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Abstract: The issue of tolerance to continuous or repeated administration of opioids should be ad- 24 
dressed. The ability of ketamine to improve opioid tolerance has been reported in clinical studies, 25 
and its mechanism of tolerance may involve improved desensitization of µ-opioid receptors (MORs). 26 
We measured changes in MOR activity and intracellular signaling induced by repeated fentanyl and 27 
morphine administration and investigated the effects of ketamine on these changes with human 28 
embryonic kidney 293 cells expressing MOR using the CellKeyTM, cADDis cyclic adenosine mono- 29 
phosphate and PathHunter® β-arrestin recruitment assays. Repeated administration of fentanyl or 30 
morphine suppressed the second MOR responses. Administration of ketamine before a second ap- 31 
plication of opioids within clinical concentrations improved acute desensitization and enhanced β- 32 
arrestin recruitment elicited by fentanyl but not by morphine. The effects of ketamine on fentanyl 33 
were suppressed by co-treatment with an inhibitor of G protein-coupled receptor kinase (GRK). 34 
Ketamine may potentially reduce fentanyl tolerance but not that of morphine through modulation 35 
of GRK-mediated pathways, possibly changing the conformational changes of β-arrestin to MOR. 36 

Keywords: µ-opioid receptor; desensitization; tolerance; fentanyl; morphine; ketamine; G protein 37 
receptor kinase; β-arrestin 38 
 39 

1. Introduction 40 
Opioids have been used for the relief of cancer [1], perioperative [2] and critical ill- 41 

ness-related [3] pain, but increase in usage due to tolerance is an issue that should be 42 
addressed [4–6]. Tolerance is defined as a reduction in drug efficacy due to prolonged or 43 
repeated administration, leading to reduced drug effects and increased dosage to main- 44 
tain the analgesic effects. These dosage increases may accelerate the appearance of side 45 
effects, including respiratory depression, constipation and addiction [7]. Opioid tolerance 46 
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could be caused by signaling desensitization, receptor downregulation, upregulation of 47 
drug metabolism and initiation of compensatory/opponent processes [8,9]. Therefore, elu- 48 
cidating the mechanism of opioid tolerance is important to develop tolerance-prevention 49 
strategies and novel clinical treatments. 50 

Opioid receptors (ORs) belong to the G protein-coupled receptor (GPCR) family and 51 
are classified into several subtypes. The major subtypes include µ-(MOR), δ-(DOR), κ- 52 
(KOR) and nociceptin (NOR), whereas opioid analgesics are mainly mediated by MOR 53 
[10,11]. When an agonist ligand binds to the OR, two major intracellular signaling path- 54 
ways are activated: the G protein-mediated pathway and the β-arrestin-mediated path- 55 
way [12]. The former activates the G protein and induces a decrease in intracellular cyclic 56 
adenosine monophosphate (cAMP) levels through the inhibition of adenylate cyclase, 57 
which is associated with analgesia. The latter is activated by phosphorylation of the car- 58 
boxyl-terminus of ORs via the G protein-coupled receptor kinase (GRK), and β-arrestin 59 
binds to the phosphorylated sites, inducing internalization of ORs via endocytosis and 60 
subsequent intracellular signaling or degradation of ORs by lysosomes [13]. After endo- 61 
cytosis, the resensitized receptors recycle back to the cell membrane by vesicular delivery 62 
for subsequent activation [14]. A previous study showed reduced constipation and respir- 63 
atory depression, presumably due to decreased receptor desensitization, in β-arrestin-2 64 
knockout mice [15]. Thereafter, the cellular response of the β-arrestin-mediated pathway 65 
via ORs has been believed to be primarily associated with side effects. However, recent 66 
studies have failed to replicate such findings [16]; thus, the debate remains open [17]. 67 

The phenomenon where intracellular signals are reduced by sustained or repeated 68 
receptor stimulation is known as receptor desensitization [18]. MOR desensitization has 69 
been shown to be mediated by phosphorylation of the agonist-stimulated receptor by 70 
GRK2 followed by binding of β-arrestin to the phosphorylated receptors [19]. Desensiti- 71 
zation attributed to continuous MOR activation may be involved in the mechanism of 72 
tolerance, but this has not been determined [8]. 73 

Ketamine is a phenylcyclohexylamine derivative and a dissociative anesthetic with 74 
clinical use since 1970. In addition to its anesthetic effect, ketamine exerts analgesic and 75 
anti-inflammatory effects and an antidepressant activity [20]. Despite having side effects, 76 
such as dissociation and psychological symptoms, ketamine remains in use as an anes- 77 
thetic, analgesic and antidepressant. Previous studies have reported the efficacy of using 78 
ketamine in patients with opioid tolerance and inadequate analgesia in clinical settings 79 
[21–23]. Ketamine is a known N-methyl-D-aspartate (NMDA) receptor antagonist, but its 80 
effects on ORs have also been reported [24]. The combination of ketamine with opioids 81 
enhances phosphorylation of ERK1/2 in MOR. Although ketamine modulates MOR sig- 82 
naling, the mechanism behind this modulation (including whether it acts at the receptor 83 
or downstream signaling) and its effect on receptor desensitization remain to be clarified. 84 

Accordingly, in this study, we evaluated the changes in MOR activity and intracellu- 85 
lar signaling following repeated administration of fentanyl and morphine using human 86 
embryonic kidney 293 (HEK293) cells expressing MOR. In addition, we focused on the 87 
effects of ketamine administration on acute desensitization induced by repeated opioid 88 
administration. 89 

2. Materials and Methods 90 
2.1 Chemicals 91 

The following reagents were used: fentanyl citrate injection solution (Janssen Phar- 92 
maceutical K.K., Tokyo, Japan), morphine hydrochloride (Takeda Pharmaceutical, Tokyo, 93 
Japan), ketamine hydrochloride (Sigma-Aldrich, Saint Louis, MO, USA), (+)-MK-801 hy- 94 
drogen (Sigma-Aldrich), forskolin (FUJIFILM Wako Pure Chemical Corporation, Osaka, 95 
Japan), CMPD101 (MedChemExpress, Monmouth Junction, NJ, USA), U0126 (Promega, 96 
Madison, WI, USA), c-Jun N-terminal kinase (JNK) inhibitor Ⅱ (Sigma-Aldrich) and Ro 97 



Biomolecules 2022, 12, x FOR PEER REVIEW 3 of 17 
 

31-8220 (MedChemExpress). Fentanyl, morphine and ketamine were diluted with H2O, 98 
while the other reagents were diluted with dimethyl sulfoxide. 99 

 100 
2.2 Construction of Plasmids and Generation of Stable Cell Lines 101 

The process of plasmid construction and generation of stable cell lines for MORs has 102 
been described previously [25]. Halotag® fused MOR (Halotag®MOR, Kazusa DNA Re- 103 
search Institute, Chiba, Japan) and the pGlosensorTM-22F plasmid (pGS22F, Promega) 104 
were amplified according to the manufacturer’s instructions. HEK293 cells (ATCC®, Ma- 105 
nassas, VA, USA) stably expressing both Halotag®MOR and pGS22F were generated by 106 
transfection of the constructed plasmids using the Lipofectamine reagent (Life Technolo- 107 
gies, Carlsbad, CA, USA). These were selected based on OR activity measured using the 108 
CellKeyTM assay or the cADDis® cAMP assay. 109 

 110 
2.3 Cell Culture 111 

HEK293 cells stably expressing Halotag®MOR/pGS22F were cultured in Dulbecco’s 112 
Modified Eagle Medium supplemented with 10% fetal bovine serum, 1% penicillin/strep- 113 
tomycin, 5 µg/mL puromycin (InvivoGen, San Diego, CA, USA) and 100 µg/mL hygro- 114 
mycin (FUJIFILM Wako Pure Chemical Corporation) in a humidified atmosphere contain- 115 
ing 95% air and 5% CO2 at 37℃. 116 

