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Abstract 21 

Converging studies demonstrate the dysfunction of the dopaminergic neurons following chronic opioid 22 

administration. However, the therapeutic strategies targeting opioid-responsive dopaminergic 23 

ensembles that contribute to the development of opioid withdrawal remain to be elucidated. Here, we 24 

used the neuronal activity-dependent Tet-Off system to label dopaminergic ensembles in response to 25 

initial morphine exposure (Mor-Ens) in the ventral tegmental area (VTA). Fiber optic photometry 26 

recording and transcriptome analysis revealed downregulated spontaneous activity, dysregulated 27 

mitochondrial respiratory, ultrastructure, and oxidoreductase signal pathways after chronic morphine 28 

administration in these dopaminergic ensembles. Mitochondrial fragmentation and the decreased 29 

mitochondrial fusion gene mitofusin 1 (Mfn1) were found in these ensembles after prolonged opioid 30 

withdrawal. Restoration of Mfn1 in the dopaminergic Mor-Ens attenuated excessive oxidative stress 31 

and the development of opioid withdrawal. Administration of Mdivi-1, a mitochondrial fission 32 

inhibitor, ameliorated the mitochondrial fragmentation and maladaptation of the neuronal plasticity in 33 

these Mor-Ens, accompanied by attenuated development of opioid withdrawal after chronic morphine 34 

administration, without affecting the analgesic effect of morphine. These findings highlighted the 35 

plastic architecture of mitochondria as a potential therapeutic target for opioid analgesic-induced 36 

substance use disorders. 37 

Keywords: dopaminergic ensembles; mitochondrial dysfunction; mitochondrial fragmentation; 38 

morphine withdrawal;  39 

40 
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Introduction 41 

Prescription opioids, such as morphine, are the most effective clinical analgesics. However, their 42 

clinical utility is limited by analgesic tolerance and reinforcing effects (1, 2). Opioids exert potent  43 

euphoric effects during the binge/intoxication phase and induce negative reinforcement and aversive 44 

effects during withdrawal (3). The ventral tegmental area (VTA), a heterogeneous midbrain structure 45 

containing dense distribution of opioid receptors and endogenous opioid peptides, is thought be a 46 

critical site for opioid-induced reinforcement and drug seeking (1, 4-6). Emerging evidence suggests 47 

that dopaminergic dysfunction in the VTA underlies the pathophysiology of several psychiatric 48 

disorders, including schizophrenia, addiction and depression (7-10). Systemic or VTA injection of 49 

morphine increases the firing rate of dopaminergic neurons (11). Chronic exposure and withdrawal 50 

from morphine alter the morphology and plasticity of dopaminergic neurons in the VTA (12, 13).  51 

Sparse neuronal populations recruited by addictive drugs might be involved in the encoding and 52 

expression of drug-mediated associations (14-16). The advancement of techniques for labeling and 53 

manipulating immediate-early genes (IEG) -expressing cells activated by either drugs or drug-54 

associated stimuli has been used to causally establish their involvement in drug responses (17). Our 55 

recent study show that the inhibitory transmission to VTA ensembles labeled by an initial morphine 56 

injection (morphine ensembles, Mor-Ens) is enhanced following chronic morphine administration, and 57 

mediates the negative affects during opiate withdrawal (18). However, the hub signaling pathways and 58 

molecular changes of the opioid-responsive ensembles after chronic opioid administration remain to 59 

be elucidated. 60 

Transcriptional responses are elicited in the brain by a variety of stimuli, and have been implicated 61 

in many biological processes and diseases (19-23). Gene expression profiling facilitates unbiased 62 
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discovery to identify the molecules or pathways in specific functional pathways involved in 63 

physiological or pathological changes (24) (25). Transcriptional responses triggered by the addictive 64 

drug stimulus may shape neuronal circuits to induce addictive behavior, and have been implicated in 65 

leading to long-lasting cellular adaptations (15, 17, 26, 27). The transcriptomic dynamics of the VTA 66 

dopaminergic Mor-Ens after chronic opiate administration are unclear, and the molecular basis 67 

mediating the dysfunction of these ensembles involved in behavioral alterations during opioid 68 

withdrawal needs to be elucidated.  69 

In this study, transcriptomic analysis of VTA dopaminergic Mor-Ens reveals that chronic morphine 70 

administration alters the genes associated with mitochondrial function and oxidative stress pathways. 71 

Mitochondria-generated ATP is required for the establishment of appropriate electrochemical gradients 72 

and reliable synaptic transmission in neurons. Distinct cellular events that induce oxidative stress or 73 

disrupt mitochondrial homeostasis trigger neuropathology (28, 29). The highly dynamic mitochondrial 74 

structure and functional network of neurons play critical roles in maintaining energy homeostasis in 75 

response to various stimuli (28). Dopaminergic neurons have high energy demands, making them 76 

particularly sensitive to mitochondrial dysfunction (30). The interplay between mitochondrial defects 77 

and abnormalities in dopamine metabolism have been implicated in addiction, attention-78 

deficit/hyperactivity disorder, and schizophrenia (31). In vivo results of this study show that chronic 79 

morphine administration causes excessive mitochondrial fragmentation and oxidative stress, as well 80 

as the impaired firing and E/I ratio in dopaminergic Mor-Ens. Remarkably, targeting the mitochondrial 81 

dynamics with overexpressing the mitochondrial fusion gene Mfn1 or administrating Mdivi-1, a 82 

mitochondrial fission inhibitor, attenuates morphine-induced cellular maladaptation in the VTA 83 

dopaminergic Mor-Ens, and alleviates the development of withdrawal symptoms and negative affects 84 
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of morphine. This study provides potential therapeutic strategies targeting the plastic architecture of 85 

mitochondria to prevent the side effects of opioid analgesics. 86 

 87 

Results 88 

Decreased activity of dopaminergic morphine responsive neurons (Mor-Ens) in the VTA mediates 89 

conditioned aversion and anxiety during morphine withdrawal 90 

Plasticity of neurons in the VTA is critical for the development of morphine withdrawal. Neuronal 91 

ensembles responding to the initial morphine exposure (Mor-Ens) in the VTA preferentially project to 92 

the NAc and induce dopamine-dependent positive reinforcement (18). To investigate the maladaptive 93 

changes in the dopaminergic Mor-Ens, the Cre-Loxp and Flpo-Frt dependent robust activity marking 94 

(RAM) system was used to label jGCaMP7b in these dopaminergic Mor-Ens in the absence of 95 

doxycycline (Dox) (Figure 1A). AAV-RAM-TTA-TRE-flpo, AAV-fDIO-TH-Cre, and AAV-DIO-96 

jGCaMP7b viruses were delivered, and the optic fibers were unilaterally implanted in the VTA. The 97 

frequency of spontaneous Ca2+ events of these ensembles were recorded before and after escalating 98 

dose administration of morphine (morphine EDA) in the home cage (Figure 1, A and B). The frequency 99 

of Ca2+ events decreased after morphine EDA (day 7) as compared to baseline (day 1) (Figure 1, C and 100 

D), but did not change by saline treatments (Supplemental Figure 1, A-C). Immunostaining showed 101 

that the majority of the GCaMP7b+ ensembles were restricted in the VTA and colabeled with tyrosine 102 

hydroxylase (TH) (Supplemental Figure 1, D and E). These data suggest a decrease in spontaneous 103 

neuronal activity of VTA dopaminergic Mor-Ens after morphine EDA.  104 

To evaluate the role of dopaminergic Mor-Ens in the negative affects during morphine withdrawal, 105 

AAV-RAM-TTA-TRE-Flex-hM3Dq(Gq)-HA virus was delivered into the VTA of TH-Cre transgenic 106 

mice. In the absence of Dox, hM3Dq was labeled in dopaminergic Mor-Ens or saline ensembles (Sal-107 

Ens) (Figure 1, E and F). The hM3Dq-labeled ensembles were restricted in the VTA and colocalized 108 

with TH (Supplemental Figure 2, A and B). Clozapine-N-oxide (CNO, 2 mg/kg) was injected 30 min 109 
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before each aversion conditioning session, as well as the open field and elevated plus maze (EPM) 110 

tests (Figure 1, E). Chemogenetic-activated dopaminergic Mor-Ens of the mice reduced the 111 

conditioned place aversion (CPA) score, and increased the time spent in the open arms of EPM (Figure 112 

1, G and H), while having no effect on locomotor activity (Supplemental Figure 2, C and D). These 113 

data suggest that the restoration of dopaminergic Mor-Ens activities by DREADDs during morphine 114 

withdrawal alleviates aversion and anxiety in mice. 115 

 116 

Chronic morphine administration dysregulates the signal pathways of mitochondrial functions in 117 

the VTA dopaminergic Mor-Ens 118 

To characterize cell type-specific adaptations by initial and chronic morphine exposure in the 119 

VTA dopaminergic neurons, AAV-RAM-TTA-TRE-Flex-tdTomato virus was injected into the VTA of 120 

