µM RS-ketamine (RS-ket) and [35S]GTPgS binding measured as described in Methods. 

CHO cells stably expressing Flag-DOR (CHO-DOR) were treated with 0 - 1 µM RS-ketamine  in 

the absence or presence of either 100 pM - 1 µM Met-enkephalin (Met-enk; E), Leu-enk (Leu-

enk; G) or Dynorphin A17 (Dyn A17; I) and [35S]GTPgS binding measured as described in 

Methods. CHO-DOR cells were treated with either  0 - 1 µM Met-enkephalin (F), Leu-enkephalin 

(H) or Dynorphin A17 (J) in the absence or presence of 100 pM - 1 µM RS-ketamine (RS-ket) and  

[35S]GTPgS binding measured as described in Methods. CHO cells stably expressing Flag-KOR 

(CHO-KOR) were treated with 0 - 1 µM RS-ketamine in the absence or presence of either 100 pM 

- 1 µM Met-enkephalin (Met-enk; K), Leu-enkephalin (Leu-enk; M) or Dynorphin A17 (Dyn A17; 

O) and [35S]GTPgS binding measured as described in Methods. CHO-KOR cells were treated with 



either 0 - 1 µM Met-enkephalin (L), Leu-enkephalin (N) or Dynorphin A17 (P) in the absence or 

presence of 100 pM - 1 µM RS-ketamine (RS-ket) and [35S]GTPgS binding measured as described 

in Methods. Midbrain membranes from individual mice (n=4 mice) were treated with either 0 - 10 

µM DAMGO (Q) in the absence of presence of 1 or 100 nM RS-ket and [35S]GTPgS binding 

measured as described in Methods. Data represents Mean±SD. 

 
Supplemental Figure 4. Effects of ketamine enantiomers (R-ketamine and S-ketamine) on G-

protein activity and  b-arrestin recruitment mediated by Met-enkephalin at MOR. CHO-

MOR cells were treated with 0 - 1 µM of either RS-ketamine (RS-ket),  R-ketamine (R-ket), or S-

ketamine (S-ket) and [35S]GTPgS binding measured as described in Methods (A). CHO-MOR cells 

were treated with either 0 - 1 µM R-ketamine in the absence or presence of 100 pM-1 µM Met-

enkephalin (Met-enk; B), or with 0 - 1 µM Met-enkephalin in the absence or presence of 100 pM 

- 1 µM R-ketamine (R-ket; C) and [35S]GTPgS binding measured as described in Methods. CHO-

MOR were treated with either 0 - 1 µM S-ketamine in the absence or presence of 100 pM - 1 µM 

Met-enkephalin  (Met-enk; D), or with 0 - 1 µM Met-enkephalin  in the absence or presence of 

100 pM - 1 µM S-ketamine (S-ket; E) and [35S]GTPgS binding measured as described in Methods. 

Cells expressing MORβgal were treated with 0 - 10 µM of either RS-ketamine (RS-ket), R-ketamine 

(R-ket) or S-ketamine (S-ket) and b-arrestin recruitment measured as described in Methods (F). 

Cells expressing MORβgal were treated with either 0 - 100 nM R-ketamine in the absence or 

presence of 100 pM - 1 µM Met-enkephalin (Met-enk; G), or with 0 - 1 µM Met-enkephalin in the 

absence or presence of 100 pM - 100 nM R-ketamine (R-ket; H) and b-arrestin recruitment 

measured as described in Methods. Cells expressing MORβgal were treated with either 0 - 100 nM 

S-ketamine in the absence or presence of 100 pM - 1 µM Met-enkephalin  (Met-enk; I), or with 0 



- 1 µM Met-enkephalin in the absence or presence of 100 pM - 100 nM S-ketamine (S-ket; J) and 

b-arrestin recruitment measured as described in Methods. Data represents Mean±SD. 

 

Supplemental Figure 5. Effects of ketamine metabolites on G-protein activity and b-

arrestin recruitment mediated by Met-enkephalin at MOR.  

CHO-MOR cells were treated with either 0 - 1 µM RS-norketamine (RS-NK) in the absence or 

presence of 100 pM-100 nM Met-enkephalin (Met-enk; A), or with 0 - 100 nM Met-enkephalin  

in the absence or presence of 100 pM - 1 µM RS-norketamine (RS-NK; B) and [35S]GTPgS binding 

measured as described in Methods. CHO-MOR cells were treated with 0 - 100 nM Met-enkephalin 

in the absence or presence of either 1 nM RS-norketamine (RS-NK), R- or S-norketamine (R- or 

S-NK; C) and [35S]GTPgS binding measured as described in Methods. CHO-MOR cells were 

treated with 0 - 1 µM RR-hydroxynorketamine (RR-HNK; D) or SS-hydroxynorketamine (SS-

HNK; E) in the absence or presence of 10 nM Met-enkephalin (Met-enk) and [35S]GTPgS binding 

measured as described in Methods. CHO-MOR cells were treated with 0 - 100 nM Met-enkephalin 

in the absence or presence of either 10 nM RR-hydroxynorketamine (RR-HNK), or SS-

hydroxynorketamine (SS-HNK) and [35S]GTPgS binding measured as described in Methods (F). 

Cells expressing MORβgal were treated 0 - 10 µM of either RS-norketamine (RS-NK), R- or S-

norketamine (R-NK or S-NK) and b-arrestin recruitment measured as described in Methods (G). 

Cells expressing MORβgal were treated with either 0 - 100 nM RS-norketamine (RS-NK)  in the 

absence or presence of 100 pM - 1 µM Met-enkephalin (Met-enk; H), or with 0 - 1 µM Met-

enkephalin in the absence or presence of 100 pM - 100 nM RS-norketamine (RS-NK; I) and b-

arrestin recruitment measured as described in Methods. Cells expressing MORβgal were treated 

with either 0 - 100 nM R-norketamine (R-NK) in the absence or presence of 100 pM - 1 µM Met-



enkephalin (Met-enk; J), or with 0 - 1 µM Met-enkephalin in the absence or presence of 100 pM 

– 100 nM R-norketamine (R-NK; K) and b-arrestin recruitment measured as described in Methods. 

Cells expressing MORβgal were treated with either 0 - 100 nM S-norketamine (S-NK) in the 

absence or presence of 100 pM – 1 µM Met-enkephalin (Met-enk; L), or with 0 - 1 µM Met-

enkephalin in the absence or presence of 100 pM - 100 nM S-norketamine (S-NK; M) and b-

arrestin recruitment measured as described in Methods. Cells expressing MORβgal were treated 

with 0 - 10 µM of either RR- or SS-hydroxynorketamine (RR-HNK or SS-HNK) and b-arrestin 

recruitment measured as described in Methods (N). Cells expressing MORβgal were treated with 

either 0 - 100 nM RR-hydroxynorketamine (RR-HNK) in the absence or presence of 100 pM - 1 

µM Met-enkephalin (Met-enk; O), or with 0 - 1 µM Met-enkephalin in the absence or presence of 

100 pM - 100 nM RR- hydroxynorketamine  (RR-HNK; P) and b-arrestin recruitment measured 

as described in Methods.  Cells expressing MORβgal were treated with either 0 - 100 nM SS- 

hydroxynorketamine (SS-HNK)  in the absence or presence of 100 pM - 1 µM Met-enkephalin  

(Met-enk; Q), or with 0 - 1 µM Met-enkephalin in the absence or presence of 100 pM - 100 nM 

SS-hydroxynorketamine (SS-HNK; R) and b-arrestin recruitment measured as described in 

Methods. Data represents Mean±SD. 
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Supplemental Table 1. Analysis of phosphoERK1/2 levels at MOR  
in the presence of RS-ketamine 

Ligand phosphoERK1/2 / tubulin levels 
(fold over basal) 

 EC50 [nM] Emax at 1 µM 
Morphine   0.4±2   2.84±0.12 
+ 100 nM RS-ketamine 0.03±2   5.03±0.74** 
 
DAMGO 0.09±2   4.03±0.69 
+ 100 nM RS-ketamine 0.04±2   6.68±1.33* 
 
Met-enkephalin 1.96±1   5.93±0.49 
+ 100 nM RS-ketamine 0.07±2 12.70±2.55* 
 
RS-ketamine > 1,000 1.42±0.11 
+100 nM Met-enkephalin 0.8±3*** 2.42±0.16*** 

Analysis of data for phosphorylation of ERK1/2 at MOR  by morphine,  
DAMGO, Met-enkephalin (0-1 µM) in the absence and presence of  
100 nM RS-ketamine or for RS-ketamine (0-1 µM)  in the absence or  
presence of 100 Met-enkephalin shown in Fig.1. and Supplemental  
Fig 1. Data was fitted to sigmoidal dose equations in Prism 10.0. Data  
is Mean±SD of 3 independent experiments.*p<0.05;**0.01;***p<0.001, 
 t-test. 



