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Supplemental Materials 1 

Table S1. Statistical analysis of anxiety-like behavior upon systemic administration of SNC80 in WT and β-arrestin 2 KO mice 2 

Statistical differences of anxiety-like behaviors in WT or β-arrestin 2 KO mice shown in Fig. 1. Significance between groups was 3 

calculated by two-way ANOVA followed by a Sidak’s multiple comparison (*p<0.05, and ns=not significant). 4 

5 
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Table S2. Statistical analysis of ERK1/2 expression levels upon time-series administration of SNC80 in WT and β-arrestin 2 KO 1 

mouse brain Statistical differences of ERK1/2 expression levels in WT mice shown in Fig. 2 and β-arrestin 2 KO mice in Fig. 3. 2 

Significance between groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, and 3 

ns=not significant).  4 

 5 

6 
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Table S3. Statistical analysis of anxiety-like behavior and ERK1/2 expression levels upon administration of SNC80 in the 1 

presence/absence of SL327 in WT mouse brain Statistical differences of anxiety-like behavior and ERK1/2 expression levels in WT 2 

mouse brain shown in Fig. 4 and Fig. S3. Significance between groups was calculated by one-way ANOVA followed by a Tukey’s 3 

multiple comparison (*p<0.05, **p<0.01, ***p<0.001, and ns=not significant). 4 

  5 
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Table S4. Statistical analysis of fear-related behavior upon systemic administration of SNC80 or TAN67 in WT and β-arrestin 1 

2 KO mice Statistical differences of fear-related behaviors in WT or β-arrestin 2 KO mice shown in Fig. 5. Significance between groups 2 

was calculated by two-way ANOVA followed by a Bonferroni’s multiple comparison (*p<0.05, ****p<0.0001, and ns=not significant). 3 

 4 
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Table S5. Statistical analysis of ERK1/2 expression levels upon time-series administration of TAN67 in WT mousee and SNC80 1 

in β-arrestin 1 KO mouse brain Statistical differences of ERK1/2 expression levels in WT and β-arrestin 1 KO mouse brain shown in 2 

Fig. 6. Significance between groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, 3 

**p<0.01, and ns=not significant).  4 

 5 

 6 
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Table S6. Antibody information for the Western blot Lists of primary and secondary antibodies 1 

that were used in the study were included in the table.  2 

  3 
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 1 

Figure S1. Locomotor effects of drug/vehicle treatment in the WT or β-arrestin 2 KO mice 2 

in the dark light upon administration of drugs (a) Traveled distance of WT (control: n=12, 3 

SNC80: n=11) and β-arrestin 2 KO mice (control: n=20, SNC80: n=20) upon administration of 4 

SNC80 (20 mg/kg, i.p.) the dark light box test shown in Fig. 1e,g. (b) Traveled distance of WT 5 

mice upon administration of SNC80 (20 mg/kg, i.p. / control: n=8, SNC80: n=12, SNC+SL: n=12, 6 

SL327: n=12) in presence or absence of 50 mg/kg SL327 in dark light box test shown in Fig. 4b. 7 

SNC80-induced hyperlocomotion corresponds with  a previous report (11). (For (a), Significance 8 

was calculated by two-way ANOVA F1,59=1.949, p=0.1670, WT p=0.0011, β-arrestin 2 KO 9 

p=0.0283 after Sidak’s multiple comparison; for (b), one-way ANOVA F3,49=9.037, p<0.001, 10 

control vs. SNC80 p=0.007, SNC80 vs. SNC+SL p<0.0001, SNC+SL vs. SL327 p<0.0004 11 

followed by a Tukey’s multiple comparison; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; all 12 

values are shown as individual data points ± S.E.M.). 13 

  14 
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 1 

Figure S2. SNC80 does not activate ERK1/2 in the dorsal hippocampus and the amygdala of 2 

δOR KO mice (a, b) Unlike Fig. 2g,h, systemic administration of SNC80 (20 mg/kg, i.p.) 10 3 

minutes prior to the brain tissue collections did not affect ERK1/2 activation profile in the dorsal 4 

hippocampus (Saline: n=8, SNC80: n=7) and the amygdala (Saline: n=7, SNC80: n=8) of δOR 5 