TH-Cre transgenic mice. The dopaminergic Mor/Sal-Ens (tdTomato+ cells) from the dissected VTA 121 

were manually picked (~1 % of viable cells). Single-cell RNA sequencing was used to determine the 122 

transcriptional differences of Sal-Ens, Mor-Ens, and Mor-Ens with morphine EDA groups (Sal-Ens 123 

group: 58 cells, Mor-Ens group: 54 cells, Mor-Ens with morphine EDA group: 56 cells, Figure 2A, 124 

and Supplemental Figure 2, E and F). 325 differentially expressed genes (DEGs) were identified 125 

between Sal-Ens and Mor-Ens, while 450 genes were altered by Morphine EDA in Mor-Ens 126 

(Supplemental Figure 3A). Over-representation analysis revealed enrichment of genes in protein 127 

kinase A binding and ubiquitin protein ligase activity between Sal-Ens and Mor-Ens, while pathways 128 

including NADH dehydrogenase activity, oxidoreductase activity, and phosphoprotein phosphatase 129 

activity were changed in Mor-Ens by Morphine EDA (Supplemental Figure 3, B and C).  130 

Network enrichment analysis indicates that dopaminergic Sal-Ens and Mor-Ens exhibited 131 

significant differences in endoplasmic reticulum, lamellipodium, cell cortex, and cytoplasmic region-132 

related pathways (Figure 2B), whereas DEGs in dopaminergic Mor-Ens changed by Morphine EDA 133 

were enriched in the pathways including mitochondrial respiratory chain, mitochondrial protein 134 
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complex, mitochondrial ultrastructure, NADH dehydrogenase complex, oxidoreductase complex, and 135 

autophagy (Figure 2C), suggesting that chronic morphine administration may lead to dysregulated 136 

mitochondrial function in dopaminergic Mor-Ens, which is fundamental for metabolic homeostasis 137 

(32) .  138 

 139 

Chronic morphine administration impairs mitochondrial Ca2+ transport and promotes 140 

mitochondrial fragmentation in dopaminergic Mor-Ens, accompanied by impaired mitochondrial 141 

respiration and increased mitophagy in the VTA 142 

Neurons depend on mitochondria not only to generate energy to maintain resting potentials and 143 

action potential firing, but also to regulate the balance of oxidation-reduction and calcium levels (33, 144 

34). The level of nitrotyrosine, a marker for oxidative stress, was analyzed in the VTA dopaminergic 145 

neurons (Figure 3A). After morphine EDA, nitrotyrosine level was significantly increased in the VTA 146 

dopaminergic Mor-Ens (TH+ tdTomato+), but not in non-ensembles（TH+ tdTomato-）(Figure 3, B-147 

D, and Supplemental Figure 4, A-C), suggesting that toxicity and oxidative damage in dopaminergic 148 

Mor-Ens. 149 

Mitochondrial Ca2+
 accumulation and efflux are critical for mitochondrial metabolism, ATP 150 

production and cell death under pathological conditions (35). To measure neuronal mitochondrial Ca2+
 151 

dynamics in free moving mice, a strategy combining fiber photometry and intra-VTA injection of 152 

kaempferol was conducted (Supplemental Figure 4, D and E). AAV-RAM-TTA-TRE-Flpo, AAV-fDIO-153 

TH-Cre, and AAV-DIO-4mt-jGCaMP7b viruses were injected into the VTA of TH-Cre transgenic mice 154 

(Figure 3E). Expression of the mitochondria-targeting Ca2+ sensor (mt-GCaMP7b) was restricted in 155 

the TH+ neurons and exhibited colocalization with mitochondrial marker COXIV (Supplemental 156 

Figure 4, F-H). Mitochondrial Ca2+
 uptake is mainly mediated by the mitochondrial calcium uniporter 157 

(MCU) complex (36, 37). The mitochondrial Ca2+ signal in the VTA Mor-Ens was significantly 158 

increased by kaempferol, a MCU-specific activator that stimulates mitochondrial Ca2+ uptake (Figure 159 
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3F). The kaempferol-induced mitochondrial Ca2+ signal of the Mor-Ens was not significantly changed 160 

in the saline control group (Supplemental Figure 4, I-K), whereas was significantly decreased by 161 

morphine EDA (Figure 3, F-H). High-resolution respirometry analysis in the VTA showed a significant 162 

decline in the complex I and II activity, as well as the maximal mitochondrial respiration, reflecting 163 

on a decreased oxygen consumption rate after Morphine EDA (Figure 3, I and J). These results show 164 

the increased oxidative stress and dysregulated Ca2+ transport in dopaminergic Mor-Ens, as well as 165 

impaired mitochondrial respiration in the VTA following chronic morphine administration. 166 

The clearance of damaged mitochondria by mitophagy plays a fundamental role in mitochondrial 167 

function and metabolic homeostasis in neurons (38, 39). A mitochondria-targeting Keima (mt-Keima), 168 

a pH-sensitive dual-excitation fluorescent protein, was expressed in the VTA neurons. The mitophagy 169 

signal (the ratio of excited fluorescence intensity at 586 nm to 440 nm) in the VTA neurons was 170 

increased at 1d after morphine EDA, but not changed in the saline control group (Figure 4, A and B, 171 

Supplemental Figure 5, A and B). In addition, the increased mitophagy in the VTA neurons lasted up 172 

to 4 weeks after morphine EDA (Supplemental Figure 5, C and D). Mitochondria undergo dynamic 173 

processes including mitochondrial division, fusion, and elongation, which are critical for maintaining 174 

mitochondrial function and cellular quality (40, 41). AAV-RAM-tTA-TRE-Flex-mt-tdTomato and AAV-175 

DIO-ChR2-EYFP were delivered into the VTA to label mitochondria in dopaminergic Mor-Ens 176 

(Supplemental Figure 5E). Morphology analysis of the tdTomato+ puncta in EYFP+ primary and 177 

secondary dendrites (Figure 4, C and D) showed the reduction of mitochondrial respect ratio, length 178 

and area in VTA dopaminergic Mor-Ens at 1 d and 21d after morphine EDA (Figure 4, E-L). 179 

Collectively, these results indicate that the mitochondrial fragmentation and impaired Ca2+ uptake in 180 

the VTA dopaminergic neurons, as well as impaired mitochondrial respiration and excessive neuronal 181 

mitophagy induced by chronic morphine administration.  182 

 183 

Restoration of the mitochondrial fusion gene Mfn1 in the VTA dopaminergic Mor-Ens alleviates 184 
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oxidative stress and opiate withdrawal following chronic morphine administration. 185 

We then explore the potential signaling pathways involved in the mitochondrial dysfunction in 186 

VTA dopaminergic neurons. Mitofusin (Mfn) 1 and Mfn2 mediate the fusion of mitochondrial outer 187 

membranes, optic atrophy 1 (Opa1) acts in inner membrane. Dynamin 1 like (Dnm1l) and fission 1 188 

protein (Fis1) mediate mitochondrial fission (42). Single-cell sequencing data showed that the 189 

expression of these genes was not different between Sal-Ens and Mor-Ens, while Mfn1 in Mor-Ens 190 

was downregulated after morphine EDA (Supplemental Figure 6, A and B). We then conducted 191 

ribosome-associated mRNAs pulldown experiment from VTA dopaminergic Sal-Ens and Mor-Ens, to 192 

investigate the temporal changes in mitochondrial functional dynamics induced by morphine EDA 193 

(Figure 5, A and B). Consistently, the mRNA levels of Mfn1, Mfn2, Opa1, Dnm1l and Fis1 were not 194 

different between Sal-Ens and Mor-Ens without morphine EDA (Supplemental Figure 6C). However, 195 

the mRNA levels of mfn1 in the VTA dopaminergic Mor-Ens were decreased at 12 hrs and persisted 196 

to 6 d after morphine EDA (Figure 5, C and D). In addition, single-molecule RNA fluorescence in situ 197 

hybridization (smFISH) was performed to detect the mRNA of Mfn1 in the VTA dopaminergic Mor-198 

Ens, and the results showed that the fluorescence intensity of Mfn1 mRNA in dopaminergic ensembles 199 

(tdTomato+) was decreased 1d after morphine EDA and lasted up to 4 weeks after morphine EDA 200 

(Figure 5, E-G).  201 

To assess the involvement of Mfn1 in morphine withdrawal symptoms, mice were infected with 202 

AAV-DIO-Mfn1-EGFP, RAM-tTA-TRE-flpo, and AAV-fDIO-TH-Cre in the VTA to overexpress Mfn1 203 

in dopaminergic Mor-Ens (Figure 6A). smFISH showed that the fluorescence intensity of Mfn1 mRNA 204 

was dramatically increased in dopaminergic Mor-Ens (Egfp+ cells) (Figure 6, B and C). Nitrotyrosine 205 

immunostaining showed that the restoration of MFN1-EGFP in dopaminergic Mor-Ens blunted 206 

nitrotyrosine induction in these ensembles after morphine EDA (Figure 6, D and E). 207 

