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AKAP150 from nucleus accumbens
dopamine D1 and D2 receptor-expressing medium
spiny neurons regulates morphine withdrawal

Xiaohui Bai,"?? Kun Zhang,'®> Chaopeng Ou,'* Yanyu Mu,"* Dongmei Chi,' Jianxing Zhang," Jingxiu Huang,’
Xile Li," Yingjun Zhang,"* Wan Huang,"”* and Handong Ouyang'4*

SUMMARY

Dopamine D1 receptor-expressing medium spiny neurons (D1R-MSNs) and dopamine D2 receptor-ex-
pressing MSNs (D2R-MSNs) in nucleus accumbens (NAc) have been demonstrated to show different ef-
fects on reward and memory of abstinence. A-kinase anchoring protein 150 (AKAP150) expression in
NAc is significantly upregulated and contributes to the morphine withdrawal behavior. However, the un-
derlying mechanism of AKAP150 under opioid withdrawal remains unclear. In this study, AKAP150
expression in NAc is upregulated in naloxone-precipitated morphine withdrawal model, and knockdown
of AKAP150 alleviates morphine withdrawal somatic signs and improves the performance of conditioned
place aversion (CPA) test. AKAP150 in NAc D1R-MSNs is related to modulation of the performance of
morphine withdrawal CPA test, while AKAP150 in NAc D2R-MSNis is relevant to the severity of somatic
responses. Our results suggest that AKAP150 from D1R-MSNs or D2R-MSNs in NAc contributes to the
developmental process of morphine withdrawal but plays different roles in aspects of behavior or psy-
chology.

INTRODUCTION

Morphine is a powerful analgesic and also an addictive drug due to its powerful euphoria-inducing effects.’ Opioid abuse has had a detri-
mental impact on both the families of affected individuals and society as a whole, making it a pressing global health concern that requires
immediate solutions.” The rewarding effects of the drug and the reluctance to experience withdrawal signs motivate repetitive drug use.’
Repeated administration of opioids results in physical dependence and conditioning. Besides, opiate withdrawal syndromes, such as
pain, agitation, sleep disturbances, and anxiety, counterbalance the benefits of opiates in human.*” In opioid-addicted rodents or mice,
naloxone can induce opiate abstinence syndromes such as wet-dog shake, jumping, paw tremor, teeth chattering, which is a recognized para-
digm of negative affective learning.*’ Therefore, elucidating the mechanism modulating the negative affective states during opiate with-
drawal should be essential in solving drug addiction as well as relapse.

The brain’s reward pathway, especially the mesocorticolimbic dopamine system, has been found to be involved in opioid addiction.®” The
most significant component of the mesocorticolimbic dopamine system is the projecting neurons that connect the ventral tegmental area
(VTA) and nucleus accumbens (NAc).'” Opioids regulate opioid receptors and the firing of dopamine neurons, and dopamine neurotransmis-
sion in the VTA and NAc, which can modulate the rewarding and reinforcing effects of drugs. Other addictive substances also increase dopa-
mine concentrations in the NAc, which is why the NAc is a potential therapeutic target for the treatment of opioid addiction."’ The NAc has
been shown to play a crucial role in the development of opioid addiction,'” but its role in opiate withdrawal is not yet fully understood.