Supplemental Table 2. Analysis of effect of RS-ketamine on DAMGO-, Met-enkephalin- or  morphine-mediated signaling at 
MOR 

Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak  

Response 
(% basal) 

  EC50  

[nM] 
Peak  

Response 
(% basal) 

Normalized 
to DAMGO 
response 

% change in 
normalized 
response 

          
Supl Fig. 2A 
(CHO cells) 

RS-
ketamine 
(0-1 mM) 

n.a. 100±2a       

 + 1 µM 
CTOP 

n.a. 102±2a       

Fig. 2A  
(CHO cells) 

RS-
ketamine 
(0-10 µM) 

n.a. 99±2b       

 + 1 µM 
CTOP 

n.a. 102±1b       

Supl Fig. 2B 
(CHO-MOR 
cells) 

RS-
ketamine 
(0-1 mM) 

6,400± 
1,000 

134±4a       

 + 1 µM 
CTOP 

n.a. 106±1a,***       

Fig. 2B  
(CHO-MOR 
cells) 

RS-
ketamine 
(0-10 µM) 

>1,000 120±4b Fig. 2C  
Supl Fig. 2C 
(CHO-MOR 
cells) 

DAMGO 
(0-10 µM) 

35±1 164±4b 100±7  

 + 1 µM 
CTOP 

n.a. 101±3b,**  +1 nM  
RS-ketamine 

6±1*** 192±3b,*** 145±5*** 45±3 

     +100 nM  
RS-ketamine 

4±1*** 215±2b,*** 182±3*** 82±3 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Fig. 2D; Supl 
Fig. 2D 

RS-
ketamine 
(0-1 µM) 

>1,000 109±1c Supl Fig. 2E; 
Fig. 2E, 3A 
 

Met-enk 
(0-1 µM) 

16±1 134±1c 100±4  

 + 100 pM 
Met-enk 

13±2*** 112±3c  +100 pM  
RS-ketamine 

14±1 139±1c 115±3 15±3 

 + 1 nM  
Met-enk 

2±2*** 
 

120±3c,**  +1 nM  
RS-ketamine 

17±1 156±2c, *** 164±5*** 64±4 

 +10 nM 
Met-enk 

3±2*** 138±4c,***  +10 nM  
RS-ketamine 

13±1* 161±1c, *** 177±3*** 77±3 

 +100 nM 
Met-enk 

2±2*** 
 

167±1c,***  +100 nM  
RS-ketamine 

11±1*** 161±2c, *** 178±7*** 78±5 

 + 1 µM  
Met-enk 

0.7±1*** 181±5c,***  + 1 µM  
RS-ketamine 

14±1 165±4c,*** 192±13*** 92±8 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Morphine 

response 

% change in 
normalized 
response 

Fig. 2F; Supl 
Fig. 2F 

RS-
ketamine 
(0-100 
nM) 

>1,000 99±2d Supl Fig. 2G; 
Fig. 2G 
 

Morphine 
(0-100 nM) 

1±2 124±1d 100±3  

 + 100 pM 
Morphine 

0.4±2*** 123±1d,***  +100 pM  
RS-ketamine 

0.9±2 132±1d,*** 131±2*** 31±2 

 + 1 nM 
Morphine 

0.6±1*** 134±2d,***  +1 nM  
RS-ketamine 

0.2±1 144±1d,*** 180±2*** 80±2 

 +10 nM 
Morphine 

0.4±1*** 
 

143±2d,***  +10 nM  
RS-ketamine 

0.2±1 148±1d,*** 195±4*** 95±3 

 +100 nM 
Morphine 

0.3±1*** 
 

154±2d,***  +100 nM  
RS-ketamine 

0.1±1 156±3d,*** 231±10*** 131±6 

          
Data from 
Fig. 

Ligand b-arrestin recruitment Data from 
Fig. 

Ligand b-arrestin recruitment 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

      

          
Supl Fig. 2H; 
Fig. 2H 

RS-
ketamine 
(0-10 µM) 

>1,000 117±3b       



 R-
ketamine 
(0-10 µM) 

>1,000 105±2b,**       

 S-
ketamine 
(0-10 µM) 

>1,000 116±3b       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 2I; 
Fig. 2I 

RS-
ketamine 
(0-100 
nM) 

>1000 102±2d Supl Fig. 2J; 
Fig. 2J 
 

Met-enk 
(0-10 µM) 

2±1 409±13c 100±4.9  

 + 100 pM 
Met-enk 

0.004±4; 
     2±3*** 

128±2e  +1 pM  
RS-ketamine 

2±1 471±17b,* 121±6** 21±3 

 + 1 nM  
Met-enk 

0.01±2; 
     4±2*** 

309±18e,***  +10 pM  
RS-ketamine 

2±1 511±27c,*** 134±6*** 34±4 

 +10 nM 
Met-enk 

0.002±2; 
       6±2*** 

500±10e,***  +100 pM  
RS-ketamine 

2±1 566±30b,*** 152±10*** 52±6 

 +100 nM 
Met-enk 

0.008±1; 
       6±3*** 

595±30e,***  +1 nM  
RS-ketamine 

2±1 646±19b,*** 178±6*** 78±4 

 + 1 µM 
 Met-enk 

0.01±1; 
   31±2*** 

645±27e,***  +10 nM  
RS-ketamine 

3±1 602±18b,*** 164±6*** 64±4 

     +100 nM  
RS-ketamine 

2±1 510±21c,*** 129±7*** 29±4 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Morphine 

response 

% change in 
normalized 
response 

Supl Fig. 2K; 
Fig. 2K 

RS-
ketamine 
(0-100 
nM) 

>1,000 103±2d Supl Fig. 2L; 
Fig. 2L 
 

Morphine 
(0-3 µM) 

125±1 140±2i 100±5.7  

 + 100 pM 
Morphine 

0.007±2*** 113±2f,*  +1 pM  
RS-ketamine 

120± 
1*** 

144±2i 108±6 8±5 

 + 1 nM 
Morphine 

0.003±2; 
0.8±3*** 

116±2f,**  +10 pM  
RS-ketamine 

53±1*** 137±2i 91±6 -8.9±5 

 +10 nM 
Morphine 

0.02±1; 
     1±2*** 

123±2f,***  +100 pM  
RS-ketamine 

27±1*** 127±2i,*** 68±5*** -32±5 

 +100 nM 
Morphine 

0.002±18; 
       1±2*** 

132±2g,***  +1 nM  
RS-ketamine 

5±1*** 120±2i,*** 50±5*** -50±4 

 + 1 µM 
Morphine 

0.4±1*** 142±2h,***  +10 nM  
RS-ketamine 

46±1*** 115±2i,*** 36±5*** -64±4 

     +100 nM  
RS-ketamine 

17±2*** 109±2c,*** 18±4*** -82±4 

 
 
  

Analysis of data for [35S]GTPgS binding at MOR by (i) RS-ketamine (0-10 µM or 1 mM) in the absence or presence of 1 µM CTOP; (ii) RS-
ketamine (0-1 µM) in the absence or presence of Met-enkephalin (Met-enk; 100 pM - 1 µM) or Met-enk (0-1 µM) ) in the absence or presence of 
RS-ketamine (100 pM - 1 µM), (iii) RS-ketamine (0-100 nM) in the absence or presence of morphine (100 pM - 100 nM) or morphine (0-100 nM) in 
the absence or presence of RS-ketamine (100 pM - 100 nM).  Analysis of data for b-arrestin recruitment at MOR by (i) RS-ketamine, R-ketamine 
or S-ketamine (0-10 µM), (ii) RS-ketamine  (0-100 nM) in the absence or presence of  either  Met-enkephalin (Met-enk) or morphine (100 pM - 1 
µM), (iii)  Met-enk (0- 10 µM)   or morphine (0-3  µM) in the absence or presence of  RS-ketamine (1 pM-100 nM). Data  was fitted using either 
bell-shaped  or sigmoidal dose response curves in Prism 10.0. Data is Mean±SD of 3 independent experiments. *p<0.05;**0.01;***p<0.001, t-test 
or One-Way ANOVA. aPeak response at 1 mM; bPeak response at 10 µM; cPeak response at 1 µM; dPeak response at 100 nM; ePeak response at 
1 nM; fPeak response at 100 pM; gPeak response at 10 pM; ; hPeak response at 0.1 pM;  iPeak response at 3 µM. n.a.= not applicable.  
 