In both male and female mice, overexpression of MFN1 in VTA dopaminergic Mor-Ens 208 

significantly reduced naloxone-precipitated morphine withdrawal symptoms, including weight loss, 209 
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diarrhea, jumps, wet dog shakes and body tremor compared with EGFP control group (Figure 6, F-O), 210 

while piloerection was not affected. Backward locomotion was decreased by MFN1 only in females 211 

(Supplemental Figure 7, A and B). Overexpression of MFN1 in VTA dopaminergic Mor-Ens reduced 212 

spontaneous withdrawal-induced CPA score (Figure 7, A and F). Chronic morphine withdrawal 213 

produces negative affects, including anxiety, depression, and reduced sociability (43). Overexpression 214 

of MFN1 in the VTA dopaminergic Mor-Ens decreased immobility time in the tail suspension test 215 

(TST) (Figure 7, C and H), increased open arm entry time in the EPM (Figure 7, D and I, and 216 

Supplemental Figure 7, F) and social novelty score in the social interaction test (Figure 7, E and J and 217 

Supplemental Figure 7, E), while not affecting the locomotor activity (Figure 7, B and G) and social 218 

preference (Supplemental Figure 7, C and D) in both male and female mice. 219 

These results demonstrate that downregulation of MFN1 in the VTA dopaminergic Mor-Ens 220 

contributes to the induction of withdrawal symptoms and negative affects, including anxiety, 221 

depression, and reduced social sociability during opiate withdrawal. Cell type-specific manipulation 222 

of MFN1 may be a potential therapeutic strategy for opioid withdrawal in both male and female mice. 223 

 224 

Mdivi-1 ameliorates mitochondrial respiration of VTA, as well as mitochondrial fragmentation 225 

and dysregulated plasticity in the VTA dopaminergic Mor-Ens. 226 

To explore pharmacological intervention targeting excessive mitochondrial fragmentation, 227 

Mdivi-1, a small molecule Mdivi-1 that selectively inhibits the mitochondrial division dynamin and 228 

blocks mitochondrial fission (44, 45), was administrated. Mitochondrial respiration of dissected VTA 229 

tissue from mice intraperitoneally injected with vehicle or Mdivi-1 (50 mg/kg, i.p.) was examined by 230 

high-resolution respirometry. Intraperitoneal injection of Mdivi-1 did not change VTA mitochondrial 231 

respiration in mice without morphine administration (Supplemental Figure 8, A and B). However, 232 
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intraperitoneal injection of Mdivi-1 during the process of morphine EDA restored VTA mitochondrial 233 

respiration, as indicated by an increased oxygen consumption rate in mice receiving morphine EDA 234 

(Figure 8, A and B). The kaempferol-induced mitochondrial Ca2+ signal was not significantly different 235 

between Mdivi-1 and vehicle groups without morphine EDA (Supplemental Figure 8, C-E). However, 236 

Mdivi-1 group exhibited higher kaempferol-induced mitochondrial Ca2+ signal in the VTA 237 

dopaminergic Mor-Ens than the vehicle control group after morphine EDA (Supplemental Figure 8, F 238 

and G). Without morphine EDA, intraperitoneal injection of Mdivi-1 moderately increased 239 

mitochondrial length and area in primary and secondary dendrites of the VTA dopaminergic Mor-Ens 240 

(Supplemental Figure 9, A-I). However, intraperitoneal injection of Mdivi-1 during the process of 241 

morphine EDA significantly increased the mitochondrial respect ratio, length, and area in the primary 242 

and secondary dendrites of the dopaminergic Mor-Ens (Figure 8, C-G, and Supplemental Figure 10, 243 

A-D). These results suggest Mdivi-1 prevents mitochondrial fragmentation in dopaminergic Mor-Ens 244 

induced by morphine EDA.  245 

The effects of Mdivi-1 in the adaptations of neuronal plasticity in VTA dopaminergic Mor-Ens 246 

by chronic morphine administration were further investigated. Electrophysiological recordings were 247 

performed in tdTomato+ dopaminergic neurons (Figure 9A). Mdivi-1 administration had no effect on 248 

the spontaneous and evoked firing rate, as well as excitation-inhibition (E/I) ratio of these ensembles 249 

in the saline control group, whereas it prevented the increased rheobase and threshold of the of the 250 

action potentials, alleviated the downregulation of evoked spike number, spontaneous firing rate and 251 

E/I ratio to restore regular firing in the dopaminergic Mor-Ens after morphine EDA (Figure 9, B-F). 252 

Neither morphine EDA nor Mdivi-1 injection had effect on the amplitude, half-width and after-253 

hyperpolarization potential of the VTA dopaminergic ensembles (Supplemental Figure 10E). These 254 

results demonstrate that Mdivi-1 ameliorates VTA mitochondrial respiration, inhibits excessive 255 

mitochondrial fission and alleviates maladaptation of intrinsic excitability and plasticity of 256 

dopaminergic ensembles induced by chronic morphine administration. 257 
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 258 

Mdivi-1 alleviates withdrawal symptoms and negative affects during morphine withdrawal in 259 

both male and female mice 260 

The effects of Mdivi-1 on naloxone-precipitated withdrawal symptoms and the negative affect 261 

during prolonged morphine withdrawal were measured in both male and female mice (Figure 10A). 262 

Both male and female mice received vehicle or Mdivi-1 during the process of escalated morphine 263 

injection. The number of diarrheas, wet dog shakes, body tremor, backward locomotion, and 264 

piloerection in Mdivi-1 group were decreased within 30 min after naloxone injection without affecting 265 

weight loss (Figure 10, B-F and Supplemental Figure 11B), indicating that Mdivi-1 administration 266 

attenuated withdrawal symptoms. Whereas, the significant effect of Mdivi-1 on alleviating the number 267 

of jumps were observed only in the female mice (Supplemental Figure 11A). Mdivi-1 group displayed 268 

a significant reduction in the spontaneous withdrawal-induced conditioned place aversion (CPA) score 269 

(Figure 10, J and M).  270 

The negative affects in both male and female mice were assessed 6 days following the last 271 

injection of morphine EDA. Mdivi-1 administration during the process of morphine EDA did not affect 272 

the total distance traveled in the open field tests (Supplemental Figure 11, C-F), while significantly 273 

decreased the immobility time in the TST and increased the open arm entry time in the EPM (Figure 274 

10, H and I, K and N). In addition, Mdivi-1 administration increased the social preference during 275 

morphine withdrawal (Figure 10, L and O). These results suggest that Mdivi-1 administration during 276 

the chronic morphine administration prevents withdrawal symptoms and negative affect during 277 

morphine withdrawal in both male and female mice.  278 

 279 

Mdivi-1 decreases the development of morphine-induced reinforcement and drug seeking after 280 

prolonged withdrawal. 281 
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Opioid analgesics induce reinforcement by activation of the mesolimbic dopaminergic reward 282 

circuits (46), which is an important contributing factor to the substance use disorders after prolonged 283 

opioid administration (47-50). In morphine naive mice, Mdivi-1 conditioning did not establish 284 

appetitive or aversive place preference, and had no effect on the anxiety level and locomotor activity 285 

(Supplemental Figure 12, A-C). The effect of Mdivi-1 on the rewarding properties of morphine was 286 

then further assessed. Mdivi-1 administration had no significant effect on morphine-induced 287 

hyperlocomotion (Figure 11A), however, the mice receiving Mdivi-1 or vehicle during the morphine 288 

conditioning resulted in decreased conditioned place preference (CPP) scores (Figure 11B), suggesting 289 

that Mdivi-1 attenuates the rewarding effect of morphine.  290 

To assess whether Mdivi-1 could inhibit morphine seeking behavior in the morphine self-291 

administration (SA) paradigm, the mice that learned food self-administration by nose poke were 292 

randomly divided into two groups (Supplemental Figure 13A), and underwent intravenous catheter 293 

surgery and 16 d of morphine self-administration (SA, 0.3 mg/kg/infusion, FR1 schedule) (Figure 11C). 294 

Administration of Mdivi-1 at 11-16 d of SA had no effect on morphine acquisition (Figure 11D). 24 295 

hrs after the last session of morphine SA, the mice were returned to the chamber for drug seeking test. 296 

No difference in the number of active nose pokes was observed between the Mdivi-1 and vehicle 297 

groups (Figure 11E). However, the Mdivi-1 group displayed a significant reduction in the active nose 298 

pokes after 14 d of morphine withdrawal (Figure 11F), suggesting that Mdivi-1 alleviated drug seeking 299 

during prolonged withdrawal. These results reveal that Mdivi-1 administration during chronic 300 

morphine administration reduces the withdrawal symptoms and negative affects during morphine 301 

withdrawal, and prevents the development of reinforcement and drug seeking behavior. 302 