The signaling complex of postsynaptic scaffolding A-kinase anchoring protein 79/150 (AKAP79/150, human AKAP79/bovine150) regulates
excitatory synaptic transmission and strength by targeting protein kinase A (PKA), protein kinase C (PKC), and calcineurin (CaN) to the post-
synaptic densities of neurons.”® AKAP150 is a postsynaptic scaffolding protein that can integrate signals by binding various signaling, scaf-
folding, receptor, and ion channel proteins involved in long-term synaptic plasticity.'* Previous evidence has shown that AKAP150 increases
the NAc postsynaptic density of cocaine-treated rats, and disruption of AKAP-dependent signaling in the NAc attenuates cocaine reinstate-
ment.'® Therefore, AKAP in the NAc could be an effective therapeutic target for drug addiction.
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The circuit connecting the VTA and NAc has a significant impact on the development of drug addiction.'"” Most of the rewarding/aver-
sive signals from the VTA are dopaminergic and act through two distinct neuronal populations of GABAergic medium spiny neurons (MSN's),
which are divided into dopamine D1 receptor (D1R)-expressing MSNs (D1R-MSNs) and dopamine D2 receptor (D2R)-expressing MSNs (D2R-
MSNSs)."®'? D1R- and D2R-MSNs have been considered to have different functions in the process of opioid addiction. Previous studies have
showed that activation of D1R-MSNss is related to positive rewarding events, while D2R-MSNss signaling mediate aversion.”" Lobo et al.”
reported that activation of D1 neurons results in enhancement of conditioned place preference, whereas activation of D2 neurons attenuates
preference. And Kravitz et al.”' found that activation of D1R-MSNs causes positive responses to rewarding stimuli, while activation of D2R-
MSNs induces aversion and suppression of reward or motivated behavior in both place preference and operant tasks. However, not all
research results are completely consistent. Another research indicated that both D1 and D2 neurons in the NAc contribute in the same di-
rection in the modulation of motivation, and activation of either neuronal population enhances motivation in mice. There should be a
more complex relationship between D1R- and D2R-MSNs in the NAc, since putative D1 neurons can drive behavioral aversion, while D2 neu-
rons’ stimulation can increase reward seeking in certain conditions.”” And tyrosine hydroxylase (TH) is one of the main factors that regulate
and mediate the dopamine neurons between VTA and NAc.?® To better elucidate the role of NAc AKAP150 in the process of morphine addic-
tion and morphine withdrawal, this study aims to explore the function of AKAP150 in the NAc using morphine withdrawal mice and explored
the different functions of subpopulation AKAP150 in D1R- and D2R-MSNs in the morphine withdrawal-induced aversion and somatic signs.
And we further investigated the impact of dopamine neuron from VTA on the regulation of NAc AKAP150 to uncover the underlying mech-
anism. We aim to better elucidate the mechanism of morphine withdrawal and identify specific targets to inhibit morphine withdrawal syn-
drome and solve morphine addiction.

RESULTS

AKAP150 was upregulated in the NAc in morphine withdrawal-induced CPA model

We tested the effectiveness of our morphine withdrawal-induced CPA model and examined changes of AKAP150 in the NAc (Figure 1). Mice
that suffered from morphine withdrawal were found to have more involuntary movements; including jumps, paw tremor, teeth chattering, wet-
dog shake, diarrhea, and loss of body weight (Figure 1D). The morphine withdrawal score was significantly higher in morphine withdrawal
group than in control group. After the morphine withdrawal CPA model was established, the mice spent significantly less time in the paired
compartment and the aversion score was significantly reduced in morphine withdrawal CPA model (Figure 1E). The movement of all mice did
not significantly change before and after CPA test (Figure 1F). These data showed that the CPA model was successfully established. The PCR,
immunohistochemical staining (IHC), and western blot results showed that AKAP150 mRNA and protein expression in the NAc increased
significantly in the morphine withdrawal CPA model (Figures 1G-1l). The expression of c-fos in NAc was upregulated after morphine with-
drawal, implying activation of neurons in the region (Figure 1J). And the density of dendritic spine was significantly higher in morphine with-
drawal group (Figure 1K). We speculate that upregulation of AKAP150 expression might be relevant to the development of aversion.

Knockdown of AKAP150 expression relieved morphine withdrawal somatic response and CPA

We examined changes in behavior and tissue after knockdown of AKAP150 expression in the NAc. The knockdown efficiency is shown in Fig-
ure S3A. After we knocked down the expression of AKAP150 in WT mice, the observed involuntary movements including jumps, paw tremor,
teeth chattering, wet-dog shake, diarrhea, and loss of body weight (%) were decreased after morphine withdrawal (Figure 2A). The morphine
withdrawal score was significantly lower (Figure 2A), and the aversion score was higher in WT mice with knock downing expression of AKAP150
(Figure 2B). Result of c-fos showed that expression of c-fos was obviously reduced after AKAP150 knockdown (Figure 2C). As for the density of
dendritic spines, the density was significantly reduced after AKAP150 knockdown (Figure 2D).