 117 
2.4 CellKeyTM Assay 118 

The procedures in the present study were performed following a protocol described 119 
previously [25]. The CellKeyTM assay system, a label-free cell-based assay for detecting 120 
GPCR activity, has also been described previously [26]. Briefly, cells stably expressing 121 
Halotag®MOR/pGS22F were seeded at densities of 4.0 × 104 in poly-D-Lysine (Sigma Al- 122 
drich)-coated CellKeyTM 96-well microplates and incubated for 24 h. The medium was re- 123 
placed with a CellKeyTM buffer composed of Hank’s balanced salt solution (in mM: 1.3 124 
CaCl2・2H2O, 0.81 MgSO4, 5.4 KCl, 0.44 KH2PO4, 4.2 NaHCO3, 136.9 NaCl, 0.34 Na2HPO4 125 
and 5.6 D-glucose) containing 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 126 
and 0.1% bovine serum albumin. Repeated administration of the same doses of fentanyl 127 
or morphine was performed as follows. 1) Cells were incubated at 28℃ for 30 min; 2) 128 
changes in the impedance current (ΔZiec) in each well were measured at 10-s intervals for 129 
up to 30 min, with the first 5 min as the baseline, and ΔZiec measurements were obtained 130 
for 25 min after administration of each opioid (first treatment); 3) the cells were incubated 131 
at 28℃ for 30 min after washing; 4) ΔZiec were measured and treated with the same dose 132 
of each opioid (second treatment) same as for the first treatment. Ketamine, MK-801 and 133 
other inhibitors were administrated 30 min before the first or second treatment, respec- 134 
tively. The ΔZiec values for each sample were normalized using the values of the negative 135 
control sample. 136 

 137 
2.5 cADDis cAMP Assay 138 

The cADDis cAMP assay system using the cADDis cAMP assay kit (#U0200G) (Mon- 139 
tana Molecular, Bozeman, MT, USA) has been described previously [27]. Briefly, cells 140 
were seeded at 5.0 × 104 cells/well (Halotag®MOR/pGS22F) on black-walled, clear flat-bot- 141 
tom 96-well plates with recombinant BacMam virus expressing the cADDis sensor and 142 
0.6 µM sodium butyrate and incubated for 24 h at 5% CO2 at 37℃. The medium was re- 143 
placed with 100 µL of Krebs solution, and the cells were incubated at 28℃ for 30 min in 144 
the dark. The cells were stimulated with the indicated opioids (first treatment) for 30 min 145 
after incubation. The wells were washed with 100 µL Krebs solution, and the cells were 146 
incubated again at 28℃ for 30 min in the dark before the measurement of the second stim- 147 
ulation (second treatment). Ketamine, MK-801 and other inhibitors were administrated 30 148 
min before each opioid stimulation as was performed for the CellKeyTM assay. Cell 149 
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fluorescence was measured from the plate bottom using excitation/emission wavelengths 150 
of 485 and 525 nm, respectively, using the FlexStation 3 (Molecular Devices, LLC., San Jose, 151 
CA, USA). Changes in fluorescence in each well were measured at 26-s intervals for up to 152 
30 min while considering the first 5 min as the baseline, and the cells were stimulated with 153 
50 µM forskolin to increase the cAMP levels for 25 min. After the signal plateaued, cells 154 
were stimulated with the second opioid administration, and fluorescence changes in each 155 
well were measured for 60 min. Data were transformed to change in fluorescence over the 156 
initial fluorescence (ΔF/F0). 157 

 158 
2.6 PathHunter® eXpress β-Arrestin Assay 159 

The β-arrestin recruitment assays have been described previously [28] and were per- 160 
formed according to the protocol for PathHunter® (DiscoverX, Fremont, CA, USA). U2OS 161 
OPRM1 cells were seeded at a density of 1.0 × 104 cells/well in 96-well clear-bottom white 162 
plates and incubated for 48 h at 5% CO2 at 37℃. The medium was replaced with 100 µL 163 
of cell plating reagent, and the cells were treated with each opioid and incubated at 28℃ 164 
for 30 min in the dark. After washing the wells with 100 µL cell plating reagent, the cells 165 
were incubated again at 28℃ for 30 min in the dark before the measurement of the second 166 
stimulation. Ketamine, MK-801 and other inhibitors were administrated 30 min before 167 
each opioid stimulation as was performed for the CellKeyTM assay. Luminescence intensi- 168 
ties were measured from the plate bottom using excitation/emission wavelengths of 485 169 
and 525 nm, respectively, using the FlexStation 3 (Molecular Devices). The cells were stim- 170 
ulated for 90 min with the second opioid administration at 37℃ and 5% CO2. After Path- 171 
Hunter® working detection solution was added, luminescence changes in each well were 172 
measured every 26 s for 60 min. Data are expressed as the amount of relative light units. 173 

 174 
2.7 Statistical Analysis 175 

Data analyses were performed using GraphPad Prism 9 (GraphPad Software, La Jolla, 176 
CA, USA). Data are presented as means with standard error of the mean (SEM) for at least 177 
three independent experiments. Statistical analysis was performed using the one-way or 178 
two-way analysis of variance (ANOVA) followed by the post-hoc Tukey’s multiple com- 179 
parisons test (GraphPad Prism 9). A p < 0.05 was considered statistically significant. 180 

3. Results 181 
3.1. Effects of Ketamine on Decrease in MOR Activity Induced by Repeated Opioid 182 
Administration Using the CellKeyTM Assay 183 
3.1.1. Repeated administration of fentanyl or morphine decreased MOR activity 184 

We evaluated the changes in MOR activity with repeated administration of the same 185 
doses of fentanyl and morphine with the CellKeyTM system, which can detect GPCR activ- 186 
ity as change in cellular impedance [26]. HEK293 cells expressing Halotag®MOR/pGS22F 187 
were treated with fentanyl or morphine (first administration) for 25 min. After washing 188 
and incubation for 30 min, the same dose of each opioid was administered (second ad- 189 
ministration) and cellular impedance was measured (Figure 1a). A two-way ANOVA re- 190 
vealed significant effects of dose (fentanyl: F (4, 62) = 425.1, p < 0.0001, ηp2 = 0.965; mor- 191 
phine: F (4, 62) = 454.4, p < 0.0001, ηp2 = 0.967), number of doses (fentanyl: F (1, 62) = 710.4, 192 
p < 0.0001, ηp2 = 0.920; morphine: F (1, 62) = 33.1, p < 0.0001, ηp2 = 0.348) and interaction 193 
(fentanyl: F (4, 62) = 179.1, p < 0.0001, ηp2 = 0.920; morphine: F (4, 62) = 12.5, p < 0.0001, ηp2 194 
= 0.447). A post-hoc Tukey’s test showed that compared to treatment with vehicle to fen- 195 
tanyl, repeated administration of fentanyl to fentanyl (1–1000 nM) at the same dose de- 196 
creased MOR activity in a dose-dependent manner (Figure 1b). In contrast, repeated ad- 197 
ministration with a high dose of morphine (10000 nM) decreased MOR activity (Figure 198 
1c).  199 

 200 
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 201 
Figure 1. Changes in MOR activity with repeated administration of fentanyl or morphine using the 202 
CellKeyTM assay.  203 
The cells expressing MOR were treated with fentanyl or morphine (first administration) for 25 min. 204 
After washing and incubation for 30 min, the same dose of each opioid was administered (second 205 
administration) and cellular impedance was measured (a). Changes in impedance (ΔZiec) with re- 206 
peated administration of 1–1000 nM fentanyl (b) and 10–10000 nM morphine (c) (two-way ANOVA 207 
followed by post-hoc Tukey’s test). All data are presented as means ± standard error of mean (SEM) 208 
(n = 6-12). **** P < 0.0001; ns, not significant; V, vehicle; Fen, fentanyl; Mrp, morphine. 209 

 210 
3.1.2. Treatment with ketamine before the second administration of fentanyl recovered 211 
the decrease in MOR activity 212 