 303 

Mdivi-1 alleviates the development of analgesic tolerance of morphine. 304 

Prolonged exposure to morphine causes tolerance to analgesic effects, respiratory depression, 305 
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constipation, and other side effects which limit the clinical use in the treatment of chronic pain (51, 306 

52). Hot plate and tail flick tests were performed in wild type mice to determine whether the analgesic 307 

effects of morphine and development of analgesic tolerance could be affected by Mdivi-1. The hot 308 

plate test assesses analgesia in both higher level central nervous system and spinal nociceptive circuits, 309 

while the tail flick test is more specific for spinal reflexive responses (53). Intraperitoneal injection of 310 

Mdivi-1 (12.5, 25, 50, 100 mg/kg) did not affect the analgesic effects during 30-180 min after morphine 311 

(10 mg/kg) administration, as indicated by the similar MPE (maximum possible effect) curves between 312 

Mdivi-1 at different dosages and vehicle groups (Figure 12A). Repeated morphine (10 mg/kg) 313 

exposure over 6 days developed the tolerance of analgesic effects in vehicle group. Whereas, the mice 314 

that receiving 50 and 100 mg/kg Mdivi-1 attenuated the development of morphine analgesic tolerance 315 

(Figure 12B). Consistently, Mdivi-1 (50 mg/kg) pre-treated mice did not exert effects in the acute 316 

analgesia of morphine (10 mg/kg), while exhibited decreased morphine analgesic tolerance in the tail 317 

flick assay (Figure 12, C and D).  318 

The effects of Mdivi-1 administration on morphine-induced respiratory depression and 319 

constipation were also investigated. Respiratory depression was assessed by whole-body 320 

plethysmography. Morphine profoundly depressed the respiration frequency compared to the saline 321 

group, while mice pretreated with Mdivi-1 exhibited an undistinguishable curve from the vehicle 322 

control group after morphine injection (Figure 12E). Mdivi-1 administration did not affect the 323 

constipating effect of morphine in mice, as indicated by the weight of accumulated faecal boli collected 324 

after morphine injection (Figure 12F). These results suggest that Mdivi-1 acts on both central nervous 325 

system and peripheral system to reduce the analgesic tolerance of morphine, while having no effect on 326 

morphine-induced respiratory depression and constipation. 327 
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 328 

Discussion 329 

This study provides evidence that mitochondrial dysfunction in opioid sensitive dopaminergic 330 

neurons is involved in the development of opiate withdrawal. Our data suggest that chronic morphine 331 

administration decreases the activity, while increases the mitochondrial fragmentation of VTA 332 

dopaminergic Mor-Ens, accompanied by low mitochondrial respiration in the VTA. Overexpression of 333 

Mfn1 in the dopaminergic ensembles or administration with Mdivi-1 restores the impaired 334 

mitochondrial function and regular firing of these ensembles, and attenuates the development of 335 

withdrawal symptoms and negative affect during opioid withdrawal (Figure 13). 336 

Dysfunction of midbrain dopaminergic neurons is prominently implicated in chronic drug 337 

exposure. Opiate withdrawal markedly inhibits mesolimbic dopamine release, and animals experience 338 

a rebound aversive state after the acute reward triggered (54). VTA dopaminergic neurons fire action 339 

potentials autonomously in a pacemaker pattern without presynaptic activation, which is often 340 

characterized by tonic activity (10, 55, 56). It can serve as keeping a steady background level of 341 

dopamine. There may be overlapping representations of in VTA dopaminergic neurons of mice that 342 

respond to multiple stimuli (57). VTA DA neurons are spontaneously activated in home cage, and the 343 

volatile signal indicates the basal calcium activities probably representing a mixture signal of tonic 344 

firing in VTA dopaminergic ensembles in the home cage. The frequency of Ca2+ events in these 345 

ensembles was decreased after chronic morphine administration, while activation of these ensembles 346 

during withdrawal alleviates the aversion and anxiety of mice, suggesting the dysfunction of 347 

dopaminergic Mor-Ens involved in negative affects after chronic morphine administration. 348 

Neurons are highly energy-demanded, and rely primarily on mitochondrial oxidative 349 

phosphorylation to provide ATP (58, 59). Mitochondria may directly sense the changes in the neuron 350 

under stimuli and stress conditions to shape adaptations (60). Recent studies demonstrate that 351 
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mitochondria dysfunction occurs in neuropsychiatric diseases including major depressive disorders, 352 

anxiety, Alzheimer’s disease pathogenesis, progressive parkinsonism, bipolar disorder, and drug 353 

addiction (61-69). Disruption of mitochondrial complex Ⅰ in dopaminergic neurons by deletion of 354 

Ndufs2 is sufficient to cause progressive parkinsonism in which the loss of nigral dopamine release 355 

and slower or stop pace-making of dopaminergic neurons mediate motor dysfunction (68). In our study, 356 

single-cell RNA sequencing analysis and mitochondria morphological analysis in these ensembles 357 

revealed the dysfunction and fragmentation of mitochondrial, and excessive oxidative stress after 358 

chronic morphine administration. 359 

Mitochondrial dynamics support energy generation, neurotransmitter release, and calcium 360 

buffering. The balance between fusion and fission is required to support the function of neuronal 361 

mitochondria, which drive diverse biological processes (32, 70). Imbalances in mitochondrial 362 

dynamics are associated with various of diseases which are broadly characterized by impaired 363 

mitochondrial function and increased neuron death (71). Modulating mitochondrial fusion and division 364 

with either small molecules or genetic approaches has been implicated in treatment of several brain 365 

disease models (72, 73). Inhibition of Drp1 effectively improved neuronal survival and function in 366 

several diseases characterized by excessive mitochondrial fragmentation(72). Drp1-mediated 367 

mitochondria fission in NAc D1-MSNs following repeated cocaine administration mediates drug 368 

seeking behavior during early abstinence (65). Drp1 inhibitor treatment restores the mitochondrial 369 

dynamics balance in the AD model and alleviates mitochondrial dysfunction associated with excessive 370 

β-amyloid-induced autophagy (74, 75). Reduced mitochondrial fusion is found in Fmr1-mutant mice, 371 

and enhancing mitochondrial fusion by compound M1 targeting MFN2 rescued dendritic 372 

abnormalities and behavioral deficits in these mice (76). The small molecule echinacoside and S89, 373 

which targets the mitochondrial fusion progression, exert neuroprotective function in ischemic stroke 374 

(77, 78). In this study, the mitochondrial fusion gene Mfn1 is continuously downregulated in 375 

dopaminergic Mor-Ens following chronic morphine administration. Overexpression of MFN1 in these 376 
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ensembles restore mitochondrial function and alleviates withdrawal symptoms and negative affects 377 

during morphine withdrawal. In the other way, pretreatment with the mitochondrial fission inhibitor 378 

Mdivi-1 improves mitochondrial respiration in the VTA, restores mitochondrial Ca2+ uptake, alleviates 379 

mitochondrial fragmentation of the dopaminergic ensembles and withdrawal symptoms, suggesting 380 

that dysregulation of mitochondrial Ca2+ homeostasis and dynamics in VTA dopaminergic Mor-Ens 381 

are involved in the cellular and behavior maladaptation induced by chronic morphine exposure.  382 

The toxic effects of morphine are not limit to the ensembles. Chronic opioid administration is 383 

associated with undesirable side effects, such as analgesic tolerance and adverse drug reactions (79, 384 

80). The analgesia effect of opioids results from Gi signaling of the μ-opioid receptor, while side effects, 385 

including respiratory depression and constipation, may be conferred via β-arrestin pathway. Agonists 386 

specific for the Gi biased μ-opioid receptor signaling pathway are thought to be the potential opioid 387 

analgesics with reduced side effects (53). In the present study, administration of Mdivi-1 did not exert 388 

effects in the acute analgesia of morphine or morphine-induced respiratory repression and constipation, 389 

while alleviating analgesic tolerance of morphine in both central nervous and peripheral system, 390 

indicating multiple in vivo targets of Mdivi-1 are involved in the therapeutic inventions after chronic 391 

morphine administration. 392 

In summary, this study demonstrates that mitochondrial dysfunction is an important cellular 393 

process in the brain after chronic morphine administration, and is involved in the development of 394 

morphine withdrawal, providing potential therapeutic strategies targeting mitochondrial dynamics and 395 

homeostasis for opioid use disorders. 396 

 397 

Methods 398 

Animals 399 

Th-Cre B6.Cg-Tg(Th-cre)1Tmd/J (Stock number: 008601) was obtained from Jackson Lab (CA, USA), 400 

whose generation were bred on C57BL/6 background for more than 6 generations. Male offspring at 401 
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6-12 week of age were used in the experiments. Genotypes were determined by polymerase chain 402 

reaction (PCR) of mouse tail DNA samples. C57BL/6 male and female mice aged 6-9 weeks were 403 

obtained from Shanghai Laboratory Animal Center (CAS, Shanghai, China). Mice used for 404 

experiments were housed in plastic cages with disposable bedding on a standard a 12 hrs light/dark 405 

cycle with food and water available ad libitum. Experiments were performed during the light phase.  406 