We carried out similar experiment in AKAP150 ¥ mice. We stereotaxically injected AAV-CMV-Cre-EGFP and the corresponding control
virus (Table 1) into the NAc to conditionally knock down the expression of AKAP150 in AKAP150  mice. Similar results were found. The
knockdown efficiency is shown in Figure S3B. When conditionally knocking down the expression of AKAP150 in the NAc of AKAP150 1f
mice, the morphine withdrawal score gained lower (Figure 3A), and the aversion score was higher (Figure 3B). Expression of c-fos was obvi-
ously reduced after AKAP150 knockdown in AKAP150 " mice (Figure 3C). And density of dendritic spine was decreased after AKAP150
knockdown in AKAP150 " mice (Figure 3D).

These results show that knockdown of AKAP150 expression is beneficial for alleviating naloxone-precipitated morphine withdrawal so-
matic response. Meantime, knockdown of AKAP150 expression in NAc relieves morphine withdrawal CPA. It might be evidence that
AKAP150 participates in the process of morphine withdrawal through stimulation of neuron activity and regulation of dendritic spines’ density.

AKAP150 was highly expressed in D1R-MSNs and D2R-MSNs in NAc

To explore cell-type-specific change after opioid injection, we reanalyzed single-cell RNA sequencing (scRNA-seq) data (GEO: GSE118918)
from a study investigating the transcriptional response of NAc of mice to acute morphine treatment.”* A total of 35,878 cell transcriptomes
were retained for subsequent analysis and were annotated into 19 major cell types based on the expression of the most variable genes and
their canonical markers, consistent with the original paper” (Figures 4A and STA-S1C; Table S1). Our reanalysis revealed the gene of
AKAP150 was specifically high expressed in D1R-MSN, D2R-MSN, and GABA other clusters at single cell resolution (Figures 4B and 4C).
Next, we compared expression of AKAP150 between morphine- and saline-treated group in afore-mentioned three clusters separately
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Figure 1. Expression of AKAP150 upregulated in the NAc after naloxone-precipitated morphine withdrawal

(A-C) Schematic of the three-compartment apparatus applied for the CPA test. (B and C) Experimental timeline of the morphine withdrawal physical signs test
(B) and the morphine withdrawal CPA model (C).

(D) Morphine withdrawal physical signs test [jumps (***P<0.001, Mann-Whitney U test, n = 10), paw tremor (***P<0.001, Mann-Whitney U test, n = 10), teeth
chattering (***P<0.001, Mann-Whitney U test, n = 10), wet-dog shake (***P<0.001, Mann-Whitney U test, n = 10), diarrhea (***P<0.001, Mann-Whitney U test,
n = 10), and loss of body weight (***P<0.001, Mann-Whitney U test, n = 10)] and morphine withdrawal score (***P<0.001, t test, n = 10) was significantly
increased after morphine withdrawal in WT mice.

(E) Less time was spent in the paired compartment after the morphine withdrawal CPA model was established. CPA aversion score was significantly reduced after
morphine withdrawal in WT mice (***P<0.001, t test, n = 10).

(F) Mean velocity showed no significant difference before and after morphine withdrawal (Pre-paired, p = 0.6961, t test; Post-paired, p = 0.7676, t test; n = 10).
(G-1) AKAP150 mRNA (G) and protein expression (H and I) were upregulated in morphine withdrawal model by PCR, IHC, and WB test (***P<0.001, t test, n = 6).
(J). IHC showing c-fos expression was upregulated after morphine withdrawal. Scale bar, 100um.

(K) Representative images of GFP-labeled dendrites and the statistical data for density of dendritic spines, demonstrating the density of dendritic spine was
significantly higher after morphine withdrawal (***P<0.001, t test, n = 6). Data are shown as the mean + SEM.

and found that the AKAP150 expression was not increased in the group with acute morphine treatment (Figure 4D). Our PCR results showed
that AKAP150 mRNA relative expression was not significantly changed in mice with one-time treatment of morphine than those with saline (4 h
harvest after morphine injection) (Figure 4E). To directly demonstrate the co-expression of AKAP150 in DIR-MSNs and D2R-MSNs, we ran the
IHC test in the naloxone-precipitated morphine withdrawal mice and the results showed that AKAP150 was highly co-expressed in both D1R-
MSNs and D2R-MSNs (Figures 4F and 4G).