Supplemental Table 3. Analysis of effect of RS-ketamine on Leu-enkephalin- or Dynorphin A17-mediated [35S]GTPgS 
binding at MOR 

Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Leu-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 3A 
 

RS-
ketamine 
(0-1 µM) 

>1,000  123±4a Supl Fig. 
3B; Fig. 3B 

Leu-enk 
(0-1 µM) 

104±1 168±4a 100±6  

 + 100 pM 
Leu-enk 

390±5*** 115±1a  +100 pM RS-
ketamine 

93±1*** 177±2a.* 113±4 13±4 

 + 1 nM 
Leu-enk 

25±3*** 
 

111±2a,*  +1 nM RS-
ketamine 

104±1 181±5a, ** 120±8** 20±6 

 +10 nM 
Leu-enk 

67±2*** 
 

124±5a  +10 nM RS-
ketamine 

106±1 194±4a, *** 139±6*** 39±5 

 +100 nM 
Leu-enk 

10±2*** 
 

180±5a, ***  +100 nM RS-
ketamine 

101±1* 195±2a, *** 140±4*** 40±4 

 + 1 µM 
Leu-enk 

 6±2*** 235±12a, ***  + 1 µM RS-
ketamine 

137±1*** 191±10a, ** 134±15** 34±9 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Dyn A17 
response 

% change in 
normalized 
response 

Supl Fig. 3C 
 

RS-
ketamine 
(0-1 µM) 

>1,000  109±1a Supl Fig. 
3D; Fig. 3C 
 

Dyn A17 
(0-1 µM) 

112±1 144±1a 100±1  

 + 100 pM 
Dyn A17 

   2±2*** 114±2a, *  +100 pM RS-
ketamine 

  91±1*** 152±3a, * 119±7* 19±4 

 + 1 nM 
Dyn A17 

   4±2*** 120±1a, ***  +1 nM RS-
ketamine 

132±1*** 163±3a, *** 143±7*** 43±4 

 +10 nM 
Dyn A17 

   1±2*** 135±1a, ***  +10 nM RS-
ketamine 

126±1*** 170±4a, *** 158±9*** 58±5 

 +100 nM 
Dyn A17 

   1±2*** 147±2a, ***  +100 nM RS-
ketamine 

111±1 173±4a, *** 166±8*** 66±5 

 + 1 µM 
Dyn A17 

0.8±2*** 197±3a, ***  + 1 µM RS-
ketamine 

120±1*** 181±3a, *** 185±7*** 85±4 

 
 
 
 
 
 
 
 
  

Analysis of data for [35S]GTPgS binding at MOR by (i) RS-ketamine (0-1 µM) in the absence or presence of either Leu-enkephalin (Leu-enk; 100 
pM – 1 µM) or Dynorphin A17 (Dyn A17; 100 pM - 1 µM), (ii) Leu-enk ( 0-1 µM) or  Dyn A17 (0-1 µM) in the absence or presence of  RS-ketamine 
(100 pM-1 µM). Data  was fitted using sigmoidal dose response curves in Prism 10.0. Data is Mean±SD of 3 independent experiments. 
*p<0.05;**0.01;***p<0.001, One-Way ANOVA. aPeak response at 1 µM. 
   
 



Supplemental Table 4. Analysis of effect of RS-ketamine on Met-enkephalin-, Leu-enkephalin-, or Dynorphin A17-mediated 
[35S]GTPgS binding at DOR 

Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 3E  RS-

ketamine 
(0-1 µM) 

>1,000  108±2a Supl Fig. 
3F; Fig. 3D 

Met-enk 
(0-1 µM) 

28±1 144±7a 100±15  

 + 100 pM 
Met-enk 

7±3*** 114±1a, **  +100 pM 
RS-
ketamine 

38±1*** 151±3a 115±8 15±10 

 + 1 nM 
Met-enk 

8±2*** 
 

116±1a, **  +1 nM RS-
ketamine 

48±1*** 159±5a,** 134±12** 34±11 

 +10 nM 
Met-enk 

7±2*** 
 

121±1a, ***  +10 nM RS-
ketamine 

40±1*** 160±4a, ** 136±10** 36±10 

 +100 nM 
Met-enk 

7±2*** 
 

158±3a, ***  +100 nM 
RS-
ketamine 

52±1*** 166±1a, *** 150±3*** 50±9 

 + 1 µM 
Met-enk 

0.6±2*** 178±3a, ***  + 1 µM RS-
ketamine 

47±1*** 164±2a, *** 146±6*** 46±10 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Leu-enk 
response 

% change in 
normalized 
response 

Supl Fig. 3G 
 

RS-
ketamine 
(0-1 µM) 

>1,000 109±2a Supl Fig. 
3H; 
Fig. 3E  

Leu-enk 
(0-1 µM) 

37±1 132±1a 100±3  

 + 100 pM 
Leu-enk 

0.8±2*** 110±1a  +100 pM 
RS-
ketamine 

41±1** 133±2a 106±5 6±3 

 + 1 nM 
Leu-enk 

1±2*** 113±2a  +1 nM RS-
ketamine 

43±1*** 138±2a,*** 120±5* 20±3 

 +10 nM 
Leu-enk 

4±2*** 117±1a,*  +10 nM RS-
ketamine 

40±1* 137±1a,** 118±1 18±2 

 +100 nM 
Leu-enk 

12±2*** 150±5a, ***  +100 nM 
RS-
ketamine 

33±1** 141±2a, *** 128±5** 28±3 

 + 1 µM 
Leu-enk 

1±2*** 156±6a, ***  + 1 µM RS-
ketamine 

34±1* 144±5a, *** 139±17*** 39±10 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Dyn A17 
response 

% change in 
normalized 
response 

Supl Fig. 3I 
 

RS-
ketamine 
(0-1 µM) 

>1,000 108±2a Supl Fig. 3J; 
Fig. 3F 

Dyn A17 
(0-1 µM) 

   2±2 126±5a 100±19  

 + 100 pM 
Dyn A17 

   6±2*** 115±2a  +100 pM 
RS-
ketamine 

   1±1 131±1a 120±4* 20±11 

 + 1 nM 
Dyn A17 

   1±4*** 122±6a, ***  +1 nM RS-
ketamine 

   5±1 131±1a 122±4 22±11 

 +10 nM 
Dyn A17 

0.9±2*** 130±1a, ***  +10 nM RS-
ketamine 

   1±1 133±2a, * 128±7* 28±12 

 +100 nM 
Dyn A17 

0.2±2*** 138±1a, ***  +100 nM 
RS-
ketamine 

0.9±1 133±1a, * 128±5* 28±11 

 + 1 µM 
Dyn A17 

0.2±2*** 144±2a, ***  + 1 µM RS-
ketamine 

   1±1 134±2a, * 132±7* 32±12 

  
Analysis of data for [35S]GTPgS binding at DOR by (i) RS-ketamine (0-1 µM) in the absence or presence of  either Met-enkephalin (Met-enk; 100 
pM - 1 µM), Leu-enkephalin (Leu-enk; 100 pM – 1 µM) or Dynorphin A17 (Dyn A17; 100 pM - 1 µM), or (ii) Met-enk ( 0-1 µM), Leu-enk ( 0-1 µM) 
or  Dyn A17 (0-1 µM) in the absence or presence of  RS-ketamine (100 pM-1 µM). Data  was fitted using sigmoidal dose response curves in Prism 
10.0. Data is Mean±SD of 3 independent experiments. *p<0.05;**0.01;***p<0.001, One-Way ANOVA. aPeak response at 1 µM. 
   
 



Supplemental Table 5. Analysis of effect of RS-ketamine on Met-enkephalin-, Leu-enkephalin-, or Dynorphin A17-mediated 
[35S]GTPgS binding at   KOR 

Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 3K RS-

ketamine 
(0-1 µM) 

>1,000 108±2a Supl Fig. 
3L; Fig. 3G 

Met-enk 
(0-1 µM) 

 3±2 124±3a 100±14  

 + 100 pM 
Met-enk 

 15±3*** 114±1a, *  +100 pM 
RS-
ketamine 

 4±2 127±2a 113±9 13±9 

 + 1 nM 
Met-enk 

   6±3*** 118±2a, ***  +1 nM RS-
ketamine 

 7±1 131±1a, ** 126±6* 26±9 

 +10 nM 
Met-enk 

   4±3*** 123±2a, ***  +10 nM RS-
ketamine 

 7+1 134±2a, *** 140±8** 40±9 

 +100 nM 
Met-enk 

0.4±2*** 133±3a, ***  +100 nM 
RS-
ketamine 

 7±2 136±2a, *** 140±8** 40±9 

 + 1 µM 
Met-enk 

   3±2*** 147±3a, ***  + 1 µM RS-
ketamine 

12±2** 136±3a, ** 149±13** 49±11 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Leu-enk 
response 

% change in 
normalized 
response 

Supl Fig. 3M 
 

RS-
ketamine 
(0-1 µM) 

>1,000 110±1a Supl Fig. 
3N; 
Fig. 3H  

Leu-enk 
(0-1 µM) 