 407 

Reagents 408 

Morphine-hydrochloride (Shenyang 1th Pharmaceutical Co. LTD, Shenyang, China) and Clozapine-409 

N-oxide (CNO, Sigma-Aldrich, USA) were dissolved in saline. Mdivi-1 (Sigma-Aldrich, USA) was 410 

dissolved in corn oil (Acros, Belgium). Doxycycline (Dox, MCE, USA) was dissolved in water or diet. 411 

 412 

Viral constructs  413 

AAV vector pAAV-RAM-d2TTA::TRE-FLEX-tdTomato-WPRE-pA (Addgene: 84468), a cre-dependent 414 

robust activity marking (RAM) system, was used to label and manipulate specific subtypes of 415 

morphine–activated neurons. To generate the plasmids pAAV-RAM-d2TTA-pA::TRE-hM3D(Gq)-HA-416 

WPRE-pA, EGFP in pAAV-RAM-d2TTA::TRE-EGFP-WPRE-pA (Addgene: 84469) was replaced with 417 

hM3Dq(Gq)-HA, obtained by PCR from the templates of pAAV-hSyn-DIO-(Gq)-mCherry (Addgene: 418 

44361). To generate the pAAV-RAM-d2TTA-pA::TRE-Flpo-WPRE-pA plasmid, EGFP in pAAV-RAM-419 

d2TTA::TRE-EGFP-WPRE-pA (Addgene: 84469) was replaced with the Flpo sequence obtained by 420 

PCR from pAAV-EF1α-Flpo (Addgene: 55637). To generate the pAAV- EF1α-fDIO-TH-Cre plasmid, 421 

hChR2(H134R)-EYFP in pAAV-Ef1α-fDIO-hChR2(H134R)-EYFP (Addgene: 55639) was replaced 422 

with the TH-Cre sequence obtained by PCR from pAAV.rTH.PI.Cre.SV40 (Addgene: 107788). To 423 

generate the pAAV-EF1α-DIO-Mfn1-EYFP plasmid, Mfn1 sequence obtained by PCR from pMfn1-424 

http://www.addgene.org/84468/
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Myc (Addgene: 23212) was inserted in pAAV-Ef1α-DIO-EGFP (Addgene: 27056). 425 

For mitochondrial tracing, the mitochondrial targeting (mt) sequence from cytochrome oxidase subunit 426 

8A (COX8A) was fusion to the N-terminals of tdTomato to generate pAAV-RAM-d2TTA::TRE-FLEX-427 

mito-tdTomato-WPRE-pA. To generate the pAAV-DIO-4mt-GCaMP7b plasmid, 4 repeated mt 428 

sequences were inserted at the N-terminus of GCaMP7b in pAAV-DIO-GCaMP7b (purchased from 429 

BrainVTA Co., Ltd, Wuhan, Hubei, China). All viruses described above were packed into AAV 430 

serotype 9 (Obio technology Co., Ltd, Shanghai, China). AAV-DIO-ChR2-EYFP, AAV-DIO-EGFP, 431 

and AAV-EF1α-FLEX-NBL10 were purchased from Taitool Biological Co., Ltd (Shanghai, China). 432 

AAV-hsyn-mt-keima was purchased from WZ Biosciences Co., Ltd (Jinan, Shandong, China). AAV 433 

preparations with a titer 2 × 1012 TU/ml were used. 434 

 435 

Morphine- or saline-recruited neuronal ensembles labelling 436 

After surgery, mice were kept on Dox containing diet (1 g/kg) for 2-3 weeks. For labelling activated 437 

neuronal populations, mice were taken off Dox diet for 48 hrs before intraperitoneally injected with 438 

10 mg/kg morphine or saline, and then kept on Dox containing regular diet or Dox water (200 mg/kg) 439 

8 hrs later to stop further labeling. Mice were given 3-5 day for recover before the behavior tests, 440 

single-cell analysis, fibre photometry recording and electrophysiological recording. 441 

 442 

In vivo fiber photometry recording 443 

Fluorescence signals in neurons were recorded using a fiber optic photometry system equipped with 444 

470- and 410-nm excitation lasers (Inper Tech, Hangzhou, Zhejiang, China). The laser power at the tip 445 

of the optical fiber was adjusted to 10-15 μW for 410 nm and 25-30 μW for 470 nm by optical power 446 

meter (Thorlabs, PM100D, USA). 470 nm (Ca2+-dependent) and 410 nm (isosbestic reference 447 

http://www.addgene.org/84468/
http://www.addgene.org/84468/
http://www.addgene.org/84468/
http://www.addgene.org/84468/
http://www.addgene.org/84468/
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fluorescence) fluorescence signals were collected by the MiniCMOS at 50 Hz for single channel. Each 448 

mouse was detected for 1 trial at 1 hr before (baseline) and 1 day after morphine EDA. The raw signals 449 

were adjusted to a flat baseline after baseline and motion correction using a script provided by Inper 450 

Tech; the baseline-adjusted signals were transformed as ΔF/F by dividing by their mean raw signals. 451 

And then a value of 4 times the median absolute deviation (4*MAD) of ΔF/F of the baseline session 452 

was used as the threshold for event detection with a value of 90% of 4*MAD to re-arm event detection 453 

(15, 81).  454 

For recording and analysis of the mitochondrial Ca2+ signals, the mitochondria-targeted Ca2+ sensor 455 

GCaMP (Mito-GCaMP) (60, 82) was expressed in VTA dopaminergic ensembles. Mice were infused 456 

with 1.6 μL of saline or kaempferol (2 nmol/μL; Sigma-Aldrich, VTA injection) into the VTA at a slow 457 

injection rate of 0.2 μL/min controlled by a microinjection pump (WPI, Sarasota, FL, USA). The 458 

fluorescence signals were recorded by Inper Tech. The 470 nm and 410 nm signals were collected 459 

separately and normalized to baseline signals to determine ΔF/F. ΔF/F = (F-F0)/F and F0 is the 460 

mean value of the integrated pre-stimulus signal (100 s). GCaMP signals were analyzed and plotted 461 

with MATLAB R2019b (MathWorks) as previously described (18). ∆F/F values are presented as 462 

heatmaps and average plots, with the shaded area indicating the standard error of the mean. 463 

To monitor and measure mitophagy, a three-color fiber photometry equipped with 410-, 470- and 570-464 

nm excitation lasers (Inper Tech, Hangzhou, Zhejiang, China) was used to measure mitophagy. The 465 

mitochondrial targeting Keima, which is resistant to lysosomal proteases and has bimodal excitation 466 

spectrum (440 and 586 nm) that depends on the surrounding pH, was expressed in the VTA. Shorter 467 

wavelength excitation predominates at the physiological pH of mitochondria (pH 8.0), whereas 468 

undergoes a gradual shift to longer wavelength excitation in the lysosome (pH 4.5) after mitophagy 469 
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(83-85). Mitophagy induction = signals excited at 586 nm/signals excited at 440 nm. Each mouse was 470 

detected for 1 trial at 1 hr before and 1-day, 2 or 4 weeks after morphine EDA in the home cage. Raw 471 

signals were adjusted to a flat baseline after baseline and motion corrections by Inper Tech; the 472 

baseline-adjusted signals were transformed to ΔF/F by dividing by its mean raw signals. Relative 473 

mitochondrial autophagy induction was normalized to baseline. Mice with off-target fiber tips were 474 

excluded from the analysis. 475 

 476 

Behavioral experiments 477 

Morphine withdrawal-induced conditioned place aversion 478 

Conditioned place aversion (CPA) was performed as previously described (18). Briefly, mice were 479 

allowed to freely explore both sides of two chamber training apparatus (Med-Associates, USA) for 20 480 

min (pretest) and then divided into two groups for labeling of neuronal ensembles. Mice were received 481 

escalating doses of morphine injection (10, 20, 40, 60, and 60 mg/kg) every 12 hrs (10:00 am; 22:00 482 

pm) for five consecutive days in the home cage to establish morphine dependence. 9 hrs after each of 483 

the last 3 morphine injections, when the spontaneous withdrawal is induced, mice were confined in 484 

one chamber (withdrawal-paired) of the apparatus for 30 min. Posttests took place on 6 days after the 485 

last conditioning trial. Mice were re-exposed to chamber for 20 min. The time spent in each chamber 486 

was recorded. The CPA score was defined as the time spent in the withdrawal-paired chamber minus 487 

the time spent in the other side of the chamber. For chemogenetic manipulations, mice received an 488 

injection of CNO (2 mg/kg, i.p.) 30 min prior to each of the CPA conditioning. To assess the effect of 489 