To evaluate the effects of ketamine on the second administration of fentanyl or mor- 213 
phine, we first examined changes in pretreatment with ketamine on single administration 214 
(first administration) of these opioids. Ketamine was administered for 30 min before a 215 
single administration of fentanyl or morphine (Figure 2a). A two-way ANOVA revealed 216 
a significant effect of dose (fentanyl: F (4, 74) = 463.8, p < 0.0001, ηp2 = 0.962; morphine: F 217 
(4, 58) = 1568, p < 0.0001, ηp2 = 0.991), but no significant effects of ketamine 100 µM pre- 218 
treatment (fentanyl: F (1, 74) = 0.028, p = 0.868, ηp2 < 0.001; morphine: F (1, 58) = 3.34, p = 219 
0.073, ηp2 = 0.054) or interaction (fentanyl: F (4, 74) = 0.037, p = 0.997, ηp2 = 0.002; morphine: 220 
F (4, 58) = 0.782, p = 0.541, ηp2 = 0.051). A post-hoc Tukey’s test showed that ketamine did 221 
not affect the response induced by fentanyl or morphine even at a high ketamine dose 222 
(100 µM) (Figure 2b, 2c). The results of the two-way ANOVA followed by the post-hoc 223 
Tukey’s test for the fentanyl by ketamine dose are available in Figure S1. 224 

We next measured changes in pretreatment with ketamine (1–100 µM) on the second 225 
administration of fentanyl and morphine (Figure 2d). A one-way ANOVA revealed sig- 226 
nificant effects of combinations of drugs on change in impedance (Figure 2e: F (7, 46) = 227 
44.8, p < 0.0001, η2 = 0.872; 2f: F (7, 46) = 36.1, p < 0.0001, η2 = 0.846; 2g: F (7, 46) = 281.8, p < 228 
0.0001, η2 = 0.977; 2h: F (7, 46) = 99.2, p < 0.0001, η2 = 0.938). A post-hoc Tukey’s test showed 229 
that ketamine at doses higher than 30 µM improved the decrease in MOR activity caused 230 
by the second fentanyl (10–100 nM) application (Figure 2e and 2f), but not in that caused 231 
by 1000 nM fentanyl (Figure 2g). In contrast, ketamine did not recover the decrease in 232 
MOR activity induced by repeated administration of morphine (Figure 2h). 233 
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 234 
Figure 2. Effects of ketamine on MOR activity induced by single or second administration of fenta- 235 
nyl or morphine in MOR-expressing cells using the CellKeyTM assay. 236 
Pretreatment with ketamine on single administration of fentanyl or morphine; 100 µM ketamine 237 
was pretreated for 30 min before a single administration of fentanyl or morphine (a). Effects of pre- 238 
treatment with ketamine on changes in impedance (ΔZiec) induced by single administration (first 239 
administration) of 1–1000 nM fentanyl (b) or 10–10000 nM morphine (c) (two-way ANOVA followed 240 
by post-hoc Tukey’s test). Intermediate treatment with ketamine on repeated administration of fen- 241 
tanyl or morphine; ketamine (1–100 µM) was administered for 30 min before the second 242 
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administration of fentanyl or morphine (d). Effects of intermediate treatment with ketamine on 243 
changes in impedance induced by repeated administration of fentanyl at doses of 10 nM (e), 100 nM 244 
(f), 1000 nM (g) and 10000 nM morphine (h) (one-way ANOVA followed by post-hoc Tukey’s test 245 
in comparison to the vehicle to fentanyl or vehicle to morphine groups). All data are presented as 246 
means ± SEM (n = 6-12). * P < 0.05; ** P < 0.01; **** P < 0.0001; ns, not significant; V, vehicle; Fen, fentanyl; 247 
Mrp, morphine; Ket, ketamine. 248 
 249 
3.1.3. Mechanisms of ketamine pretreatment on the decrease in MOR activity caused by 250 
the second fentanyl administration  251 

To confirm whether the action of ketamine was attributable to the inhibition of the 252 
NMDA receptor activity, we examined the effects of MK-801, the uncompetitive antago- 253 
nist of the NMDA receptor, on the second administration of fentanyl. MK-801 (1–100 µM) 254 
was administered for 30 min before the second administration of 100 nM fentanyl (Figure 255 
3a). A one-way ANOVA revealed a significant effect of combinations of drugs on change 256 
in impedance (F (8, 51) = 159.5, p < 0.0001, η2 = 0.962). A post-hoc Tukey’s test showed that 257 
MK-801 failed to inhibit the decrease in MOR activity induced by the second fentanyl ad- 258 
ministration (Figure 3b). 259 

 260 

 261 
 262 
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Figure 3. Effects of MK-801 on the decrease in MOR activity caused by repeated administration of 263 
fentanyl and intracellular signal inhibitors on ketamine-induced decrease in MOR activity caused 264 
by repeated administration of fentanyl in MOR-expressing cells using the CellKeyTM assay. 265 
MK-801 (1–100 µM) was administered for 30 min before the second administration of fentanyl (a). 266 
Effects of intermediate treatment of 1–100 µM MK-801 on changes in impedance (ΔZiec) with re- 267 
peated administration of 100 nM fentanyl (b) (one-way ANOVA followed by post-hoc Tukey’s test 268 
in comparison to the vehicle to fentanyl group). Each inhibitor was administered concurrently with 269 
ketamine (c). Effects of impedance in intermediate treatment of CMPD101 (d), U0126 (e), Ro 31-8220 270 
(f), or JNK inhibitor Ⅱ (g) at doses of 0.001–10 µM with 100 µM ketamine on impedance induced by 271 
repeated administration of 100 nM fentanyl (one-way ANOVA followed by post-hoc Tukey’s test 272 
in comparison to the ketamine pretreatment before the second administration of fentanyl group). 273 
All data are presented as means ± SEM (n = 6-12). * P < 0.05; **** P < 0.0001; ns, not significant; V, 274 
vehicle; Fen, 100nM fentanyl; Ket, 100 µM ketamine. 275 

 276 
We investigated the effects of several intracellular signal inhibitors [CMPD101 (a 277 

GRK 2,3 inhibitor), U0126 (a mitogen-activated protein kinase (MEK) inhibitor), JNK in- 278 
hibitor II and Ro31-8220 (a protein kinase C (PKC) inhibitor)] on the ketamine-induced 279 
improvement of the decrease in MOR activity evoked by fentanyl. Each inhibitor was ad- 280 
ministered concurrently with ketamine (Figure 3c). A one-way ANOVA revealed signifi- 281 
cant effects of combinations of drugs on change in impedance (Figure 3d: F (8, 51) = 43.2, 282 
p < 0.0001, η2 = 0.871; 3e: F (8, 51) = 24.1, p < 0.0001, η2 = 0.791; 3f: F (8, 51) = 36.5, p < 0.0001, 283 
η2 = 0.851; 3g: F (8, 51) = 67.1, p < 0.0001, η2 = 0.913). A post-hoc Tukey’s test showed that 284 
only CMPD101 significantly cancelled the ketamine-induced improvement of the de- 285 
crease in MOR activity evoked by repeated administration of 100 nM fentanyl (Figures 286 
3d–g). No treatment with inhibitors in the absence of ketamine affected the decrease in 287 
MOR activity evoked by repeated administration of fentanyl (Figure S2). 288 

 289 
3.2. Effects of Ketamine on the Decrease in Intracellular cAMP Induced by the Second Opioid 290 
Administration with the cADDis cAMP Assay 291 
3.2.1. Repeated administration of fentanyl or morphine suppressed the decrease in intra- 292 
cellular cAMP 293 

The cAMP assay with the cADDis sensor was performed to detect the activity of the 294 
Gi/o protein. The cADDis sensor used in this study increases fluorescence intensity when 295 
the levels of intracellular cAMP decrease in response to the activation of Gi/o protein. 296 
Conversely, the cADDis sensor decreases fluorescence intensity when the level of intra- 297 
cellular cAMP increases. A two-way ANOVA revealed significant effects of dose (fenta- 298 
nyl: F (4, 50) = 38.4, p < 0.0001, ηp2 = 0.754; morphine: F (4, 50) = 50.9, p < 0.0001, ηp2 = 0.533), 299 
number of doses (fentanyl: F (1, 50) = 90.2, p < 0.0001, ηp2 = 0.643; morphine: F (1, 50) = 22.2, 300 
p < 0.0001, ηp2 = 0.223) and interaction (fentanyl: F (4, 50) = 13.9, p < 0.0001, ηp2 = 0.526; 301 
morphine: F (4, 50) = 5.14, p = 0.002, ηp2 = 0.225). A post-hoc Tukey’s test showed that, 302 
compared to treatment with vehicle to fentanyl, the second administration of fentanyl (10– 303 
1000 nM) at the same dose suppressed the decrease in intracellular cAMP in a dose-de- 304 
pendent manner (Figure 4a). In contrast, only repeated administration with a high dose 305 
of morphine (10000 nM) suppressed the decrease in intracellular cAMP (Figure 4b). 306 