1±2 123±2a 100±8  

 + 100 pM 
Leu-enk 

8±2*** 115±1a, ***  +100 pM 
RS-
ketamine 

5±2 125±2a 105±8 5±7 

 + 1 nM 
Leu-enk 

3±2*** 119±1a, ***  +1 nM RS-
ketamine 

1±2 125±2a 107±7 7±6 

 +10 nM 
Leu-enk 

1±2*** 124±1a, ***  +10 nM RS-
ketamine 

2±2 126±3a 110±13 10±9 

 +100 nM 
Leu-enk 

1±2*** 124±1a, ***  +100 nM 
RS-
ketamine 

1±2 126±2a 111±7 11±6 

 + 1 µM 
Leu-enk 

3±2*** 138±2a, ***  + 1 µM RS-
ketamine 

1±2 126±2a 112±8 12±7 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Dyn A17 
response 

% change in 
normalized 

response 
Supl Fig. 3O 
 

RS-
ketamine 
(0-1 µM) 

>1,000 106±2a Supl Fig. 
3P; 
Fig. 3I 

Dyn A17 
(0-1 µM) 

0.6±1 162±3a 100±5  

 + 100 pM 
Dyn A17 

  12±2*** 112±4a  +100 pM 
RS-
ketamine 

0.6±1 167±3a 109±5 9±4 

 + 1 nM 
Dyn A17 

   3±3*** 158±5a, ***  +1 nM RS-
ketamine 

0.7±1 174±4a, ** 120±6** 20±5 

 +10 nM 
Dyn A17 

0.4±2*** 167±2a, ***  +10 nM RS-
ketamine 

0.6±1 176±1a, *** 124±2*** 24±3 

 +100 nM 
Dyn A17 

0.4±2*** 174±2a, ***  +100 nM 
RS-
ketamine 

0.6±1 181±3a, *** 131±4*** 31±4 

 + 1 µM 
Dyn A17 

   1±2*** 192±1a, ***  + 1 µM RS-
ketamine 

0.6±1 182±1a, *** 133±1*** 33±3 

  
Analysis of data for [35S]GTPgS binding at KOR by (i) RS-ketamine (0-1 µM) in the absence or presence of  either Met-enkephalin (Met-enk; 100 
pM - 1 µM), Leu-enkephalin (Leu-enk; 100 pM – 1 µM) or Dynorphin A17 (Dyn A17; 100 pM - 1 µM), (ii) Met-enk ( 0-1 µM), Leu-enk ( 0-1 µM) or  
Dyn A17 (0-1 µM) in the absence or presence of  RS-ketamine (100 pM-1 µM). Data was fitted using sigmoidal dose response curves in Prism 
10.0. Data is Mean±SD of 3 independent experiments. *p<0.05;**0.01;***p<0.001, One-Way ANOVA. aPeak response at 1 µM. 
   
 



Supplemental Table 6. Analysis of effect of R- and S-ketamine on Met-enkephalin-mediated signaling at MOR 
Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 4A RS-
ketamine 
(0-1 µM) 

>1,000 109±1a       

 R-
ketamine 
(0-1 µM) 

>1,000 113±1a       

 S-
ketamine 
(0-1 µM) 

>1,000 112±3a       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 4B  R-
ketamine 
(0-1 µM) 

>1,000 113±3a Supl Fig. 
4C; Fig. 4A 

Met-enk 
(0-1 µM) 

19±1 131±2a 100±6  

 + 100 pM 
Met-enk 

    1±2*** 113±1a  + 100 pM 
R-ketamine 

11±1*** 154±1a, *** 176±4*** 76±4 

 + 1 nM 
Met-enk 

    1±2*** 114±4a  + 1 nM R-
ketamine 

8±1*** 153±1a, *** 172±4*** 72±4 

 +10 nM 
Met-enk 

 0.1±1*** 131±1a, ***  +10 nM R-
ketamine 

7±2*** 150±1a, *** 164±4*** 64±4 

 +100 nM 
Met-enk 

0.06±2*** 145±2a, ***  +100 nM R-
ketamine 

9±1*** 150±1a, *** 164±3*** 64±4 

 + 1 µM 
Met-enk 

0.06±2*** 159±1a, ***  + 1 µM R-
ketamine 

  20±1 140±1a, *** 130±1*** 30±3 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 4D; 
Fig. 5C 

S-
ketamine 
(0-1 µM) 

>1,000 112±5a Supl Fig. 
4E; Fig. 4B 

Met-enk 
(0-1 µM) 

19±1 131±2a 100±6  

 + 100 pM 
Met-enk 

   2±2*** 116±1a  + 100 pM 
S-ketamine 

 7±1*** 168±2a, *** 221±5*** 121±4 

 + 1 nM 
Met-enk 

0.1±2*** 128±4a, **  + 1 nM S-
ketamine 

15±1** 188±1a, *** 286±3*** 186±4 

 +10 nM 
Met-enk 

0.1±2*** 145±2a, ***  +10 nM S-
ketamine 

13±1*** 190±4a, *** 294±12*** 194±8 

 +100 nM 
Met-enk 

0.2±2*** 190±9a, ***  +100 nM S-
ketamine 

16±1* 194±2a, *** 308±5*** 208±5 

 + 1 µM 
Met-enk 

0.3±2*** 221±5a, ***  + 1 µM S-
ketamine 

18±1 210±3a, *** 358±9*** 258±6 

          
Data from 
Fig. 

Ligand  b-arrestin recruitment Data from 
Fig. 

Ligand  b-arrestin recruitment 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

      

Supl Fig. 4F RS-
ketamine 
(0-10 µM) 

>1,000 117±3b       

 R-
ketamine 
(0-10 µM) 

>1,000 105±2b, **       

 S-
ketamine 
(0-10 µM) 

>1,000 116±3b       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 4G  R-

ketamine 
(0-100 
nM) 

n.a. 101±7c Supl Fig. 
4H; Fig. 4C 

Met-enk 
(0-1 µM) 

2±1 409±13a 100±4  



 + 100 pM 
Met-enk 

   n.a. 110±8c  + 100 pM 
R-ketamine 

2±1 443±26a 111±9 11±5 

 + 1 nM 
Met-enk 

0.02±9 225±16c, ***  + 1 nM R-
ketamine 

2±1 424±26a 105±9  5±5 

 +10 nM 
Met-enk 

0.03±10 319±23c, ***  +10 nM R-
ketamine 

2±1 447±24a 112±8 12±5 

 +100 nM 
Met-enk 

0.02±4 411±33c, ***  +100 nM R-
ketamine 

2±1 414±33a 102±11  2±6 

 + 1 µM 
Met-enk 

0.01±4 416±33c, ***       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 4I 
 

S-
ketamine 
(0-100 
nM) 

n.a. 98±10c Supl Fig. 
4J; 
Fig. 4D 

Met-enk 
(0-1 µM) 

2±1 409±13a 100±4  

 + 100 pM 
Met-enk 

0.02±2 129±3c  + 100 pM 
S-ketamine 

2±1 629±39a, *** 171±12*** 71±7 

 + 1 nM 
Met-enk 

0.08±2 306±26c, ***  + 1 nM S-
ketamine 

2±1 677±30a, *** 187±10*** 87±6 

 +10 nM 
Met-enk 

0.06±1; 
75±14 

531±23d, ***  +10 nM S-
ketamine 

1±1 627±14a, *** 171±5*** 71±3 

 +100 nM 
Met-enk 

0.01±1; 
52±9 

632±28d, ***  +100 nM S-
ketamine 

1±1 580±14a, *** 155±5*** 55±3 

 + 1 µM 
Met-enk 

0.01±1; 
24±3 

645±29d, ***       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Analysis of data for [35S]GTPgS binding at  MOR by (i) RS-ketamine, R-ketamine or S-ketamine (0-1 µM),  (ii) R-ketamine or S-ketamine (0-1 µM) 
in the absence or presence of Met-enkephalin (Met-enk; 100 pM - 1 µM), (iii) Met-enk (0-1 µM)  in the absence or presence of  R-ketamine or S-
ketamine (100 pM-1 µM). Analysis of data for b-arrestin recruitment at  MOR by (i) RS-ketamine, R-ketamine or S-ketamine (0-10 µM), (ii) R-
ketamine or S-ketamine  (0-100 nM) in the absence or presence of  Met-enkephalin (Met-enk; 100 pM - 1 µM), (iii)  Met-enk (0 - 1 µM) in the 
absence or presence of  either R-ketamine or S-ketamine (100 pM-100 nM). Data was fitted using either bell-shaped  or sigmoidal dose response 
curves in Prism 10.0. Data is Mean±SD of 3 independent experiments. *p<0.05;**0.01;***p<0.001, One-Way ANOVA. aPeak response at 1 µM; 
bPeak response at 10 µM; cPeak response at 100 nM, dPeak response at 1 nM.   



Supplemental Table 7. Analysis of effect ketamine metabolites on Met-enkephalin-mediated signaling at  MOR 
Data from 
Fig. 