D1R-MSNs and D2R-MSNs played different roles in the process of naloxone-precipitated morphine withdrawal

We evaluated the role of D1R-MSNs and D2R-MSNs’ AKAP150 in the process of naloxone-precipitated morphine withdrawal.
We selectively knocked down the expression of AKAP150 in D1R-MSNs or D2R-MSNs in NAc by injecting AAV-D1-Cre along with
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Figure 2. Knockdown of AKAP150 expression in the NAc relieved morphine withdrawal somatic response and CPA score in WT mice

(A) Morphine withdrawal somatic signs including jumps (***P<0.001, t test, n = 10), paw tremor (**P<0.01, Mann-Whitney U test, n = 10), teeth chattering
(***P<0.001, t test, n = 10), wet-dog shake (**P<0.01, t test, n = 10), diarrhea (***P<0.001, Mann-Whitney U test, n = 10), and loss of body weight
(***P<0.001, t test, n = 10) were decreased, and morphine withdrawal score (**P<0.01, Mann-Whitney U test, n = 10) was significantly lower after knockdown
of AKAP150 expression in NAc in WT mice.

(B) Aversion score was improved after knockdown of AKAP150 expression in NAc in WT mice (**P<0.01, t test, n = 10).

(C) IHC showed c-fos expression was downregulated after knockdown of AKAP150 expression in NAc in WT mice. Scale bar, 100um.

(D) Density of dendritic spines was significantly decreased after knockdown of AKAP150 expression in NAc in WT mice (***P<0.001, t test, n = 6). Scale bar, 10um.
Data are shown as the mean + SEM.

AAV-CMV-DIO-AKAP150-shRNA or AAV-D2-Cre along with AAV-CMV-DIO-AKAP150-shRNA (Table 1) into the WT mice’s NAc. Simply
suppressing the expression of AKAP150 in NAc D1R-MSNs would improve the aversion score (Figure 5B) while did not alleviate the
morphine withdrawal somatic signs (Figure 5A). On the contrary, simply knocking down the expression of AKAP150 in NAc D2R-
MSNs alleviated the morphine withdrawal somatic signs (Figure 5D) without interfering with the aversion score (Figure 5E). And the
density of dendritic spine was significantly lower after the knockdown of AKAP150 in D1R-MSNs (Figure 5C) or D2R-MSNs (Figure 5F).

Similar tests were also conducted in AKAP150 " mice. We stereotaxically injected AAV-D1-Cre-EGFP or AAV-D2-Cre-EGFP (Table 1) into
the NAc to conditionally knock down the expression of AKAP150 in D1R-MSNs or D2R-MSNs of AKAP150 7 mice. Suppressing expression of
AKAP150 in NAc D1R-MSNs in AKAP150 " mice improved the aversion score (Figure 6B) while did not interfere with the morphine withdrawal
somatic signs (Figure 6A). On the contrary, knocking down the expression of AKAP150 in NAc D2R-MSNs in AKAP150 " mice reduced the
morphine withdrawal somatic responses (Figure D) without interfering with the aversion score (Figure 6E). And the density of dendritic spine
was significantly lower after the knockdown of AKAP150 in D1R-MSNs (Figure 6C) or D2R-MSNss (Figure 6F). The IHC images demonstrate
double labeling of AKAP150 and D1-MSN or D2-MSN in the AKAP150 " mice (Figures 4G and 6H).

Expression of AKAP150 in NAc was mediated by signal from VTA

We injected AAV1-TH-Cre into VTA and CMV-DIO-AKAP150-shRNA, D1-DIO-AKAP150-shRNA, or D2-DIO-AKAP150-shRNA (Table 1) into
NAc in WT mice to further exploring the effect of naloxone-precipitated morphine withdrawal. The IHC results demonstrated that the pro-
jection of TH-Cre across synapse from VTA could activate the expression of D2-DIO-AKAP150-shRNA-EGFP or D2-DIO-AKAP150-shRNA-
EGFP in NAc (Figures S2A-S2F). The immunofluorescence images showed that the neurons or axon expressing TH closely surrounded the
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Table 1. Viruses used in the study