 307 
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 308 
Figure 4. Changes in decrease in intracellular cAMP induced by repeated administration of fentanyl 309 
or morphine and effects of intermediate treatment of ketamine on the rescue in intracellular cAMP 310 
induced by repeated administration of fentanyl or morphine in MOR-expressing cells using cADDis 311 
cAMP assay. 312 
Changes in intracellular cAMP with repeated administration at the same dose of 1–1000 nM fentanyl 313 
(a) and 10–10000 nM morphine (b) (two-way ANOVA followed by post-hoc Tukey’s test). Effects of 314 
intermediate treatment with 10–100 µM ketamine on the rescue of intracellular cAMP induced by 315 
repeated administration of fentanyl at doses of 10 nM (c), 100 nM (d) and 10000 nM morphine (e) 316 
(one-way ANOVA followed by post-hoc Tukey’s test in comparison to the vehicle to fentanyl or 317 
vehicle to morphine groups). All data are presented as means ± SEM (n = 6). * P < 0.05; ** P < 0.01; **** 318 
P < 0.0001; ns, not significant; V, vehicle; Fen, fentanyl; Mrp, morphine. 319 
 320 
3.2.2. Pretreatment with ketamine before the second administration of fentanyl recouped 321 
the rescue of intracellular cAMP induced by the second fentanyl administration 322 

We measured the effects of ketamine on repeated administration of fentanyl and 323 
morphine. Ketamine (10–100 µM) was administered for 30 min before the second admin- 324 
istration of fentanyl and morphine. A one-way ANOVA revealed significant effects of 325 
combinations of drugs on ⊿F/F0 (Figure 4c: F (5, 30) = 11.1, p < 0.0001, η2 = 0.650; 4d: F (5, 326 
30) = 61.8, p < 0.0001, η2 = 0.912; 4e: F (5, 30) = 12.9, p < 0.0001, η2 = 0.683). A post-hoc 327 
Tukey’s test showed that ketamine at doses higher than 30 µM recovered the rescue of 328 
intracellular cAMP caused by the repeated fentanyl (10–100 nM) administration (Figure 329 
4c and 4d). Ketamine did not recover the rescue of intracellular cAMP caused by repeated 330 
morphine administration (Figure 4e). 331 

 332 
3.2.3. Mechanisms of ketamine on the rescue of intracellular cAMP caused by repeated 333 
fentanyl administration  334 

In the CellKeyTM assay, CMPD101 cancelled the ketamine-induced improvement in 335 
the rescue of intracellular cAMP induced by repeated fentanyl administration. U0126 336 
tends to suppress the effect of ketamine but not to a great extent. Therefore, we investi- 337 
gated the effects of these inhibitors on the ketamine-induced improvement in the rescue 338 
of intracellular cAMP caused by repeated fentanyl administration. Each inhibitor was ad- 339 
ministered concurrently with ketamine. A one-way ANOVA revealed significant effects 340 
of combinations of drugs on ⊿F/F0 (Figure 5a: F (8, 45) = 40.3, p < 0.0001, η2 = 0.877; 5b: F 341 
(8, 49) = 29.3, p < 0.0001, η2 = 0.827. A post-hoc Tukey’s test showed that CMPD101 (0.01– 342 
10 µM) did not improve the rescue of intracellular cAMP caused by repeated 343 
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administration of 100 nM fentanyl (Figure S2a). However, CMPD101 (1–10 µM) signifi- 344 
cantly cancelled the ketamine-induced improvement in rescue of intracellular cAMP 345 
caused by repeated administration of 100 nM fentanyl (Figure 5a). U0126 (0.01–10 µM) 346 
did not affect the rescue of intracellular cAMP caused by repeated administration of 100 347 
nM fentanyl (Figure S2b) and did not affect the ketamine-induced improvement in the 348 
rescue of intracellular cAMP caused by repeated administration of 100 nM fentanyl (Fig- 349 
ure 5b). 350 

 351 

 352 
Figure 5. Effects of intracellular signal inhibitors on the rescue of intracellular cAMP induced by 353 
repeated administration of fentanyl with ketamine in MOR-expressing cells using cADDis cAMP 354 
assay. 355 
Effects of 0.01–10 µM CMPD101 (a) or U0126 (b) on the rescue of intracellular cAMP induced by 356 
repeated administration of 100 nM fentanyl with 100 µM ketamine (one-way ANOVA followed by 357 
post-hoc Tukey’s test in comparison to the ketamine pretreatment before the second administration 358 
of fentanyl group). All data are presented as means ± SEM (n = 6). * P < 0.05; **** P < 0.0001; ns, not 359 
significant; V, vehicle; Fen, 100nM fentanyl; Ket, 100 µM ketamine. 360 

 361 
3.3. Effects of Ketamine on Recruitment of β-Arrestin to MOR Induced by Repeated 362 
Administration of Opioids Using the PathHunter® eXpress β-Arrestin Assay 363 
3.3.1. Effect of treatment with ketamine on the enhanced β-arrestin recruitment to MOR 364 
induced by repeated administration of fentanyl 365 

We performed the PathHunter® eXpress β-arrestin assay to analyze the action of ket- 366 
amine on the β-arrestin-mediated pathway. Ketamine (10–100 µM) was administered for 367 
30 min before the second administration of fentanyl or morphine as was performed for 368 
the CellKeyTM and cADDis cAMP assays. A one-way ANOVA revealed significant effects 369 
of combinations of drugs on amount	of	luminescence (Figure 6a: F (5, 30) = 12.9, p < 0.0001, 370 
η2 = 0.683; 6b: F (5, 30) = 40.0, p < 0.0001, η2 = 0.870; 6c: F (5, 30) = 125.9, p < 0.0001, η2 = 371 
0.955). A post-hoc Tukey’s test showed that ketamine at doses higher than 30 µM en- 372 
hanced the level of β-arrestin recruitment for MOR induced by the second fentanyl ad- 373 
ministration (10 and 100 nM) (Figure 6a and 6b). Ketamine failed to enhance the level of 374 
β-arrestin recruitment for MOR induced by the repeated morphine administration (Figure 375 
6c). 376 

 377 
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 378 
Figure 6. Effects of intermediate treatment with ketamine on changes in β-arrestin recruitment lev- 379 
els caused by repeated administration of fentanyl or morphine in MOR-expressing cells using the 380 
PathHunter® eXpress β-arrestin assay. 381 
Effects of intermediate treatment with 10–100 µM ketamine on changes in β-arrestin recruitment 382 
levels caused by repeated administration of fentanyl at the same doses of 10 nM (a), 100 nM (b) and 383 
10000 nM morphine (c) (one-way ANOVA followed by post-hoc Tukey’s test in comparison to the 384 
repeated administration of fentanyl or morphine groups). All data are presented as means ± SEM (n 385 
= 6). ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, not significant; V, vehicle; Fen, fentanyl; Mrp, morphine; 386 
Ket, ketamine. 387 

 388 
3.3.2. Mechanisms of ketamine on the enhancement of β-arrestin recruitment to MOR 389 
induced by repeated administration of fentanyl 390 