Ligand [35S]GTPgS binding Data from 
Fig. 

Ligand [35S]GTPgS binding 

  EC50 

[nM] 
Peak  

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 5A RS-NK 

(0-1 µM) 
>1000   82±3a Supl Fig. 5B; 

Fig. 5A 
Met-enk 
(0-100 nM) 

   3±1 134±4b 100±12  

 + 100 pM 
Met-enk 

     4±2*** 109±2a, ***  + 100 pM 
RS-NK 

   2±1 140±2b, * 118±5*  18±7 

 + 1 nM  
Met-enk 

0.08±2*** 124±4a, ***  + 1 nM  
RS-NK 

   2±1 146±1b, *** 132±2***  32±7 

 +10 nM  
Met-enk 

  0.8±2*** 149±1a, ***  +10 nM  
RS-NK 

   2±1 149±4b, *** 144±12***  44±10 

 +100 nM 
Met-enk 

     1±2*** 161±1a, ***  +100 nM  
RS-NK 

   1±1 175±1b, *** 217±1*** 117±7 

     + 1 µM  
RS-NK 

0.4±1* 195±1b, *** 278±2*** 178±7 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 

response 

% change in 
normalized 

response 
          
Fig. 5B 1 nM RS-NK n.a. 95±3 Supl Fig. 5C; 

Fig. 5C 
Met-enk 
(0-1 µM) 

5±1 145±4a 100±10  

 1 nM R-NK n.a. 96±1  +1 nM RS-
NK 

5±1 163±4a, ** 141±8** 41±7 

 +1 nM S-NK n.a. 94±8  +1 nM R-
NK 

2±1* 155±5a 123±10* 23±8 

     +1 nM S-
NK 

7±1 176±4a, *** 171±8*** 71±7 

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

          
Supl Fig. 
5D, E  

RR-HNK 
(0-1 µM) 

>1,000 105±3a  Supl Fig. 5F; 
Fig. 5D 

Met-enk 
(0-1 µM) 

3±1 138±3a 100±7  

 +10 nM Met-
enk 

0.6±2*** 134±1a, ***  +10 nM 
RR-HNK 

2±1 153±3a, *** 140±8*** 40±6 

 SS-HNK 
(0-1 µM) 

>1,000 110±1a   +10 nM-SS-
HNK 

1±1 155±1a, *** 147±4*** 47±4 

 +10 nM Met-
enk 

1±1*** 138±1a,***       

          
          

Data from 
Fig. 

Ligand b-arrestin recruitment Data from 
Fig. 

Ligand b-arrestin recruitment 

  EC50 

[nM] 
Peak  

Response 
(% basal) 

  EC50 

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 5G RS-NK (0-10 
µM) 

>1,000 97±1c       

 R-NK 
(0-10 µM) 

>1,000 98±2c       

 S-NK 
(0-10 µM) 

>1,000 99±3c       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 

response 

% change in 
normalized 

response 
          
Supl Fig. 5H RS-NK 

(0-100 nM) 
>1000   96±4b Supl Fig. 5I; 

Fig. 5E 
Met-enk 
(0-1 µM) 

   2±1 409±13a 100±4  

 + 100 pM 
Met-enk 

11±4 *** 126±3b, *  + 100 pM 
RS-NK 

   2±1 546±12a, *** 144±4 *** 44±3 

 + 1 nM Met-
enk 

20±1 *** 303±9b, ***  + 1 nM RS-
NK 

   2±1 629±16a, *** 171±5 *** 71±3 

 +10 nM Met-
enk 

20±1 *** 498±19b, ***  +10 nM RS-
NK 

   1±1 679±12a, *** 187±4 *** 87±3 

 +100 nM 
Met-enk 

 8±1 *** 597±4b, ***  +100 nM 
RS-NK 

0.9±1 675±13a, *** 186±4 *** 86±3 

 + 1 µM Met-
enk 

 3±1 *** 602±15b, ***       



          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 

response 

% change in 
normalized 

response 
Supl Fig. 5J  R-NK  

(0-100 nM) 
>1,000 108±0.7b Supl Fig. 5K; 

Fig. 5F 
Met-enk 
(0-1 µM) 

2±1 409±13a 100±4  

 + 100 pM 
Met-enk 

0.08±5 *** 129±1b, *  + 100 pM 
R-NK 

2±1 442±11a, * 111±4* 11±2 

 + 1 nM Met-
enk 

  0.2±2 *** 263±2b, ***  + 1 nM R-
NK 

2±1 470±3a, *** 120±1*** 20±1 

 +10 nM Met-
enk 

   10±2 *** 411±3b, ***  +10 nM R-
NK 

2±1 459±14a, ** 116±5** 16±3 

 +100 nM 
Met-enk 

  0.2±2 *** 506±21b, ***  +100 nM R-
NK 

2±1 426±14a 105±5   5±3 

 + 1 µM Met-
enk 

  0.3±2 *** 506±3b, ***       

          
  EC50 

[nM] 
Peak 

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 

response 

% change in 
normalized 

response 
Supl Fig. 5L S-NK 

(0-100 nM) 
n.a.    103±7b Supl Fig. 5M; 

Fig. 5G 
Met-enk 
(0-1 µM) 

2±1  409±13a 100±4  

 + 100 pM 
Met-enk 

 6±5     125±2b  + 100 pM 
S-NK 

2±1 620±39a, *** 168±13***  68±7 

 + 1 nM Met-
enk 

13±1 389±11b, ***  + 1 nM S-
NK 

2±1 747±3a, *** 210±1*** 110±1 

 +10 nM Met-
enk 

 3±1 609±25b, ***  +10 nM S-
NK 

1±1 764±25a, *** 215±8*** 115±5 

 +100 nM 
Met-enk 

 4±1 759±19b, ***  +100 nM S-
NK 

1±1 729±17a, *** 204±6*** 104±4 

 + 1 µM Met-
enk 

 5±1 772±3b, ***       

          
  EC50 

[nM] 
Peak  

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. N RR-HNK 
(0-10 µM) 

>1,000 112±4c       

 SS-HNK 
(0-10 µM) 

>1,000 116±3c       

          
  EC50 

[nM] 
Peak  

Response 
(% basal) 

  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 5O RR-HNK 
(0-100 nM) 

>1,000 106±3b Supl Fig. 5P; 
Fig. 5H 

Met-enk 
(0-1 µM) 

2±1  409±13a  100±4  

 + 100 pM 
Met-enk 

 7±3*** 136±7b, *  + 100 pM 
RR-HNK 

2±1 560±14a, *** 149±5*** 49±3 

 + 1 nM Met-
enk 

11±1*** 356±7b, ***  + 1 nM RR-
HNK 

1±1 611±7a, *** 165±2*** 65±2 

 +10 nM Met-
enk 

0.8±1*** 547±13b, ***  +10 nM 
RR-HNK 

2±1 535±16a, *** 141±5*** 41±3 

 +100 nM 
Met-enk 

1±1*** 642±21b, ***  +100 nM 
RR-HNK 

2±1  501±6a, *** 130±2*** 30±2 

 + 1 µM Met-
enk 

1±1*** 649±8b, ***       

          
  EC50 

[nM] 
Peak Response 

(% basal) 
  EC50  

[nM] 
Peak 

Response 
(% basal) 

Normalized 
to Met-enk 
response 

% change in 
normalized 
response 

Supl Fig. 5Q SS-HNK 
(0-100 nM) 

>1,000       105±3b Supl Fig. 5R; 
Fig. 5I 

Met-enk 
(0-1 µM) 

   2±1   409±13a     100±4  

 + 100 pM 
Met-enk 

     3±3*** 
 

132±3b, **  + 100 pM 
SS-HNK 

   1±1 448±16a, * 113±5* 13±3 

 + 1 nM Met-
enk 

12±1***   325±11b, ***  + 1 nM SS-
HNK 

0.9±1 482±24a, *** 124±8*** 24±5 

 +10 nM Met-
enk 

0.2±2***   451±15b, ***  +10 nM SS-
HNK 

0.9±1 495±16a, *** 128±5*** 28±3 

 +100 nM 
Met-enk 

1±2***   504±22b, ***  +100 nM 
SS-HNK 

0.8±1 499±14a,*** 129±4*** 29±3 

 + 1 µM Met-
enk 

1±2***   506±25b, ***       

          
          

 



 
 
 
 
 
 
 
  