Mdivi-1 on morphine withdrawal CPA, the mice were pretreated with Mdivi-1 or vehicle 45 min prior 490 

to each morphine injection.  491 

Assessment of withdrawal symptoms 492 
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To measure withdrawal symptoms, mice were injected with escalating dose of morphine (10, 20, 40, 493 

60, 60 mg/kg) twice daily for five consecutive days. Withdrawal was precipitated by naloxone (1 494 

mg/kg, i.p) 12 hrs after the last morphine injection. The withdrawal symptoms of each mouse were 495 

recorded for 30 min by a 30 FPS camera in the home cage. Mice were weighted before and after 496 

naloxone injection, and the weight loss was calculated as the percentage of the initial weight. Diarrhea 497 

was measured by the number of accumulated faecal boli. Withdrawal symptoms (jump, wet dog shake, 498 

body tremor, backwards locomotion, and piloerection) analysis were performed by an individual 499 

blinded to group assignment. 500 

 501 

Measurement of morphine analgesia and tolerance 502 

Analgesia-like responses in mice were measured using a hotplate analgesia meter (Columbus 503 

Instruments, Columbus, Ohio, USA) and a radiant heat tail-flick meter (UGO basile, Transforming 504 

ideas into instruments, Italy) as previously described (53, 64). For morphine hot-plate tolerance, 505 

repeated morphine injections (10 mg/kg, ip.) were administrated daily for 6 d. The hot-plate test was 506 

performed on a platform heated to 50°C with a cut-off of 60 s, and the latency to lick paws or splay 507 

hind paws or jump was recorded. Baseline response was determined for each mouse before treatment. 508 

Once a response was observed or the cut-off time had elapsed, the mouse was immediately removed 509 

from the hotplate and returned to its home cage. For the tail flick test, mice were restricted in plexiglas 510 

cages on a modified platform. Mice were habituated to the device for 2 min before each test session. 511 

The infrared heat stimulus was focused on mouse tail and the response time of tail flicks was 512 

automatically determined by a sensor. A 30 s cut-off time was used to avoid tail damaging. Mice were 513 

pre-injected with vehicle or Mdivi-1 (12.5, 25, 50 and 100 mg/kg) 45 min prior to morphine injection. 514 

After injection of morphine (10 mg/kg), the analgesic effect was measured at 30, 60, 90, 120, 150 and 515 
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180 min after injection. The analgesic tolerance response to morphine was assessed by the radiant heat 516 

tail-flick test or hot-plate test at 30 min after morphine injection. The analgesic effect was calculated 517 

as %MPE, MPE % = (test latency - baseline latency)/(cut-off time-baseline latency) × 100. 518 

 519 

Mouse plethysmography 520 

Respiration data was detected using a whole-body plethysmography system (TOW-INT TECH Inc., 521 

Shanghai) as described (53). Respiratory frequency, tidal volume, and peak flows were measured in 522 

unrestrained mice. Airflow transducers were attached to each plethysmography chamber maintained 523 

at a constant flow rate. Each chamber was calibrated to its attached transducer before the experiment. 524 

Mice were habituated to the test chambers for 30 min. Respiratory parameters were recorded for 10 525 

min to establish a baseline before injection of saline or morphine (10 mg/kg). Mice were pre-injected 526 

with vehicle or Mdivi-1 (50 mg/kg) 45 min prior morphine injection. Respiratory parameters were then 527 

collected from unrestrained mice for 90 min after morphine injection.  528 

 529 

Mitochondrial respirometry 530 

Mice were sacrificed and the VTA tissues were rapidly dissected out, weighed, and placed in a petri 531 

dish on ice with 2 mL of BIOPS relaxing solution (2.77 mM Ca2K2EGTA, 7.23 mM K2EGTA, 5.77 532 

mM Na2ATP, 6.56 mM MgCl2, 20 mM taurine, 15 mM sodium phosphocreatine, 20 mM imidazole, 533 

0.5 mM dithiothreitol and 50 mM MES, pH = 7.1) and gently homogenized with an eppendorf pellet 534 

pestle in ice-cold respirometry medium (MiR05: 0.5 mM EGTA, 3mM MgCl2, 60 mM potassium 535 

lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 0.1% (w/v) BSA, 536 

pH = 7.1). The high resolution respirometry instrument (Oxygraph-2k, OROBOROS Instruments, 537 

Innsbruck, Austria) was used to detect mitochondrial respiration rates at 37°C, as previously described 538 

(63, 73). A sequential multi-substrate protocol was used to explore the individual components of 539 

mitochondrial respiration capacity. Oxygen flux due to complex I activity (Complex I) was quantified 540 
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by adding ADP (2 mM) to a mixture of 0.8 mM malate,4 mM pyruvate and 8 mM glutamate. Succinate 541 

(8 mM) was added sequentially to reconstitute convergent complex II (Complex I + II) respiration. 542 

Titrations with the uncoupler CCCP (0.4 μM) were performed to determine electron transfer system 543 

(ETS) capacity. Rotenone (0.08 μM; ETS CII) which could inhibit complex I was added to examine 544 

consumption in the uncoupled state due to complex II activity alone. Electron transport through 545 

complex III was inhibited by adding antimycin (2 μM) to obtain the level of residual oxygen 546 

consumption (ROX). The O2 flux obtained in each step of the protocol was normalized by the wet 547 

weight of the tissue used for the analysis.  548 

 549 

Mitochondrial imaging and analysis 550 

Images of the neuronal ensembles in the VTA were taken by a confocal microscope (Nikon-1A, Japan). 551 

High-resolution Z-stacks images were obtained with 0.5 m increments using a 20 × air objective with 552 

2x digital zoom. Neuronal reconstruction and maximum intensity projection were performed with the 553 

automatic deconvolution (NIS-Elements AR 5.02.00). 3D reconstructions of the images were 554 

generated from each channel, red (mitochondria) and green (soma and dendrites). Mitochondria aspect 555 

ratio, length, and area were analyzed by using Image-pro Plus 6.0 software. The location of primary 556 

(50 μm from soma) and secondary (branch from the primary dendrite) dendrites was identified. The 557 

tdtomato+ mitochondria identified within the dendrites were analyzed. Single mitochondrion was 558 

identified by the grayscale ranged 162~255 and the area ranged 5-200 pixels. The mitochondrial aspect 559 

ratio, length, and area were measured and converted to the measurement scale (169 pixels = 50 μm).  560 

 561 

Statistical analysis  562 

Data were analysed with SPSS software (IBM, Armonk, NY, USA). Sample sizes were based on our 563 

previous research (15, 18, 26). The normality test of the data was performed by Shapiro-Wilk test and 564 

the homoscedasticity was performed by F test. Kolmogorov-Smirnov test was used for analyzing the 565 
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cumulative distribution. Comparisons between groups were made by student’s t test (Unpaired, two 566 

tailed), Mann-Whitney U test or one-way ANOVA. Two-way ANOVA and two-way repeated measure 567 

(RM) ANOVA were used followed by Bonferroni’s post-hoc test. Statistical significance was 568 

represented as *, P<0.05; **, P<0.01; ***, P<0.001 and ****, P<0.0001. All data are presented as 569 

mean ± SEM. 570 
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Figures and figure legends 797 

 798 

Figure 1. Dysregulation of the spontaneous activity in the VTA dopaminergic Mor-Ens mediates 799 

withdrawal-induced aversion and anxiety after chronic morphine administration. 800 

(A) Schematic of virus injection and fiber photometry recordings. Viruses combining Cre-loxp and 801 

Flpo-FRT systems were used to label TH+ neuronal ensembles with GCaMP7b, and the optic fiber was 802 

unilaterally implanted in the VTA of wild-type mice. (B) Representative images of GCaMP7b 803 

expression in the VTA. Dashed white lines outline the VTA and optic fiber tract. Green: GCaMP7b; 804 

Blue: DAPI. Scale bar, 200 μm. (C) Representative photometric traces of GCaMP7b signals in Mor-805 

Ens before and after escalating dose administration of morphine (morphine EDA). Marked circles 806 

indicate detected events above the threshold. (D) Relative frequency of calcium events in Mor-Ens. 807 
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Paired t-test, n = 14. (E) Experimental scheme of the ensembles labeling and behavioral testing in TH-808 

Cre mice. AAV-RAM-tTA-TRE-hM3Dq-HA was injected into the VTA of TH-Cre mice to label RAM-809 

driven expression of hM3Dq-HA in TH+ neuronal ensembles. (F) Representative images of hM3Dq-810 

HA expression in VTA ensembles. Red: hM3Dq-HA; Blue: DAPI. Scale bar, 100 μm. (G and H) The 811 

effects of CNO activation of Mor-Ens on CPA and anxiety during morphine withdrawal. CPA score 812 

(G), the representative traces in EPM test, and the quantification of time in the open arm (H) were 813 

represented. Two-way RM ANOVA, Sal-Ens: n = 14; Mor-Ens: n = 15 in (G). Unpaired t-test, n = 10 814 

mice/group in (H). Data are presented as mean ± S.E.M; *P < 0.05, ***P < 0.0001. 815 