We investigated the effects of CMPD101 and U0126 on the ketamine-induced en- 391 
hancement of β-arrestin recruitment to MOR induced by repeated fentanyl administration 392 
as was performed for the CellKeyTM and cADDis cAMP assays. Each inhibitor was admin- 393 
istered concurrently with ketamine. A one-way ANOVA revealed significant effects of 394 
combinations of drugs on amount	of	luminescence (Figure 7a: F (7, 40) = 70.1, p < 0.0001, η2 395 
= 0.925; 7b: F (7, 40) = 45.2, p < 0.0001, η2 = 0.888). A post-hoc Tukey’s test showed that 10 396 
µM CMPD101 inhibited the level of β-arrestin recruitment to MOR induced by the re- 397 
peated administration of 100 nM fentanyl (Figure S3a). In addition, CMPD101 (1–10 µM) 398 
significantly cancelled the ketamine-induced enhancement of β-arrestin recruitment to 399 
MOR induced by the repeated administration of 100 nM fentanyl (Figure 7a). U0126 (0.01– 400 
10 µM) did not affect the level of β-arrestin recruitment to MOR induced by the repeated 401 
administration of 100 nM fentanyl (Figure S3b) and did not affect ketamine-induced en- 402 
hancement of β-arrestin recruitment to MOR induced by the repeated administration of 403 
100 nM fentanyl (Figure 7b). 404 

 405 

 406 
Figure 7. Effects of intracellular signal inhibitors on changes in β-arrestin recruitment levels to MOR 407 
induced by repeated administration of fentanyl with ketamine in MOR-expressing cells using the 408 
PathHunter® eXpress β-arrestin assay. 409 
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Effects of 0.01–10 µM of CMPD101 (a) or U0126 (b) on changes in β-arrestin recruitment to MOR 410 
induced by repeated administration of 100 nM fentanyl with 100 µM ketamine (one-way ANOVA 411 
followed by post-hoc Tukey’s test in comparison to the ketamine pretreatment before the second 412 
administration of fentanyl group). All data are presented as SEM (n = 6). * P < 0.05; **** P < 0.0001; ns, 413 
not significant; V, vehicle; Fen, 100nM fentanyl; Ket, 100 µM ketamine. 414 

4. Discussion 415 
In the present study, we established an assay system using CellKeyTM to evaluate 416 

acute MOR desensitization. Repeated administration of the same dose of fentanyl (10, 100, 417 
1000 nM) and morphine (10000 nM) at 60-min intervals resulted in a decrease in MOR 418 
activity compared to single administration. We did not go up with concentration of mor- 419 
phine considering that the fentanyl is 100 times more potent than morphine [25]. As re- 420 
peated administration of fentanyl and morphine suppressed MOR activity at the same 421 
dose in the CellKeyTM assay, we used this assay as a model for acute MOR desensitization. 422 
Treatment with ketamine before the second administration of fentanyl or morphine re- 423 
covered the decrease in MOR activity induced by fentanyl but not that induced by mor- 424 
phine. Several intracellular signal molecules, such as GRK, MEK, JNK and PKC, have been 425 
found to be associated with MOR desensitization [29]. During simultaneous treatment of 426 
intracellular signaling inhibitors with ketamine, only CMPD101, an inhibitor of GRKs, 427 
significantly cancelled the ketamine-induced improvement of decrease in MOR activity. 428 
In the cADDis cAMP assay, repeated administration of fentanyl or morphine suppressed 429 
the decrease in intracellular cAMP similar to the results of the CellKeyTM assay. Treatment 430 
with ketamine before the second administration of fentanyl, but not of morphine, recov- 431 
ered the rescue of intracellular cAMP. The ketamine-induced improvement in the rescue 432 
of intracellular cAMP caused by repeated administration of fentanyl was cancelled by co- 433 
treatment with CMPD101 but not by co-treatment with U0126, an inhibitor of MEK1/2. 434 
Finally, our PathHunter® eXpress β-arrestin assay showed that ketamine at doses higher 435 
than 30 µM enhanced the level of β-arrestin recruitment for MOR induced by repeated 436 
fentanyl, but not by repeated morphine, administration. The ketamine-induced enhance- 437 
ment of β-arrestin recruitment to MOR caused by repeated fentanyl administration was 438 
cancelled by co-treatment with CMPD101 but not with U0126. 439 

Ketamine has recently attracted attention as a treatment for depression, and analysis 440 
of its mechanism of action and affinity for receptors is underway [30]. Ketamine is known 441 
to be an NMDA-type glutamate receptor antagonist [31], but it has also been reported to 442 
act directly on α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) recep- 443 
tors [20], orexin-1 receptors [32] and ORs [33,34]. However, our present study showed that 444 
ketamine did not directly activate MOR using the CellKeyTM assay even at a higher dose 445 
(100 µM). We found that ketamine, but not MK-801, improved fentanyl desensitization, 446 
suggesting that the improvement in opioid desensitization induced by ketamine affects 447 
MOR but not via the NMDA receptors. 448 

Our present study indicated that ketamine improved the desensitization of MOR in- 449 
duced by fentanyl, but not that by morphine, suggesting that desensitization induced by 450 
fentanyl and morphine might occur according to different mechanisms. It has been re- 451 
ported that, of the GRK subtypes, fentanyl mainly activates GRK2/3 whereas morphine 452 
activates GRK5 [29]. Both GRK2/3 and GRK5 have also been shown to be associated with 453 
desensitization of GPCR, but the mechanism may differ for each subtype [19,35,36]. Fen- 454 
tanyl has a strong effect on β-arrestin recruitment via GRK phosphorylation, which in- 455 
duces desensitization, whereas morphine has a weak effect on β-arrestin recruitment, and 456 
PKC is involved in the process [37]. The reason is uncertain at present, but it may be pos- 457 
sible that the action mechanisms of ketamine are related to the phosphorylation site of 458 
MORs by GRK2/3, but not by GRK5, and the subsequent recruitment of β-arrestin by 459 
GRK2/3. 460 

Moreover, we previously reported that ketamine acted on protein–protein binding 461 
in that it inhibited the interaction between one of the GPCR GABAB receptor and GRK4 462 
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or GRK5 [38]. As the GRK inhibitor CMPD101 interfered with the ketamine-induced im- 463 
provement of MOR desensitization caused by fentanyl, the GRK signaling responses 464 
could be involved in this ketamine effect. The mechanism of the improvement effects of 465 
ketamine appear to be more important in relation to phosphorylated receptors rather than 466 
on inactive receptors because neither pretreatment with CMPD101 nor with U0126 in the 467 
absence of ketamine improved the desensitization induced by fentanyl or morphine. 468 

After agonists bind to MORs, the receptors are phosphorylated by GRK, and subse- 469 
quently β-arrestin binds to the phosphorylated sites [39]. Recently, it was shown that there 470 
are two β-arrestin binding sites in GPCRs, and the two unique conformations of GPCR-β- 471 
arrestin complex elicit different cellular responses. One is the “core” conformation, which 472 
induces desensitization of GPCR and the other is the “tail” conformation, which induces 473 
GPCR internalization and re-sensitization of GPCR [40]. In this study, pretreatment with 474 
ketamine with the second administration of fentanyl improved fentanyl-induced MOR 475 
desensitization and enhanced β-arrestin recruitment to MORs. These results suggest that 476 
ketamine decreases the core conformation via inhibition of β-arrestin binding to MOR or 477 
possibly pull β-arrestin out from MOR core sites, resulting in an increase in the numbers 478 
of the β-arrestin-bound tail conformation. The tail conformation in MORs continues to 479 
activate extracellular signal-regulated kinase (ERK)1/2, which is activated by MEK1/2, af- 480 
ter internalization of MOR, and ketamine is known to activate ERK1/2 in fentanyl desen- 481 
sitization [24]. As our present results showed that β-arrestin activity was increased by 482 
ketamine, which is associated with improved desensitization, ERK might also be activated 483 
through this process. However, U0126, that suppresses activation of ERK1/2 by inhibiting 484 
MEK1/2, failed to suppress the improved effects of ketamine in our study, suggesting that 485 
the ERK signal might not be involved in the desensitization process even when ketamine 486 
activated ERK1/2. 487 