Analysis of data for [35S]GTPgS binding at  MOR by (i) RS-norketamine (RS-NK; 0 - 1 µM) in the absence or presence of Met-enkephalin  (Met-
enk; 100 pM - 100 nM ), (ii) Met-enk (0 - 100 nM)  in the absence or presence of  RS-NK (100 pM - 1 µM), (iii) 1 nM RS-NK, R-norketamine (R-
NK), or S-norketamine (S-NK),  (iv) Met-enk (0 - 1 µM) in the absence or presence of 1 nM RS-NK, R-NK or S-NK, (v) RR-hydroxynorketamine 
(RR-HNK) or SS-hydroxynorketamine (SS-HNK) (0 - 1 µM) in the absence or presence of Met-enk (10 nM, (vi) Met-enk (0 - 1 µM) in the absence 
or presence of 10 nM for RR- or SS-HNK. Analysis of data for b-arrestin recruitment at  MOR by (i) RS-NK, R-NK, S-NK, RR-HNK, or SS-HNK (0 - 
10 µM), (ii) RS-NK, R-NK, S-NK, RR-HNK or S,S-HNK (0 - 100 nM) in the absence or presence of  Met-enkephalin (100 pM - 1 µM), (iii)  Met-
enkephalin (0 - 1 µM) in the absence or presence of  either RS-NK, R-NK, S-NK, RR-HNK, or SS-HNK (100 pM - 100 nM). Data was fitted using 
either bell-shaped  or sigmoidal dose response curves in Prism 10.0. Data is Mean±SD of 3 independent experiments. *p<0.05;**0.01;***p<0.001, 
t-test or One-Way ANOVA. aPeak response at 1 µM; bPeak response at 100 nM; cPeak response at 10 µM. n.a.=not applicable. 
 
t 



Supplemental Table 8. Description of  statistical analysis  for different figures. Morp, morphine; Met-enk, met-enkephalin; RS-
ket, RS-ketamine; R-ket, R-ketamine; S-ket, S-ketamine; RS-NK, RS-norketamine; R-NK, R-norketamine; S-NK, S-norketamine;   
DFn, degrees of freedom (DF) in the numerator; DFd, degrees of freedom  (DF) in the denominator; MCT, multiple comparison test 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
1A   Interaction 

Dose 
Treatment 
Sidak’s MCT 
Morp v/s Morp+100 
nM RS ket 
Basal 
0.1nM Morp 
1nM Morp 
10nM Morp 
100nM Morp 
1 µM Morp  

p=0.0213 
p<0.0001 
p<0.0001 
 
 
 
p>0.9999 
p=0.0005 
p=0.0026 
p=0.001 
p=0.0024 
p=0.0008 

F(5,24)= 3.281 
F(5,24)= 18.64 
F(1,24)= 80.32 
 
 
 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 

1B   Interaction 
Dose 
Treatment 
Sidak’s MCT 
DAMGO v/s 
DAMGO+100 nM RS 
ket 
Basal 
0.1nM DAMGO 
1nM DAMGO 
10nM DAMGO 
100nM DAMGO 
1 µM DAMGO 

p=0.0652 
p<0.0001 
p<0.0001 
 
 
 
p>0.9999 
p=0.019 
p=0.0157 
p=0.0063 
p=0.0038 
p=0.0017 

F(5,24)= 2.421 
F(5,24)= 26.74 
F(1,24)= 57.25 
 
 
 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 

1C   Interaction 
Dose 
Treatment 
Sidak’s MCT 
Met-enk v/s Met-
enk+100 nM RS ket 
Basal 
0.1nM Met-enk 
1nM Met-enk 
10nM Met-enk 
100nM Met-enk 
1 µM Met-enk 

p=0.002 
p<0.0001 
p<0.0001 
 
 
 
p>0.9999 
p<0.0001 
p=0.0002 
p<0.0001 
p<0.0001 
p<0.0001 
 

F(5,24)= 5.329 
F(5,24)= 29.89 
F(1,24)= 128.9 
 
 
 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 

1D   Interaction 
Dose 
Treatment 
Sidak’s MCT 
RS-ket v/s RS-
ket+100 nM Met-enk 
Basal 
0.1nM RS-ket 
1nM RS-ket 
10nM RS-ket 
100nM RS-ket 
1µM RS-ket 

p=0.1644 
p<0.0001 
p<0.0001 
 
 
p=0.0028 
p<0.0001 
p<0.0001 
p<0.0001 
p<0.0001 
p<0.0001 

F(5,24)= 1.737 
F(5,24)= 8.967 
F(1,24)= 248.6 
 
 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 
DF=24 

1E One-way ANOVA 
Treatment 
Tukey’s MCP 
Basal v/s 100nM 
RS-ket 
Basal v/s 100nM 
Met-enk 
Basal v/s RS-
ket+Met-enk 
100nM RS-ket v/s 
100nM Met-enk 
100nM RS-ket v/s 
RS-ket+Met-enk 
100nM Met-enk 
v/s RS-ket+Met-
enk 

 
p<0.0001; 
F(3,8)=36.66 
 
p=0.9632; DF=8 
p=0.0052; DF=8 
p<0.0001; DF=8 
p=0.0094; DF=8 
p=0.0001; DF=8 
p=0.0125; DF=8 

   

2B   Interaction 
Dose 
Treatment 
Sidak’s MCT 
RS-ket v/s + 1µM 
CTOP 

P=0.0014 
p<0.0001 
p<0.0001 
 
 
p>0.9999 

F(13,56)= 3.157 
F(13,56)= 5.844 
F(1,56)= 80.07 
 
 
DF=56 



Basal 
1pM RS-ket 
10pM RS-ket 
100pM RS-ket 
300pM RS-ket 
1nM RS-ket 
3nM RS-ket 
10nM RS-ket 
30nM RS-ket 
100nM RS-ket 
300nM RS-ket 
1µM RS-ket 
3µM RS-ket 
10µM RS-ket 

p=0.9998 
p>0.9999 
p=0.7217 
p=0.2115 
p=0.9253 
p=0.5300 
p=0.0591 
p=0.4399 
p=0.2546 
p=0.1392 
p=0.0931 
p=0.0005 
p<0.0001 

DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 
DF=56 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
2C   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1pM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10pM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
300pM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
3nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
30nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
300nM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM DAMGO 
v/s +1nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
0.8977 
0.5339 
0.8044 
 
0.4404 
0.1893 
0.8554 
 
0.0651 
p<0.0001 
0.0830 
 
p=0.0185 
p<0.0001 
p=0.0080 
 
p<0.0001 
p<0.0001 
p=0.0003 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(26,84)= 45.40 
F(13,84)= 1268 
F(2,84)= 1325 
 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=168 
DF=168 
DF=168 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 
 
DF=84 
DF=84 
DF=84 



v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
3µM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10µM DAMGO 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

2D   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 
100pM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 
1nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 
10nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 
100nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 
1µM RS-ket  
v/s +1nM Met-enk 
v/s +100nM Met-enk 
+1nM Met-enk 
v/s+100nM Met-enk 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p=0.7215 
p<0.0001 
p<0.0001 
 
p=0.2967 
p<0.0001 
p<0.0001 
 
p=0.0165 
p<0.0001 
p<0.0001 
 
p=0.0015 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p=0.0009 
p<0.0001 
p<0.0001 

F(10,36)= 13.27 
F(5,36)= 57.66 
F(2,36)= 919.8 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
2E, 
3A 

  Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.8660 
p=0.3728 
p=0.6767 
 
p=0.0510 
p=0.0047 
p<0.6064 
 
p=0.0085 
p<0.0001 
p=0.0218 
 
p<0.0001 
p<0.0001 
p=0.0048 
 
p<0.0001 
p<0.0001 
p=0.1285 

F(10,36)= 12.74 
F(5,36)= 505.5 
F(2,36)= 92.85 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 



+1nM RS-ket 
v/s+100nM RS-ket 
1µM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

2F   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp 
100pM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
1nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
10nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
100nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(8,30)= 30 
F(4,30)= 106.9 
F(2,30)= 1464 
 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 

2G   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM  Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p<0.0001 
p<0.0001 
p=0.0002 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(8,30)= 35.95 
F(4,30)= 656 
F(2,30)= 482.4 
 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
2I   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
1pM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 

F(12,42)= 14.31 
F(6,42)= 35.35 
F(2,42)= 3890 
 
 
DF=42 
DF=42 
DF=42 
 
DF=42 



v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
10pM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
100pM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
1nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
10nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 
100nM RS-ket 
v/s +1nM Met-enk 
v/s +100nM Met-enk  
+1nM Met-enk 
v/s+100nM Met-enk 

p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
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DF=42 
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2J   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10µM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.4379 
p=0.9842 
p=0.5390 
 
p<0.0001 
p=0.8241 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(12,42)= 30.47 
F(6,42)= 1200 
F(2,42)= 354.7 
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DF=42 
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Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
2K   Interaction 

Dose 
Treatment 
Sidak’s MCT 
Basal 
v/s +1nM Morp 
v/s +100nM Morp 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p=0.9998 
p<0.0001 