 816 

817 
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 818 

Figure 2. Chronic morphine administration alters dysregulation of the mitochondrial related 819 

signaling pathways in the VTA dopaminergic Mor-Ens. 820 

(A) Experimental scheme for single-cell RNA sequencing of the VTA dopaminergic ensembles. Red: 821 

tdTomato. Scale bar, 200 μm. (B) Signaling network enrichment analysis between dopaminergic Sal-822 

Ens and Mor-Ens. (C) Signaling network enrichment analysis between dopaminergic Mor-Ens treated 823 

without or with morphine EDA groups. n = 4 mice/group.  824 

 825 

826 
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 827 

Figure 3. Chronic morphine administration induces increased oxidative stress, and impairs Ca2+ 828 

transport in dopaminergic Mor-Ens and mitochondrial respiration in the VTA.  829 

(A) Experimental scheme to assess the oxidative stress in the dopaminergic Mor-Ens of VTA from 830 
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mice with or without morphine EDA. (B) Representative images of nitrotyrosine staining of the brain 831 

slices containing VTA. White dashed lines outline Mor-Ens. Red: tdTomato; Green: nitrotyrosine; 832 

Blue: DAPI. Scale bar: 20 μm. (C) The normalized expression level of nitrotyrosine in VTA tdTomato+ 833 

ensembles in saline and morphine EDA groups. Unpaired t-test, n = 4 mice/group. (D) Cumulative 834 

frequency distribution of nitrotyrosine intensity in tdTomato+ neurons. Two-sample Kolmogorov-835 

Smirnov test, Saline Ctrl: 229 cells from 4 mice; Morphine EDA: 194 cells from 4 mice. (E) Schematic 836 

of fiber photometry setup for detecting mitochondrial Ca2+ signal in Mor-Ens in freely moving mice. 837 

(F) Heatmap of relative mito-GCaMP fluorescence intensity in Mor-Ens after intracerebral injection 838 

of kaempferol into VTA (1.6 μL, 2 nmol/μL) in mice with or without morphine EDA. (G) Average 839 

ΔF/F (%) and (H) the area under curve (AUC) quantification of mito-GCaMP fluorescence. Dashed 840 

vertical line indicates kaempferol injection. Paired t test, n = 7. (I) Experimental scheme to assess the 841 

mitochondrial respiration of the VTA tissues. G, glutamate; P, pyruvate; M, malate; Scc, succinate; 842 

CCCP, mitochondrial oxidative phosphorylation uncoupler; Rot, rotenone; Ant, antimycin; C, complex; 843 

ER, endoplasmic reticulum; ETS max, maximal electron transport system capacity; NAD, 844 

nicotinamide adenine dinucleotide, oxidized form; NADH, nicotinamide adenine dinucleotide, 845 

reduced form. (J) Oxygen consumption rate of mitochondrial respiration in the VTA of mice with or 846 

without morphine EDA. Two-way RM ANOVA, n = 4-5 mice/group. Data are presented as mean ± 847 

S.E.M; *P < 0.05, ***P < 0.001, ****P < 0.0001. 848 

 849 

850 
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 851 

Figure 4. Chronic morphine administration increases the VTA neuronal mitophagy and 852 

mitochondrial fragmentation in the VTA dopaminergic Mor-Ens. 853 

(A) Experimental scheme for fiber photometry to detect mitophagy in Mor-Ens. Representative images 854 

show the expression of mt-keima in the VTA neurons. Dashed white lines outline the VTA and fiber 855 
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optic tract. Scale bar, left: 200 μm, right: 20 μm. (B) Relative mitochondrial autophagy induction (% 856 

normalized to baseline) in the VTA neurons after morphine EDA. Paired t-test, n = 9. (C) Experimental 857 

scheme to analyze mitochondrial morphology in Mor-Ens of mice in saline ctrl and morphine EDA 858 

groups. (D) Representative images of dopaminergic Mor-Ens expressing EYFP and mito-tdTomato. 859 

ChR2-EYFP was used to label dendrites and mito-tdTomato was used to label mitochondria. The white 860 

solid lines indicate primary dendrites and the dashed lines indicate secondary dendrites in each channel. 861 

Scale bar: 20 μm. (E, I) Representative images of primary dendrites (E) and secondary dendrites (I) 862 

containing labeled mitochondria from saline-ctrl, and withdrawal (WD) mice 1 d and 21d after 863 

morphine EDA. Red: mito-tdTomato; Green: EYFP. Scale bars: 10 μm in (E) and 5 μm in (F). (F-H) 864 

Quantification of mitochondrial aspect ratio (F), length (G), and area (H) in primary dendrites of 865 

dopaminergic Mor-Ens in saline-ctrl (38 neurons/6 mice), morphine-EDA WD 1 d (40 neurons/8 mice), 866 

or WD 21 d (40 neurons/5 mice) groups. (J-L) Quantification of mitochondrial aspect ratio (J), length 867 

(K), and area (L) in dopaminergic Mor-Ens in saline-ctrl (36 neurons/6 mice), morphine-EDA WD 1 868 

d (35 neurons/8 mice), or WD 21 d (38 neurons/5 mice) groups. One-way ANOVA with Bonferroni's 869 

test and Kolmogorov-Smirnov test (F-H and J-L). Data are presented as mean ± S.E.M; *P < 0.05, 870 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 871 

 872 

873 
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 874 

Figure 5. The expression of Mfn1 is decreased in VTA dopaminergic Mor-Ens after chronic 875 

morphine administration. 876 
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(A and B) Experimental scheme to label (A) and purify (B) the ribosome-associated mRNA from the 877 

dopaminergic ensembles expressing NBL10-HA. (C and D) Quantification of the relative mRNA 878 

levels of dnm1l, fis1, mfn1, mfn2, and opa1 in VTA dopaminergic Mor-Ens at different time points 879 

after morphine EDA (normalized to the mice without morphine EDA). 6-7 mice/group, One-Way 880 

ANOVA with Bonferroni's test. (E) Representative smFISH images of Mfn1 mRNA expressing in the 881 

VTA Mor-Ens at different time points after morphine EDA. Red: tdTomato; Green: Mfn1; Blue: DAPI. 882 

Dashed white lines outline the tdTomato+ cells. Scale bar: 20 μm. (F) Quantification of the Mfn1 883 

mRNA in the tdTomato+ Mor-Ens at different time points after morphine-EDA groups (normalized to 884 

the mice without morphine EDA). (G) Cumulative frequency distribution of Mfn1 mRNA intensity in 885 

the tdTomato+ Mor-Ens at different time points after morphine-EDA groups. n = 5 mice/group, 886 

baseline: 707 cells; wd 1 d: 743 cells; wd 1 w: 594 cells; wd 2 w: 669 cells; wd 4 w: 253 cells. One-887 

Way ANOVA with Bonferroni's test, Kolmogorov-Smirnov test for cumulative frequency distribution. 888 

Data are presented as mean ± S.E.M; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 889 

 890 

891 



41 

 

 892 

Figure 6. Overexpression of MFN1 in dopaminergic Mor-Ens alleviates withdrawal symptoms 893 

after chronic morphine administration in both male and female mice. 894 

(A) Experimental scheme to assess the effect of MFN1overexpression in dopaminergic Mor-Ens. (B) 895 

Representative smFISH images of Mfn1 mRNA expressed in the VTA Mor-Ens. Red: Mfn1; Green: 896 

Egfp; Blue: DAPI. Dashed white lines outline the Egfp+ cells. Scale bars: 20 μm, 5 μm. (C) 897 

Quantification of the Mfn1 mRNA in the Egfp+ cells from EGFP and MFN1-EGFP groups. 3-4 898 

mice/group, Egfp: 121 cells; Mfn1: 91 cells. (D) Representative images of nitrotyrosine 899 
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immunostaining in the VTA Mor-Ens expressing EGFP or MFN1-EGFP. Red: nitrotyrosine; Green: 900 

EGFP; Blue: DAPI. Dashed white lines outline the EGFP+ cell. Scale bars: 20 μm, 5 μm. (E) The 901 

normalized expression level of nitrotyrosine in the VTA EGFP+ Mor-Ens. 3 mice/group, EGFP: 381 902 

cells; MFN1: 434 cells. Unpaired t-test or Kolmogorov-Smirnov test. (F-O) The effect of MFN1 903 

overexpression in the VTA dopaminergic Mor-Ens on naloxone-precipitated withdrawal symptoms in 904 

both male and female mice. Weight loss, diarrhea, jumps, wet dog shakes and body tremors were 905 

analyzed in EGFP and MFN1-EGFP groups. Male: 12-13 mice/group; female: 13 mice/group. 906 

Unpaired t-test or Mann-Whitney test. Data are presented as mean ± S.E.M; *P < 0.05, **P < 0.01, 907 