The benefit of ketamine for opioid tolerance has been reported by several clinical 488 
studies. In a randomized controlled trial of spine surgery in patients using opioids for 489 
chronic pain, intraoperative ketamine administration at low doses (lower than the anes- 490 
thetic doses) reduced postoperative opioid tolerance formation and opioid-induced hy- 491 
peralgesia [41]. In a systematic review on the usefulness of ketamine in patients with can- 492 
cer, four randomized controlled trials and 32 descriptive studies showed that ketamine 493 
had the potential to relieve pain in patients who had become inactive or tolerant to opioids 494 
[42]. In the present study, 100 nM fentanyl and 10 µM morphine were used in in vitro 495 
assays. Some clinical reports have indicated the maximum plasma concentration of fenta- 496 
nyl, morphine and ketamine to be 0.14 µM [43], 77.5 µM [44] and 60-110 µM [45,46], re- 497 
spectively. These data suggest that the doses of the opioids and ketamine used in this 498 
study were within the range of clinical concentrations. Accordingly, our present results 499 
suggesting that ketamine, at doses within the range of clinical concentrations, improved 500 
desensitization induced by fentanyl may in part explain the effectiveness of ketamine 501 
against opioid tolerance in the clinical practice. 502 

Cellular and animal studies investigating ketamine's actions on the effects of opioids, 503 
other than analgesia, were not found in the literature. Compared to the sole use of opioids, 504 
human studies have reported an increase in adverse events in neurologic and psychiatric 505 
events and a decrease in the cardiopulmonary events when ketamine is additionally used 506 
with opioids compared to opioids alone [47]. These results may reflect not only direct 507 
effects of ketamine on ORs, but also reductions in opioid dosage and indirect effects via 508 
receptors other than ORs. The increase in β-arrestin activity seen in this study when com- 509 
bining opioids and ketamine points to a concerning increase in side effects, such as con- 510 
stipation and respiratory depression, when considering the classical concept of biased ag- 511 
onism [15]. However, it should be noted that the results of this study do not indicate that 512 
opioids increase side effects, given that recent studies showed that the β-arrestin pathway 513 
in ORs is not directly related to side effects [16]. 514 

A limitation of the present study is that we did not directly investigate the changes 515 
in the MOR core or tail conformation states induced by ketamine administration. We are 516 
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presently attempting to establish experiments to observe and calculate the numbers of 517 
internalized MORs by ketamine to elucidate the mechanisms induced by β-arrestin sig- 518 
naling. In addition, as we did not conduct in vivo experiments with suitable animal models, 519 
further experiments are required on whether ketamine improves tolerance caused by fen- 520 
tanyl but not morphine. 521 

5. Conclusions 522 
Repeated administration of fentanyl or morphine suppressed the consequent MOR 523 

responses through MOR desensitization. Administration of ketamine before the second 524 
application of fentanyl improved acute desensitization and enhanced β-arrestin recruit- 525 
ment with fentanyl but not with morphine, and the effects of ketamine were suppressed 526 
by co-administration of the GRK inhibitor. Our observed responses of ketamine were 527 
within the upper limit of clinical concentrations. Our results suggest that ketamine may 528 
have improving effects on fentanyl tolerance, in which the conformational changes in 529 
GRK and β-arrestin interaction in MOR signaling could be involved and modified by ket- 530 
amine. 531 
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www.mdpi.com/xxx/s1, Figure S1: Two-way ANOVA followed by the post hoc Tukey’s test for fen- 533 
tanyl dose by ketamine dose in MOR-expressing cells using the CellKeyTM assay; Figure S2: Effects 534 
of intermediate treatment with intracellular signal inhibitors on ketamine-induced decrease in MOR 535 
activity caused by repeated administration of fentanyl in MOR-expressing cells using the CellKeyTM 536 
assay; Figure S3: Effects of intermediate treatment with intracellular signal inhibitors on the rescue 537 
of intracellular cAMP induced by repeated administration of opioids in MOR-expressing cells using 538 
the cADDis cAMP assay; Figure S4: Effects of intermediate treatment with intracellular signal in- 539 
hibitors on changes in the β-arrestin recruitment levels to MOR induced by repeated administration 540 
of opioids in MOR-expressing cells using the PathHunter® eXpress β-arrestin assay. 541 

Author Contributions: Conceptualization, Y.U., H.M. and K.M.; methodology, Y.M. (Yusuke Mi- 542 
zobuchi), Y.U., K.M. and S.M.; validation, Y.M. (Yusuke Mizobuchi), K.M. and S.M.; formal analysis, 543 
Y.M. (Yusuke Mizobuchi); investigation, Y.M. (Yusuke Mizobuchi), K.M., S.M., E.U., A.K., Y.K. and 544 
M.N.; resources, Y.U., K.M., E.U., A.K. and Y.K.; data curation, Y.M. (Yusuke Mizobuchi) and K.M.; 545 
writing—original draft preparation, Y.M. (Yusuke Mizobuchi); writing—review and editing, Y.U. 546 
and K.M.; visualization, Y.M. (Yusuke Mizobuchi); supervision, H.M., S.M, Y.M. (Yoshikazu Mat- 547 
suoka) and T.S.; project administration, Y.U. and H.M.; funding acquisition, Y.U. All authors have 548 
read and agreed to the published version of the manuscript. 549 

Funding: This research was funded by JSPS KAKENHI, grant numbers 18K08858, 21K08924, and 550 
21K06584. 551 

Institutional Review Board Statement: The study was approved by the Guide for Genetic Modifi- 552 
cation Safety Committee of National Cancer Center, Japan (approval no. B85M1-17, 29 March 2017) 553 
and the Recombinant Gene Research Safety Committee of the Jikei University (approval no. D2020- 554 
050, 13 January 2021). 555 

Informed Consent Statement: Not applicable. 556 

Data Availability Statement: The data that support the findings of this study are available on re- 557 
quest from the corresponding author. 558 

Acknowledgments: Not applicable. 559 

Conflicts of Interest: Y.U. received financial support from Daiichi Sankyo Co. Ltd. The funder had 560 
no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing 561 
of the manuscript, or in the decision to publish the results. 562 

References 563 

1. World Health Organization. Cancer Pain Relief: With a Guide to Opioid Availability; World Health Organization: Geneva, 564 
Switzerland, 1996.1.  Who; Organization, W.H. Cancer Pain Relief: With a Guide to Opioid Availability; World Health 565 
Organization, 1996; ISBN 978-92-4-154482-5. 566 