F(12,42)= 16.04 
F(6,42)= 27.09 
F(2,42)= 896.4 
 
 
DF=42 
DF=42 



+1nM Morp 
v/s+100nM Morp 
0.1pM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp 
10pM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp 
100pM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
 1nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
10nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp  
100nM RS-ket 
v/s +1nM Morp 
v/s +100nM Morp 
+1nM Morp 
v/s+100nM Morp 

p<0.0001 
 
p=0.9857 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p=0.0009 
p<0.0001 
p<0.0001 
 
p=0.0006 
p<0.0001 
p=0.0021 
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2L   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
3nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
30nM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM  Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
300nM  Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Morp 
v/s +1nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.4721 
p=0.1095 
p=0.0057 
 
p=0.8880 
p=0.0004 
p<0.0001 
 
p=0.8515 
p=0.0331 
p<0.0078 
 
p=0.0207 
p=0.0083 
p<0.0001 
 
p=0.1543 
p=0.0008 
p<0.0001 
 
p=0.5623 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(18,60)= 35.02 
F(9,60)= 185.9 
F(2,60)= 318.5 
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v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
3µM Morp 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
3B   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.9917 
p=0.9391 
p=0.8998 
 
p=0.5010 
p=0.9446 
p=0.6992 
 
p=0.8751 
p=0.4679 
p=0.7679 
 
p=0.0257 
p<0.0001 
p=0.0256 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(10,36)= 8.631 
F(5,36)= 876.2 
F(2,36)= 20.66 
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3C   Interaction 
Dose 
Treatment 
Sidak’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p>0.9999 
p>0.9999 
p=0.9992 
 
p>0.9999 
p=0.8825 
p=0.6240 
 
p-0.1061 
p=0.0006 
p=0.7439 
 
p=0.0067 
p<0.0001 
p=0.0152 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(10,36)= 20.97 
F(5,36)= 1006 
F(2,36)= 81.82 
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+1nM RS-ket 
v/s+100nM RS-ket 

3D   Interaction 
Dose 
Treatment 
Sidak’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p>0.9999 
p=0.9988 
p>0.9999 
 
p>0.9999 
p=0.5613 
p=0.9522 
 
p<0.0001 
p<0.0001 
p=0.0306 

F(10,36)= 7.887 
F(5,36)= 692.4 
F(2,36)= 17.50 
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Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
3E   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

P=0.0002 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.8915 
p=0.8842 
p=0.9999 
 
p=0.7340 
p=0.2327 
p=0.6365 
 
p=0.6777 
p=0.0271 
p=0.1639 
 
p=0.1376 
p<0.0001 
p=0.0003 
 
p<0.0001 
p<0.0001 
p=0.0958 

F(10,36)= 4.825 
F(5,36)= 983.8 
F(2,36)= 27.25 
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3F   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 

p=0.5862 
p<0.0001 
p<0.0001 
 
 

F(10,36)= 0.8494 
F(5,36)= 146.2 
F(2,36)= 13.39 
 
 



v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.7827 
p=0.4729 
p=0.8669 
 
p=0.3881 
p=0.0606 
p=0.5646 
 
p=0.1538 
p=0.0283 
p=0.7104 
 
p=0.0734 
p=0.0137 
p=0.7554 
 
p=0.0499 
p=0.0090 
p=0.7636 
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3G   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Met-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p=0.1588 
p<0.0001 
p=0.0035 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.9991 
p=0.9819 
p=0.9890 
 
p=0.9405 
p=0.7156 
p=0.8950 
 
p=0.7866 
p=0.5077 
p=0.8909 
 
p=0.0110 
p=0.0649 
p=0.7372 
 
p=0.0317 
p=0.0008 
p=0.3646 

F(10,36)= 1.56 
F(5,36)= 129.2 
F(2,36)= 6.638 
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DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
3H   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 

p=0.9365 
p<0.0001 
p=0.1929 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.9684 
p=0.9149 
p=0.9859 

F(10,36)= 0.4028 
F(5,36)= 177.9 
F(2,36)= 1.723 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 



+1nM RS-ket 
v/s+100nM RS-ket 
1nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Leu-enk 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

 
p=0.9711 
p=0.6282 
p=0.7683 
 
p=0.4379 
p=0.5807 
p=0.9692 
 
p=0.4039 
p=0.5249 
p=0.9764 
 
p=0.5788 
p=0.2473 
p=0.8075 

 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

3I   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100pM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
10nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
100nM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 
1µM Dyn A17 
v/s +1nM RS-ket 
v/s +100nM RS-ket 
+1nM RS-ket 
v/s+100nM RS-ket 

p=0.0061 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.9581 
p=0.2807 
p=0.1751 
 
p=0.3267 
p=0.0819 
p=0.7256 
 
p=0.0320 
p=0.0688 
p=0.9384 
 
p=0.0200 
p=0.0170 
p=0.9975 
 
p=0.0004 
p<0.0001 
p=0.0511 

F(10,36)= 3.097 
F(5,36)= 661.5 
F(2,36)= 21.44 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
4A   Interaction 

Dose 
Treatment 
Sidak’s MCT 
Basal 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
100pM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
1nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p<0.0001 
p=0.0007 
p=0.9041 
 
p<0.0001 
p<0.0001 
p>0.9999 
 
p<0.0001 
p<0.0001 

F(10,36)= 15.97 
F(5,36)= 799.5 
F(2,36)= 237.9 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 



10nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
100nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
1µM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 

p=0.6886 
 
p<0.0001 
p<0.0001 
p=0.2104 
 
p<0.0001 
p<0.0001 
p=0.9179 

DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

4B   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
100pM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
1nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
10nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
100nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
1µM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p<0.0001 
p<0.0001 
p=0.7893 
 
p<0.0001 
p<0.0001 
p=0.8933 
 
p<0.0001 
p<0.0001 
p=0.7748 
 
p<0.0001 
p<0.0001 
p=0.0288 
 
p<0.0001 
p<0.0001 
p=0.0101 

F(10,36)= 78.57 
F(5,36)= 1081 
F(2,36)= 680.5 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

4C   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
100pM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
1nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
10nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 
100nM Met-enk 
v/s +1nM R-ket 
v/s +100nM R-ket 

P=0.9979 
p<0.0001 
p=0.2502 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.9483 
p=0.9973 
p=0.9236 
 
p=0.7639 
p=0.9366 
p=0.5526 
 
p=0.7492 
p=0.8154 
p=0.9925 
 
p=0.4852 
p=0.9326 
p=0.7040 
 
p=0.5442 
p=0.9422 
p=0.7463 

F(10,36)=0.1620 
F(5,36)= 564.5 
F(2,36)= 1.440 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 



+1nM R-ket 
v/s+100nM R-ket 
1µM Met-enk 
v v/s +1nM R-ket 
v/s +100nM R-ket 
+1nM R-ket 
v/s+100nM R-ket 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
4D   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
100pM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
1nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
10nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
100nM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 
1µM Met-enk 
v/s +1nM S-ket 
v/s +100nM S-ket 
+1nM S-ket 
v/s+100nM S-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.1598 
p=0.3100 
p=0.9186 
 
p<0.0001 
p<0.0001 
p=0.7102 
 
p<0.0001 
p<0.0001 
p=0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(10,36)=40.32 
F(5,36)= 1260 
F(2,36)= 356.6 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

5A   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-NK 
v/s +100nM RS-NK  
+1nM RS-NK 
v/s+100nM RS-NK 
100pM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK  
+1nM RS-NK 
v/s+100nM RS-NK 
1nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK  
+1nM RS-NK 
v/s+100nM RS-NK 
10nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK  
+1nM RS-NK 
v/s+100nM RS-NK 
100nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK  
+1nM RS-NK 
v/s+100nM RS-NK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.7954 
p<0.0001 
p<0.0001 
 
p=0.0060 
p<0.0001 
p<0.0001 
 
p=0.0002 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 

F(8,30)=27.72 
F(4,30)= 629.7 
F(2,30)= 284.5 
 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 
 
DF=30 
DF=30 
DF=30 

5B One-way ANOVA 
Treatment 
Tukey’s MCP 
Basal v/s 1nM RS-
NK 

 
p<0.001; 
F(7,15)=154.4 
 
p=0.7786; DF=15 

   