KO mice.  6 

  7 
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 1 

Figure S3. SNC80-induced ERK1/2 activation is partly affected by SL327 in the striatal 2 

regions of the brain SL327 (50 mg/kg, s.c.) attenuated SNC80 (20 mg/kg, i.p.)-induced ERK1/2 3 

phosphorylation in the striatum similar to Fig. 4c,d (a) and similar trends were observed in the 4 

nucleus accumbens (b). (c) Yet, no change was observed in the ventral hippocampus similar to 5 

Fig. 2i. The number of samples is listed in Table S3. (Significance was calculated by one-way 6 

ANOVA followed by a Sidak’s or Tukey’s multiple comparison; *p<0.05, ***p<0.001; all values 7 
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are shown as individual data points ± S.E.M.; SNC+SL means SNC80+SL327 and SL means 1 

SL327). 2 
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 1 

Figure S4. A δOR agonist, ADL5859, does not affect ERK1/2 activity and anxiety-like behaviors of WT mice (a) Dose-dependent 2 

β-arrestin 2 recruiment levels by ADL5859 and leucine-enkephalin (leu-enk) were evaluated using cellular assays in CHO-δOR-βarr2 3 

cells (All recruiment levels were normalized by leu-enk and leu-enk was normalized as 100 %). (b, c) Systemic administration of 4 

ADL5859 (30 mg/kg, p.o.) did not affect ERK1/2 activation profile in the dorsal hippocampus (Saline: n=8, SNC80: n=8) and the 5 

amygdala (Saline: n=8, SNC80: n=6) of WT mice. ADL5859 was administered 10 minutes prior to the brain tissue collection. (d) No 6 



 14 

changes in anxiety-like behaviors in the dark/light box test were observed by systemic administration of ADL5859 (30 mg/kg, p.o.) 1 

(Saline: n=13, SNC80: n=13). ADL5859 was administered 30 mintues prior to the behavior testing. 2 
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Figure S5. Mice groups for FPS tests were counterbalanced based on baseline acoustic startle 

response (a) No significance was observed between groups of control vs. SNC80 (Control: n=24, 

SNC80: n=24) (b) or control vs. TAN67 (Control: n=8, TAN67: n=8) of WT mice. (b) Also no 

significance was observed between control vs. SNC80 of β-arrestin 2 KO mice (Control: n=8, 

SNC80: n=8). All values are shown as individual data points ± S.E.M. 
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Figure S6. A low dose SNC80 does not affect fear-related behavior of WT mice Fear 

potentiated startle responses were evaluated upon administration of SNC80 (10 mg/kg, i.p.) in WT 

mice (Saline: n=8, SNC80: n=8). SNC80 was administered 30 mintues prior to the testing. (a) 

Prior to the testing, mice were measured with baseline acoustic startle and no difference was 

observed between groups (no drugs were administered for this period). (b) 10 mg/kg SNC80 did 

not affect the raw startle response to either ‘noise’ alone or ‘light+noise’ condition. (c) 10 mg/kg 

SNC80 also did not affect %FPS.  
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Figure S7. β-arrestin 1 recruitment levels by G-protein-biased (TAN67), β-arrestin-biased 

(SNC80), and non-biased (Leu-Enk) δOR agonist in U2OS-δOR-βArr1 cells Dose-dependent 

β-arrestin 1 recruiment levels by TAN67 (n=3), SNC80 (n=3), and Leu-enkephalin (n=4)  were 

evaluated using the cellular assay in U2OS-δOR-βArr1 cells. SNC80 revealed the highest efficacy 

of recruiment and TAN67 showed the lowest. (All recruiment levels were normalized by leu-enk 

and leu-enk was normalized as 100 %).  
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Figure S8. A diagram respresenting the pharmacological competition between two biased 

agonists and an endnogenous opioid in relations to their ability to modulate ERK1/2 

signaling Unlike with cells, the brain has endogenous opioids that bind to δOR. As endogenous 

opioids such as Leu-Enk, an analog of endogenous opioids, have better ability to recruit β-arrestin 

proteins than TAN67 as shown in Fig. S7, δOR is less likely to recruit β-arrestin and potentially 

activate less ERK1/2 upon administration of TAN67 in the brain. Likewise, SNC80, which has a 

better ability to recruits β-arrestin proteins than Leu-Enk, recruits more β-arrestins via δOR and 

potentially activates more ERK1/2 upon administration of SNC80 in the brain (Right). Yet, it is 

notworthy that SNC80 and TAN67 have comparable levels of G protein-mediated response (14).  

 