Biomolecules 2022, 12, x FOR PEER REVIEW 15 of 17 
 

2.  Chou, R.; Gordon, D.B.; de Leon-Casasola, O.A.; Rosenberg, J.M.; Bickler, S.; Brennan, T.; Carter, T.; Cassidy, C.L.; 567 
Chittenden, E.H.; Degenhardt, E.; et al. Management of Postoperative Pain: A Clinical Practice Guideline From the American Pain 568 
Society, the American Society of Regional Anesthesia and Pain Medicine, and the American Society of Anesthesiologists’ 569 
Committee on Regional Anesthesia, Executive Committee, and Administrative Council. J Pain 2016, 17, 131–157, 570 
doi:10.1016/j.jpain.2015.12.008. 571 
3.  Devlin, J.W.; Skrobik, Y.; Gélinas, C.; Needham, D.M.; Slooter, A.J.C.; Pandharipande, P.P.; Watson, P.L.; Weinhouse, G.L.; 572 
Nunnally, M.E.; Rochwerg, B.; et al. Clinical Practice Guidelines for the Prevention and Management of Pain, Agitation/Sedation, 573 
Delirium, Immobility, and Sleep Disruption in Adult Patients in the ICU. Crit Care Med 2018, 46, e825–e873, 574 
doi:10.1097/CCM.0000000000003299. 575 
4.  Colvin, L.A.; Bull, F.; Hales, T.G. Perioperative Opioid Analgesia-When Is Enough Too Much? A Review of Opioid-Induced 576 
Tolerance and Hyperalgesia. Lancet 2019, 393, 1558–1568, doi:10.1016/S0140-6736(19)30430-1. 577 
5.  Martyn, J.A.J.; Mao, J.; Bittner, E.A. Opioid Tolerance in Critical Illness. N Engl J Med 2019, 380, 365–378, 578 
doi:10.1056/NEJMra1800222. 579 
6.  Shanthanna, H.; Ladha, K.S.; Kehlet, H.; Joshi, G.P. Perioperative Opioid Administration. Anesthesiology 2021, 134, 645–659, 580 
doi:10.1097/ALN.0000000000003572. 581 
7.  Eidson, L.N.; Murphy, A.Z. Inflammatory Mediators of Opioid Tolerance: Implications for Dependency and Addiction. 582 
Peptides 2019, 115, 51–58, doi:10.1016/j.peptides.2019.01.003. 583 
8.  Allouche, S.; Noble, F.; Marie, N. Opioid Receptor Desensitization: Mechanisms and Its Link to Tolerance. Front Pharmacol 584 
2014, 5, 280, doi:10.3389/fphar.2014.00280. 585 
9.  Zhou, J.; Ma, R.; Jin, Y.; Fang, J.; Du, J.; Shao, X.; Liang, Y.; Fang, J. Molecular Mechanisms of Opioid Tolerance: From Opioid 586 
Receptors to Inflammatory Mediators (Review). Exp Ther Med 2021, 22, 1004, doi:10.3892/etm.2021.10437. 587 
10.  Schmid, C.L.; Kennedy, N.M.; Ross, N.C.; Lovell, K.M.; Yue, Z.; Morgenweck, J.; Cameron, M.D.; Bannister, T.D.; Bohn, L.M. 588 
Bias Factor and Therapeutic Window Correlate to Predict Safer Opioid Analgesics. Cell 2017, 171, 1165-1175.e13, 589 
doi:10.1016/j.cell.2017.10.035. 590 
11.  Günther, T.; Dasgupta, P.; Mann, A.; Miess, E.; Kliewer, A.; Fritzwanker, S.; Steinborn, R.; Schulz, S. Targeting Multiple 591 
Opioid Receptors - Improved Analgesics with Reduced Side Effects? Br J Pharmacol 2018, 175, 2857–2868, doi:10.1111/bph.13809. 592 
12.  Wootten, D.; Christopoulos, A.; Marti-Solano, M.; Babu, M.M.; Sexton, P.M. Mechanisms of Signalling and Biased Agonism 593 
in G Protein-Coupled Receptors. Nat Rev Mol Cell Biol 2018, 19, 638–653, doi:10.1038/s41580-018-0049-3. 594 
13.  Watari, K.; Nakaya, M.; Kurose, H. Multiple Functions of G Protein-Coupled Receptor Kinases. J Mol Signal 2014, 9, 1, 595 
doi:10.1186/1750-2187-9-1. 596 
14.  Roman-Vendrell, C.; Yu, Y.J.; Yudowski, G.A. Fast Modulation of µ-Opioid Receptor (MOR) Recycling Is Mediated by 597 
Receptor Agonists. J Biol Chem 2012, 287, 14782–14791, doi:10.1074/jbc.M111.319616. 598 
15.  Raehal, K.M.; Schmid, C.L.; Groer, C.E.; Bohn, L.M. Functional Selectivity at the µ-Opioid Receptor: Implications for 599 
Understanding Opioid Analgesia and Tolerance. Pharmacol Rev 2011, 63, 1001–1019, doi:10.1124/pr.111.004598. 600 
16.  Kliewer, A.; Gillis, A.; Hill, R.; Schmiedel, F.; Bailey, C.; Kelly, E.; Henderson, G.; Christie, M.J.; Schulz, S. Morphine-Induced 601 
Respiratory Depression Is Independent of β-Arrestin2 Signalling. Br J Pharmacol 2020, 177, 2923–2931, doi:10.1111/bph.15004. 602 
17.  Gillis, A.; Kliewer, A.; Kelly, E.; Henderson, G.; Christie, M.J.; Schulz, S.; Canals, M. Critical Assessment of G Protein-Biased 603 
Agonism at the µ-Opioid Receptor. Trends Pharmacol Sci 2020, 41, 947–959, doi:10.1016/j.tips.2020.09.009. 604 
18.  Zhang, J.; Barak, L.S.; Winkler, K.E.; Caron, M.G.; Ferguson, S.S. A Central Role for Beta-Arrestins and Clathrin-Coated 605 
Vesicle-Mediated Endocytosis in Beta2-Adrenergic Receptor Resensitization. Differential Regulation of Receptor Resensitization in 606 
Two Distinct Cell Types. J Biol Chem 1997, 272, 27005–27014, doi:10.1074/jbc.272.43.27005. 607 



Biomolecules 2022, 12, x FOR PEER REVIEW 16 of 17 
 

19.  Krasel, C.; Bünemann, M.; Lorenz, K.; Lohse, M.J. Beta-Arrestin Binding to the Beta2-Adrenergic Receptor Requires Both 608 
Receptor Phosphorylation and Receptor Activation. J Biol Chem 2005, 280, 9528–9535, doi:10.1074/jbc.M413078200. 609 
20.  Zanos, P.; Moaddel, R.; Morris, P.J.; Riggs, L.M.; Highland, J.N.; Georgiou, P.; Pereira, E.F.R.; Albuquerque, E.X.; Thomas, 610 
C.J.; Zarate, C.A.; et al. Ketamine and Ketamine Metabolite Pharmacology: Insights into Therapeutic Mechanisms. Pharmacol Rev 611 
2018, 70, 621–660, doi:10.1124/pr.117.015198. 612 
21.  Culp, C.; Kim, H.K.; Abdi, S. Ketamine Use for Cancer and Chronic Pain Management. Front Pharmacol 2020, 11, 599721, 613 
doi:10.3389/fphar.2020.599721. 614 
22.  Brinck, E.C.; Tiippana, E.; Heesen, M.; Bell, R.F.; Straube, S.; Moore, R.A.; Kontinen, V. Perioperative Intravenous Ketamine 615 
for Acute Postoperative Pain in Adults. Cochrane Database Syst Rev 2018, 12, CD012033, doi:10.1002/14651858.CD012033.pub4. 616 
23.  Schwenk, E.S.; Viscusi, E.R.; Buvanendran, A.; Hurley, R.W.; Wasan, A.D.; Narouze, S.; Bhatia, A.; Davis, F.N.; Hooten, 617 
W.M.; Cohen, S.P. Consensus Guidelines on the Use of Intravenous Ketamine Infusions for Acute Pain Management From the 618 
American Society of Regional Anesthesia and Pain Medicine, the American Academy of Pain Medicine, and the American Society 619 
of Anesthesiologists. Reg Anesth Pain Med 2018, 43, 456–466, doi:10.1097/AAP.0000000000000806. 620 
24.  Gupta, A.; Devi, L.A.; Gomes, I. Potentiation of µ-Opioid Receptor-Mediated Signaling by Ketamine. J Neurochem 2011, 119, 621 
294–302, doi:10.1111/j.1471-4159.2011.07361.x. 622 
25.  Manabe, S.; Miyano, K.; Fujii, Y.; Ohshima, K.; Yoshida, Y.; Nonaka, M.; Uzu, M.; Matsuoka, Y.; Sato, T.; Uezono, Y.; et al. 623 
Possible Biased Analgesic of Hydromorphone through the G Protein-over β-Arrestin-Mediated Pathway: CAMP, CellKeyTM, and 624 
Receptor Internalization Analyses. J Pharmacol Sci 2019, 140, 171–177, doi:10.1016/j.jphs.2019.06.005. 625 
26.  Miyano, K.; Manabe, S.; Komatsu, A.; Fujii, Y.; Mizobuchi, Y.; Uezono, E.; Ohshima, K.; Nonaka, M.; Kuroda, Y.; Narita, M.; 626 
et al. The G Protein Signal-Biased Compound TRV130; Structures, Its Site of Action and Clinical Studies. Curr Top Med Chem 2020, 627 
20, 2822–2829, doi:10.2174/1568026620999201027224229. 628 
27.  Kuroda, Y.; Nonaka, M.; Kamikubo, Y.; Ogawa, H.; Murayama, T.; Kurebayashi, N.; Sakairi, H.; Miyano, K.; Komatsu, A.; 629 
Dodo, T.; et al. Inhibition of Endothelin A Receptor by a Novel, Selective Receptor Antagonist Enhances Morphine-Induced 630 
Analgesia: Possible Functional Interaction of Dimerized Endothelin A and µ-Opioid Receptors. Biomed Pharmacother 2021, 141, 631 
111800, doi:10.1016/j.biopha.2021.111800. 632 
28.  Karasawa, Y.; Miyano, K.; Fujii, H.; Mizuguchi, T.; Kuroda, Y.; Nonaka, M.; Komatsu, A.; Ohshima, K.; Yamaguchi, M.; 633 
Yamaguchi, K.; et al. In Vitro Analyses of Spinach-Derived Opioid Peptides, Rubiscolins: Receptor Selectivity and Intracellular 634 
Activities through G Protein- and β-Arrestin-Mediated Pathways. Molecules 2021, 26, 6079, doi:10.3390/molecules26196079. 635 
29.  Williams, J.T.; Ingram, S.L.; Henderson, G.; Chavkin, C.; von Zastrow, M.; Schulz, S.; Koch, T.; Evans, C.J.; Christie, M.J. 636 
Regulation of µ-Opioid Receptors: Desensitization, Phosphorylation, Internalization, and Tolerance. Pharmacol Rev 2013, 65, 223– 637 
254, doi:10.1124/pr.112.005942. 638 
30.  Williams, N.R.; Schatzberg, A.F. NMDA Antagonist Treatment of Depression. Curr Opin Neurobiol 2016, 36, 112–117, 639 
doi:10.1016/j.conb.2015.11.001. 640 
31.  Murrough, J.W.; Abdallah, C.G.; Mathew, S.J. Targeting Glutamate Signalling in Depression: Progress and Prospects. Nat Rev 641 
Drug Discov 2017, 16, 472–486, doi:10.1038/nrd.2017.16. 642 
32.  Minami, K.; Uezono, Y.; Sakurai, T.; Horishita, T.; Shiraishi, M.; Ueta, Y. Effects of Anesthetics on the Function of Orexin-1 643 
Receptors Expressed in Xenopus Oocytes. Pharmacology 2007, 79, 236–242, doi:10.1159/000101713. 644 
33.  Sarton, E.; Teppema, L.J.; Olievier, C.; Nieuwenhuijs, D.; Matthes, H.W.; Kieffer, B.L.; Dahan, A. The Involvement of the Mu- 645 
Opioid Receptor in Ketamine-Induced Respiratory Depression and Antinociception. Anesth Analg 2001, 93, 1495–1500, table of 646 
contents, doi:10.1097/00000539-200112000-00031. 647 