Basal v/s 1nM R-
NK 
Basal v/s 1nM S-
NK  
Basal v/s 100nM 
Met-enk  
Basal v/s 100nM 
Met-enk+ 1nM 
RS-NK 
Basal v/s 100nM 
Met-enk+ 1nM R-
NK 
Basal v/s 100nM 
Met-enk+ 1nM S-
NK 
1nM RS-NK v/s 
1nM R-NK 
1nM RS-NK v/s 
1nM S-NK 
1nM RS-NK v/s 
100nM Met-enk 
1nM RS-NK v/s 
100nM Met-
enk+1nM RS-NK 
1nM RS-NK v/s 
100nM Met-
enk+1nM R-NK 
1nM RS-NK v/s 
100nM Met-
enk+1nM S-NK 
1nM R-NK v/s 
1nM S-NK 
1nM R-NK v/s 
100nM Met-enk 
1nM R-NK v/s 
100nM Met-
enk+1nM RS-NK 
1nM R-NK v/s 
100nM Met-
enk+1nM R-NK 
1nM R-NK v/s 
100nM Met-
enk+1nM S-NK 
1nM S-NK v/s 
100nM Met-enk 
1nM S-NK v/s 
100nM Met-
enk+1nM RS-NK 
1nM S-NK v/s 
100nM Met-
enk+1nM R-NK 
1nM S-NK v/s 
100nM Met-
enk+1nM S-NK 
100nM Met-enk 
v/s 100nM Met-
enk+1nM RS-NK 
100nM Met-enk 
v/s 100nM Met-
enk+1nM R-NK 
100nM Met-enk 
v/s 100nM Met-
enk+1nM S-NK 
100nM Met-
enk+1nM RS-NK 
v/s 100nM Met-
enk+1nM R-NK 
100nM Met-
enk+1nM RS-NK 
v/s 100nM Met-
enk+1nM S-NK 
100nM Met-
enk+1nM R-NK 
v/s 100nM Met-
enk+1nM S-NK 

p=0.9187; DF=15 
p=0.6296; DF=15 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
p=0.9997; DF=15 
p>0.9999; DF=15 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
p=0.9984; DF=15 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p<0.0001; DF=15 
 
p=0.8247; DF=15 
 
p=0.9987; DF=15 
 
p=0.0026; DF=15 
 
p=0.5009; DF=15 
 
p=0.0382; DF=15 
 
p=0.0009; DF=15 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 



5C   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  
100pM Met-enk 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  
1nM Met-enk 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  
10nM Met-enk 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  
100nM Met-enk 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  
1µM Met-enk 
v/s +1nM RS-NK 
v/s +1nM R-NK 
v/s +1nM S-NK 
+1nM RS-NK 
v/s+1nM R-NK 
+1nM RS-NK 
v/s+1nM S-NK  
+1nM R-NK v/s+1nM 
S-NK  

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
p>0.9999 
p>0.9999 
p>0.9999 
 
p>0.9999 
p=0.3126 
p=0.6104 
p=0.3081 
p=0.6047 
p=0.9556 
 
p=0.2532 
p=0.1064 
p=0.5857 
p=0.9687 
p=0.9309 
p=0.7181 
 
p=0.0494 
p=0.0061 
p=0.0015 
p=0.8580 
p=0.5929 
p=0.9657 
 
p=0.0028 
p=0.7014 
p<0.0001 
p=0.0522 
p=0.0041 
p<0.0001 
 
p<0.0001 
p=0.0296 
p<0.0001 
p=0.1287 
p=0.0041 
p<0.0001 

F(15,48)=6.040 
F(5,48)= 433.5 
F(3,48)= 28.71 
 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 
DF=48 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
5D   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +10nM RR-HNK 
v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 
100pM Met-enk 
v/s +10nM RR-HNK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.6049 
p=0.6810 

F(10,36)=9.424 
F(5,36)= 535.3 
F(2,36)= 99.05 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 



v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 
1nM Met-enk 
v/s +10nM RR-HNK 
v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 
10nM Met-enk 
v/s +10nM RR-HNK 
v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 
100nM Met-enk 
v/s +10nM RR-HNK 
v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 
1µM Met-enk 
v/s +10nM RR-HNK 
v/s +10nM SS-HNK 
+10nM RR-HNK 
v/s+10nM SS-HNK 

p=0.9917 
 
p<0.0001 
p<0.0001 
p=0.3358 
 
p=0.0028 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p=0.1351 
 
p<0.0001 
p<0.0001 
p=0.4170 

DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

5E   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 
100pM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 
1nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 
10nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 
100nM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 
1µM Met-enk 
v/s +1nM RS-NK 
v/s +100nM RS-NK 
+1nM RS-NK 
v/s+100nM RS-NK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.0197 
p=0.0011 
p=0.5376 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p=0.0001 

F(10,36)=96.56 
F(5,36)= 2733 
F(2,36)= 1015 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

5F   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 
100pM Met-enk 
v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 
1nM Met-enk 
v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 
10nM Met-enk 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.4532 
p=0.9917 
p=0.5261 
 
p=0.1392 
p>0.9999 
p=0.1392 
 
p<0.0001 
p=0.0030 
p<0.0001 

F(10,36)=8.195 
F(5,36)= 2048 
F(2,36)= 67.52 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 



v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 
100nM Met-enk 
v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 
1µM Met-enk 
v/s +1nM R-NK 
v/s +100nM R-NK 
+1nM R-NK 
v/s+100nM R-NK 

 
p<0.0001 
p=0.0611 
p<0.0001 
 
p<0.0001 
p=0.1074 
p<0.0001 

 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

5G   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 
100pM Met-enk 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 
1nM Met-enk 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 
10nM Met-enk 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 
100nM Met-enk 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 
1µM Met-enk 
v/s +1nM S-NK 
v/s +100nM S-NK 
+1nM S-NK 
v/s+100nM S-NK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.6284 
p=0.2039 
p=0.6951 
 
p<0.0001 
p<0.0001 
p=0.9332 
 
p<0.0001 
p<0.0001 
p=0.8718 
 
p<0.0001 
p<0.0001 
p=0.2290 
 
p<0.0001 
p<0.0001 
p=0.2484 

F(10,36)=118.1 
F(5,36)= 2622 
F(2,36)= 1044 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
5H   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 
+1nM RR-HNK 
v/s+100nM RR-HNK 
100pM Met-enk 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 
+1nM RR-HNK 
v/s+100nM RR-HNK 
1nM Met-enk 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 
+1nM RR-HNK 
v/s+100nM RR-HNK 
10nM Met-enk 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 
+1nM RR-HNK 
v/s+100nM RR-HNK 
100nM Met-enk 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.0879 
p=0.9374 
p=0.0416 
 
p<0.0001 
p=0.4344 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 
p<0.0001 
 
p<0.0001 
p<0.0001 

F(10,36)=66.71 
F(5,36)= 2833 
F(2,36)= 632.6 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 



+1nM RR-HNK 
v/s+100nM RR-HNK 
1µM Met-enk 
v/s +1nM RR-HNK 
v/s +100nM RR-HNK 
+1nM RR-HNK 
v/s+100nM RR-HNK 

p<0.0001 DF=36 

Fig. One-way ANOVA Two-way ANOVA 
 Test p-value Test p-value F (DFn, DFd) 
5I   Interaction 

Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 
100pM Met-enk 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 
1nM Met-enk 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 
10nM Met-enk 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 
100nM Met-enk 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 
1µM Met-enk 
v/s +1nM SS-HNK 
v/s +100nM SS-HNK 
+1nM SS-HNK 
v/s+100nM SS-HNK 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
p>0.9999 
 
p=0.3216 
p=0.4101 
p=0.9840 
 
p<0.0001 
p<0.0001 
p=0.2894 
 
p<0.0001 
p<0.0001 
p=0.7646 
 
p<0.0001 
p<0.0001 
p=0.2894 
 
p<0.0001 
p<0.0001 
p=0.2894 

F(10,36)=13.07 
F(5,36)= 1334 
F(2,36)= 146.5 
 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 
 
DF=36 
DF=36 
DF=36 

6A   Interaction 
Dose 
Treatment 
Tukey’s MCT 
Basal 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
1pM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
10pM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
100pM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
1nM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
10nM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
100nM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
1µM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 
10µM DAMGO 
v/s +1 nM RS-ket 
v/s +100 nM RS-ket 

p<0.0001 
p<0.0001 
p<0.0001 
 
 
p>0.9999 
p>0.9999 
 
p=0.9731 
p=0.9813 
 
p=0.8258 
p=0.1898 
 
p=0.1574 
p<0.0001 
 
p=0.0006 
p<0.0001 
 
p=0.0022 
p<0.0001 
 
p=0.0008 
p<0.0001 
 
p=0.0035 
p<0.0001 
 
p=0.0040 
p<0.0001 

F(16,81)=4.750 
F(8,81)= 221.9 
F(2,81)= 92.57 
 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 
 
DF=81 
DF=81 

6C   Interaction 
Dose 
Treatment 

p=0.1296 
p<0.0001 
p<0.0001 

F(3,27)=2.056 
F(3,27)= 30.85 
F(1,27)= 40.09 



Sidak’s MCT 
10 nM Met-enk 
v/s +10 nM RS-ket 
100 nM Met-enk 
v/s +10 nM RS-ket 
1µM Met-enk 
v/s +10 nM RS-ket 
10µM Met-enk 
v/s +10 nM RS-ket 

 
 
p=0.0682 
 
p=0.0002 
 
p=0.0230 
 
p=0.1358 

 
 
DF=27 
 
DF=27 
 
DF=27 
 
DF=27 
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