Supplementary Information

Effects of (2R,6R)-hydroxynorketamine on morphine withdrawal-induced anxiety: role of D2-medium spiny neurons and μ-δ opioid receptor heterodimers


Supplementary Figures
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Fig. S1 (2R,6R)-HNK alleviates morphine withdrawal-induced anxiety-like behavior.
A Schematic of anxiety-like behavioral experiments.
B Time spent in (left), number of entries into (middle) and latency to (right) the light box in the LDB (Sal + Sal, n = 9 mice; Sal + HNK, n = 9 mice; Mor + Sal, n = 9 mice; Mor + HNK, n = 10 mice; Two-way ANOVA, time: morphine effect: F(1, 33) = 9.132, P = 0.005, (2R,6R)-HNK effect: F(1, 33) = 7.778, P = 0.009, interaction: F(1, 33) = 1.743, P = 0.196; entries: morphine effect: F(1, 33) = 5.322, P = 0.028, (2R,6R)-HNK effect: F(1, 33) = 11.21, P = 0.002, interaction: F(1, 33) = 7.581, P = 0.01; latency: morphine effect: F(1, 33) = 18.38, P < 0.001, (2R,6R)-HNK effect: F(1, 33) = 11.53, P = 0.002, interaction: F(1, 33) = 0.599, P = 0.444; Bonferroni’s post hoc test). 
C Time spent in (left) and number of entries into (right) the open arms in the EPM (Sal + Sal, n = 18 mice; Sal + HNK, n = 14 mice; Mor + Sal, n = 17 mice; Mor + HNK, n = 16 mice; Two-way ANOVA, time: morphine effect: F(1, 61) = 2.984, P = 0.089, (2R,6R)-HNK effect: F(1, 61) = 8.482, P = 0.005, interaction: F(1, 61) = 6.879, P = 0.011; entries: morphine effect: F(1, 61) = 3.256, P = 0.076, (2R,6R)-HNK effect: F(1, 61) = 0.213, P = 0.646, interaction: F(1, 61) = 16.36, P < 0.001; Bonferroni’s post hoc test).
D Total distance in the OFT (Two-way ANOVA, morphine effect: F(1, 61) = 2.298, P = 0.135, (2R,6R)-HNK effect: F(1, 61) = 1.503, P = 0.225, interaction: F(1, 61) = 0.535, P = 0.467).
Data are presented as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Fig. S2 Spike properties of NAcSh MSNs.
A Resting memory potential (RMP) in MSNs (Sal + Sal, n = 13 cells/2 mice; Sal + HNK, n = 16 cells/4 mice; Mor + Sal, n = 17 cells/3 mice; Mor + HNK, n = 18 cells/3 mice; Two-way ANOVA, morphine effect: F(1, 60) = 0.089, P = 0.767, (2R,6R)-HNK effect: F(1, 60) = 0.174, P = 0.678, interaction: F(1, 60) = 8.899×10-5, P = 0.993).
B Input resistance in MSNs (Two-way ANOVA, morphine effect: F(1, 60) = 1.634, P = 0.206, (2R,6R)-HNK effect: F(1, 60) = 1.329, P = 0.254, interaction: F(1, 60) = 6.268, P = 0.015).
C AP amplitude in MSNs (Two-way ANOVA test, morphine effect: F(1, 60) = 12.86, P < 0.001, (2R,6R)-HNK effect: F(1, 60) = 1.571, P = 0.215, interaction: F(1, 60) = 0.117, P = 0.733, Bonferroni’s post hoc test).
D After hyperpolarization (AHP) peak amplitude in MSNs (Two-way ANOVA, morphine effect: F(1, 60) = 1.968, P = 0.166, (2R,6R)-HNK effect: F(1, 60) = 1.887, P = 0.175, interaction: F(1, 60) = 0.024, P = 0.879).
Data are presented as mean ± SEM. *, P < 0.05.
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Fig. S3 Intrinsic excitability and excitatory inputs of NAcSh MSNs remained unchanged 1 day after the last morphine injection.
[bookmark: OLE_LINK42]A Representative AP traces (left) and AP frequency (right) in MSNs (Saline, n = 13 cells/2 mice; MW-1D (morphine withdrawal for 1 day), n = 17 cells/4 mice; Two-way RM ANOVA, current: F(2.013, 56.37) = 208.1, P < 0.001, treatment: F(1, 28) = 0.53, P = 0.473, interaction: F(19, 532) = 0.545, P = 0.942). Scale bars: 100 ms and 50 mV.
B Representative traces (left) and quantification of sEPSC frequency (middle) and amplitude (right) in MSNs from Sal and Mor groups. (Sal, n = 20 cells/2 mice; MW-1D, n = 22 cells/4 mice; Unpaired t test, frequency: t = 0.644, P = 0.523; amplitude: t = 0.938, P = 0.354). Scale bars: 200 ms and 10 pA.
Data are presented as mean ± SEM.
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Fig. S4 Intrinsic excitability of NAcSh MSNs is not altered before and after bath application of vehicle in morphine-withdrawn mice.
Representative AP traces (left) and AP frequency (right) before and after bath application of vehicle in MSNs from morphine-withdrawn mice (n = 5 cells/2 mice; Two-way RM ANOVA, current: F(1.822, 14.58) = 182.3, P < 0.001, treatment: F(1, 8) = 0.555, P = 0.478, interaction: F(19, 152) = 1.559, P = 0.074). Scale bars: 100 ms and 50 mV.
Data are presented as mean ± SEM.
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Fig. S5 The effects of (2R,6R)-HNK on D1-MSN excitability are not blocked by μ-δOR heterodimer interfering peptide.
A Representative AP traces (left) and AP frequency (right) before and after bath application of (2R,6R)-HNK in the presence of PEP in D1-MSNs from morphine-withdrawn mice (n = 5 cells/4 mice, Two-way RM ANOVA, current: F(1.995, 15.96) = 81.94, P < 0. 001, treatment: F(1, 8) = 55.20, P < 0.001, interaction: F(19, 152) = 12.2, P < 0.001). Scale bars: 100 ms and 50 mV.
B Normalized AP frequency evoked by 300 pA current injections (Two-way ANOVA, group: F(1, 16) = 37.43, P < 0.001, treatment: F(1, 16) = 0.033, P = 0.858, interaction: F(1, 16) = 2.294, P = 0.149).
C Representative AP traces (left) and AP frequency (right) before and after bath application of CYM51010 in D1-MSNs from morphine-withdrawn mice (n = 6 cells/3 mice, Two-way RM ANOVA, current: F(1.912, 19.12) = 62.72, P < 0. 001, treatment: F(1, 10) = 17.56, P = 0.002, interaction: F(19, 190) = 15.11, P < 0.001). Scale bars: 100 ms and 50 mV. 
Data are presented as mean ± SEM. **, P < 0.01; ***, P < 0.001.
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