Biomolecules 2022, 12, x FOR PEER REVIEW 17 of 17 
 

34.  Hirota, K.; Okawa, H.; Appadu, B.L.; Grandy, D.K.; Devi, L.A.; Lambert, D.G. Stereoselective Interaction of Ketamine with 648 
Recombinant Mu, Kappa, and Delta Opioid Receptors Expressed in Chinese Hamster Ovary Cells. Anesthesiology 1999, 90, 174–182, 649 
doi:10.1097/00000542-199901000-00023. 650 
35.  Seibold, A.; January, B.G.; Friedman, J.; Hipkin, R.W.; Clark, R.B. Desensitization of Beta2-Adrenergic Receptors with 651 
Mutations of the Proposed G Protein-Coupled Receptor Kinase Phosphorylation Sites. J Biol Chem 1998, 273, 7637–7642, 652 
doi:10.1074/jbc.273.13.7637. 653 
36.  Nash, C.A.; Nelson, C.P.; Mistry, R.; Moeller-Olsen, C.; Christofidou, E.; Challiss, R.A.J.; Willets, J.M. Differential Regulation 654 
of Β2-Adrenoceptor and Adenosine A2B Receptor Signalling by GRK and Arrestin Proteins in Arterial Smooth Muscle. Cell Signal 655 
2018, 51, 86–98, doi:10.1016/j.cellsig.2018.07.013. 656 
37.  Kelly, E.; Bailey, C.P.; Henderson, G. Agonist-Selective Mechanisms of GPCR Desensitization. Br J Pharmacol 2008, 153 Suppl 657 
1, S379-388, doi:10.1038/sj.bjp.0707604. 658 
38.  Ando, Y.; Hojo, M.; Kanaide, M.; Takada, M.; Sudo, Y.; Shiraishi, S.; Sumikawa, K.; Uezono, Y. S(+)-Ketamine Suppresses 659 
Desensitization of γ-Aminobutyric Acid Type B Receptor-Mediated Signaling by Inhibition of the Interaction of γ-Aminobutyric 660 
Acid Type B Receptors with G Protein-Coupled Receptor Kinase 4 or 5. Anesthesiology 2011, 114, 401–411, 661 
doi:10.1097/ALN.0b013e318204e003. 662 
39.  Seyedabadi, M.; Gharghabi, M.; Gurevich, E.V.; Gurevich, V.V. Receptor-Arrestin Interactions: The GPCR Perspective. 663 
Biomolecules 2021, 11, 218, doi:10.3390/biom11020218. 664 
40.  Cahill, T.J.; Thomsen, A.R.B.; Tarrasch, J.T.; Plouffe, B.; Nguyen, A.H.; Yang, F.; Huang, L.-Y.; Kahsai, A.W.; Bassoni, D.L.; 665 
Gavino, B.J.; et al. Distinct Conformations of GPCR-β-Arrestin Complexes Mediate Desensitization, Signaling, and Endocytosis. 666 
Proc Natl Acad Sci U S A 2017, 114, 2562–2567, doi:10.1073/pnas.1701529114. 667 
41.  Nielsen, R.V.; Fomsgaard, J.S.; Siegel, H.; Martusevicius, R.; Nikolajsen, L.; Dahl, J.B.; Mathiesen, O. Intraoperative Ketamine 668 
Reduces Immediate Postoperative Opioid Consumption after Spinal Fusion Surgery in Chronic Pain Patients with Opioid 669 
Dependency: A Randomized, Blinded Trial. Pain 2017, 158, 463–470, doi:10.1097/j.pain.0000000000000782. 670 
42.  Bell, R.F.; Eccleston, C.; Kalso, E.A. Ketamine as an Adjuvant to Opioids for Cancer Pain. Cochrane Database Syst Rev 2017, 6, 671 
CD003351, doi:10.1002/14651858.CD003351.pub3. 672 
43.  Moore, K.T.; Adams, H.D.; Natarajan, J.; Ariyawansa, J.; Richards, H.M. Bioequivalence and Safety of a Novel Fentanyl 673 
Transdermal Matrix System Compared with a Transdermal Reservoir System. J Opioid Manag 2011, 7, 99–107, 674 
doi:10.5055/jom.2011.0052. 675 
44.  Khojasteh, A.; Evans, W.; Reynolds, R.D.; Thomas, G.; Savarese, J.J. Controlled-Release Oral Morphine Sulfate in the 676 
Treatment of Cancer Pain with Pharmacokinetic Correlation. J Clin Oncol 1987, 5, 956–961, doi:10.1200/JCO.1987.5.6.956. 677 
45.  Domino, E.F.; Zsigmond, E.K.; Domino, L.E.; Domino, K.E.; Kothary, S.P.; Domino, S.E. Plasma Levels of Ketamine and Two 678 
of Its Metabolites in Surgical Patients Using a Gas Chromatographic Mass Fragmentographic Assay. Anesth Analg 1982, 61, 87–92. 679 
46.  Idvall, J.; Ahlgren, I.; Aronsen, K.R.; Stenberg, P. Ketamine Infusions: Pharmacokinetics and Clinical Effects. Br J Anaesth 680 
1979, 51, 1167–1173, doi:10.1093/bja/51.12.1167. 681 
47.  Lee, E.N.; Lee, J.H. The Effects of Low-Dose Ketamine on Acute Pain in an Emergency Setting: A Systematic Review and 682 
Meta-Analysis. PLoS One 2016, 11, e0165461, doi:10.1371/journal.pone.0165461. 683 
 684 
 685 