***P < 0.001, ****P < 0.0001. 908 

 909 

910 
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 911 

Figure 7. Restoration of MFN1 expression in dopaminergic Mor-Ens alleviates withdrawal-912 

induced negative affects in both male and female mice. 913 

(A-J) The effect of MFN1 overexpression in Mor-Ens on negative affect during the spontaneous and 914 

prolonged morphine withdrawal in both male and female mice. Morphine withdrawal-induced CPA (A 915 

and F), locomotor activity (B and G), immobility time in TST test (C and H), time in the open arm in 916 

EPM test (D and I), and social novelty scores (E and J) were analyzed in EGFP and MFN1-EGFP 917 

groups. Male: 11-22 mice/group; female: 12-14 mice/group. Unpaired t-test or Mann-Whitney test, 918 

two-way RM ANOVA with Bonferroni's test in CPA. Data are presented as mean ± S.E.M; *P < 0.05, 919 

**P < 0.01, ***P < 0.001, ****P < 0.0001. 920 

 921 
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 923 

Figure 8. Mitochondrial division inhibitor Mdivi-1 restores the mitochondrial respiration of the 924 

VTA and ameliorates mitochondrial fragmentation in VTA dopaminergic Mor-Ens. 925 

(A) Experimental scheme to assess the mitochondrial respiration of VTA of mice in vehicle and Mdivi-926 

1 groups. (B) Oxygen consumption rate of mitochondria in the VTA following morphine EDA in 927 

vehicle and Mdivi-1 groups. 5 mice/group, two-way RM ANOVA by Bonferroni's test. (C) 928 

Experimental scheme for tracing mitochondrial morphology in dopaminergic Mor-Ens after morphine 929 

EDA in mice of Mdivi-1 or vehicle groups. (D) Representative images of primary dendrites (green) 930 

containing mitochondria (red) after morphine EDA in Mdivi-1 or vehicle groups. Red: mito-tdTomato; 931 

Green: EYFP. Scale bar: 10 μm. (E-G) Quantification of mitochondrial aspect ratio (E), length (F), 932 

and area (G) in primary dendrites of dopaminergic Mor-Ens in vehicle (36 neurons/6 mice) and Mdivi-933 

1 groups (30 neurons/8 mice). Unpaired t test and Kolmogorov-Smirnov test. Data are presented as 934 

mean ± S.E.M; n.s. not significant; *P < 0.05, **P < 0.01, ****P < 0.0001. 935 
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 936 

 937 

Figure 9. Mdivi-1 restores the maladaptation of neuronal plasticity in VTA dopaminergic Mor-938 

Ens. 939 

(A) Experimental scheme of electrophysiological recording in dopaminergic Mor-Ens from saline and 940 

morphine EDA groups treated with vehicle or Mdivi-1. (B) Quantification of the rheobase and 941 

threshold of the action potentials in VTA tdTomato+ neurons. 4-5 mice/group; rheobase: 16-22 942 

neurons/group, threshold: 17-24 neurons/group. (C) Representative AP traces and (D) quantification 943 

of the induced spike numbers of tdTomato+ neurons in the VTA. 13-18 neurons from 3-4 mice per 944 

group. (E) Representative traces and quantification of the spontaneous firing rate of tdTomato+ neurons 945 
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in the VTA. 15-21 neurons from 3-4 mice per group. (F) Representative traces and quantification of 946 

the EPSC/IPSC ratio of tdTomato+ neurons in the VTA. 12-19 neurons from 3-4 mice per group. Two-947 

way ANOVA by Bonferroni's test in (B, E and F), two-way RM ANOVA in (D). Data are presented as 948 

mean ± S.E.M; n.s. not significant; *P < 0.05, **P < 0.01, ***P < 0.001.  949 

 950 

951 
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 952 

Figure 10. Mdivi-1 alleviates withdrawal symptoms and negative affects after chronic morphine 953 

administration in both male and female mice. 954 
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(A) Experimental scheme to measure the naloxone-precipitated withdrawal symptoms in both male 955 

and female mice. (B-F) The effects of Mdivi-1 on weight loss (B), diarrhea (C), wet dog shakes (D), 956 

body tremor (E), and backward locomotion (F) were analyzed in mice from vehicle and Mdivi-1 957 

groups. Male: 10-12 mice/group; female: 15 mice/group. Unpaired t test or Mann-Whitney test. (G-O) 958 

The effect of Mdivi-1 on negative affects during spontaneous and chronic morphine withdrawal in 959 

both male and female mice. (G) Experimental scheme of the behavioral tests. Immobility time (H and 960 

I), morphine withdrawal-induced CPA (J and M), time in the open arm (K and N), and social 961 

preference (L and O) were analyzed in vehicle and Mdivi-1 pre-treated groups. Male: 11-12 962 

mice/group; female: 14-15 mice/group. Unpaired t-test or Mann-Whitney test for two groups, two-way 963 

RM ANOVA with Bonferroni's test in CPA. Data are presented as mean ± S.E.M; *P < 0.05, **P < 964 

0.01, ***P < 0.001, ****P < 0.0001. 965 

 966 
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 968 

Figure 11. Mdivi-1 alleviates the development of morphine-induced reinforcement and drug 969 

seeking after prolonged withdrawal. 970 

(A) Morphine-induced hyperlocomotion in mice treated with Mdivi-1 (50 mg/kg, i.p.) or vehicle 45 971 

min before the morphine injection. 10 mice/group, two-way RM ANOVA. (B) Quantification of the 972 

morphine conditioned place preference (CPP) scores in the mice injected with Mdivi-1 or vehicle 45 973 

min before each conditioning session. 10 mice/group, two-way RM ANOVA with Bonferroni's test. 974 

(C) Experimental scheme to assess the effect of Mdivi-1 on drug seeking in a morphine self-975 

administration (SA) paradigm. Mdivi-1 or vehicle was administrated during the 11-16 training sessions. 976 

(D) Numbers of morphine infusions in mice during the training sessions. (E and F) Plots of active nose 977 
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pokes at 1 d and 14 d after morphine withdrawal in mice from Mdivi-1 or vehicle groups. 7-8 978 

mice/group, two-way RM ANOVA, unpaired t-test or Mann Whitney test. Data are presented as mean 979 

± S.E.M; n.s. not significant; *P < 0.05.  980 

 981 
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 983 

Figure 12. Mdivi-1 alleviates the development of analgesic tolerance of morphine. 984 

(A) The effect of Mdivi-1 on acute analgesia of morphine (10 mg/kg, i.p.) in hotplate assay. The 985 

latency of withdrawal to noxious stimulus is shown as the percentage of the maximum possible effect 986 

(% MPE). 12-13 mice/group. (B) The effect of Mdivi-1 on analgesic tolerance of chronic morphine 987 

(10 mg/kg, once daily) administration for 6 days. Analgesic tolerance was mirrored by the decreased % 988 
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MPE. 12-15 mice/group, two-way RM ANOVA with Bonferroni's test for Mor+vehicle vs Mor+Mdivi-989 

1 (12.5, 25, 50, 100 mg/kg). (C) The effect of Mdivi-1 on acute analgesia of morphine (10 mg/kg, i.p.) 990 

in the tail flick assay. (D) Quantification of the analgesic tolerance of chronic morphine (10 mg/kg, 991 

once daily) in mice from Mdivi-1 (50 mg/kg) or vehicle groups. 12 mice/group, two-way RM ANOVA 992 

with Bonferroni's test in (C and D). (E) Respiratory inhibition of morphine assessed by whole-body 993 

plethysmography in mice. Respiratory frequency is decreased 15 min after morphine injection (10 994 

mg/kg, i.p). Two-way RM ANOVA by Bonferroni's test, saline vs morphine, 4 mice/group; 995 

Morphine+vehicle vs Morphine+Mdivi-1, 8 mice/group. (F) Constipation effects of morphine assessed 996 

by accumulated faecal boli in Mdivi-1 or vehicle groups. 10-12 mice/group, two-way RM ANOVA by 997 

Bonferroni's test for saline+vehicle vs morphine+vehicle or morphine+vehicle vs Morphine+Mdivi-1. 998 

Data are presented as mean ± S.E.M; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  999 
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 1002 

Figure 13. Strategy of targeting mitochondrial dynamics in morphine-responsive VTA 1003 

dopaminergic ensembles to alleviate opiate withdrawal. 1004 

Schematic diagram illustrating that chronic morphine administration decreases mitochondrial Ca2+ 1005 

uptake, and induces excessive fragmentation and oxidative stress in morphine-responsive VTA 1006 

dopaminergic neurons, leading to the dysregulated mitochondrial respiration and maladaptation of the 1007 

neuronal plasticity in the VTA. Genetic and pharmacological targeting the mitochondrial dynamics 1008 

corrects mitochondrial fragmentation and neuronal plasticity in morphine-responsive VTA 1009 

dopaminergic neurons and alleviates morphine withdrawal symptoms and negative affects.  1010 
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