Virus Supplier Cat# No.
rAAV-CMV-AKAP150-shRNA-mCherry Brain VTA Special customization
rAAV-CMV- shRNA-NC-mCherry Brain VTA Special customization
rAAV-CMV-Cre-EGFP Brain VTA PT-0253
rAAV-CMV-EGFP Brain VTA PT-0693
rAAV-CMV-DIO-AKAP150-shRNA-mCherry Brain VTA Special customization
rAAV-CMV-DIO-shRNA-NC-mCherry Brain VTA Special customization
rAAV-D1-Cre-EGFP Brain VTA PT-0812
rAAV-D2-Cre-EGFP Brain VTA PT-0813
rAAV-D1-EGFP Brain VTA PT-0214
rAAV-D2-EGFP Brain VTA PT-3245
rAAV-D1-DIO-AKAP150-shRNA-mCherry Brain VTA Special customization
rAAV-D1-DIO-shRNA-NC-mCherry Brain VTA Special customization
rAAV-D2-DIO-AKAP150-shRNA-mCherry Brain VTA Special customization
rAAV-D2-DIO-shRNA-NC-mCherry Brain VTA Special customization
AAV1-TH-Cre-EGFP Brain VTA PT-0179
rAAV-D1-mCherry Brain VTA PT-0757
rAAV-D2-mCherry Brain VTA PT-0367

Hysn-FLP: FDIO-EGFP Brain Case BC-SLO21

D1R-MSNs or D2R-MSNs in the NAc like the pattern of axon connecting with dendritic spine or cell body between neurons (Figures S2G and
S2H). And knockdown of AKAP150 in the NAc mediated by VTA would relieve the morphine withdrawal somatic signs (Figure 7A) and improve
morphine withdrawal CPA (Figure 7B), with reduced density of dendritic spine (Figure 7C). We used D1-DIO-AKAP150-shRNA to specifically
knockdown expression of AKAP150 in D1R-MSNs that were mediated by dopamine neurons in VTA. After morphine withdrawal, the morphine
withdrawal aversion was improved (Figure 7D) without relieving or worsening the somatic response (Figure 7E), with reduced density of den-
dritic spine (Figure 7F). And D2-DIO-AKAP150-shRNA was used to specifically knockdown expression of AKAP150 in D2R-MSNs that were
mediated by dopamine neurons in VTA. After morphine withdrawal, the morphine withdrawal somatic signs were alleviated (Figure 7G)
but the morphine withdrawal CPA was not improved (Figure 7H), with reduced density of dendritic spine (Figure 71). These results indicate
that expression of AKAP from D1R-MSNs and D2R-MSNs in NAc receives modulation of VTA.

DISCUSSION

In the present study, we demonstrate that level of AKAP150 expression in the NAc is relevant to the severity of morphine withdrawal induced
aversion and somatic signs. Activation of neuron activities and higher density of dendritic spine could be found in morphine withdrawal mice.
We discover that chronic morphine exposure but not acute morphine exposure increases the gene expression and the protein production of
AKAP150 in NAc. Furthermore, we testified the distinctive roles of AKAP150 in D1R- and D2R MSNs. Consistent with this, knockdown of
AKAP150 expression in D1R-MSNs of morphine-dependent mice attenuates morphine withdrawal CPA, while knockdown of AKAP150 in
D2R-MSNss alleviates morphine withdrawal somatic signs. This unexpected behavioral outcome further supports that AKAP150 in D1R- and
D2R-MSNs in the NAc exert different functions in the psychic and physical dependence on morphine, and it may be a novel target to prevent
and treat morphine induced addiction.

Role of AKAP150 in morphine withdrawal signs
AKAPs complexes, despite lacking enzyme activity, function as anchoring proteins that facilitate the recruitment of enzymes and substrates to
subcellular structures. This recruitment results in a higher efficacy of signaling transduction, similar to other anchoring proteins.”® Among
these isoforms, AKAP150 has been reported to play a significant role in various forms of neuronal plasticity.”>” In particular, AKAP150 reg-
ulates PKA signaling in the NAc, which is a crucial mediator of the effects of addictive drugs such as drug-seeking behavior.'™?” Thus, it is not
surprising that the expression of AKAP150 within the NAc in morphine withdrawal mice increased dramatically compared to that in the control
group in our present study. To further confirm the potential function of AKAP150 in the development of morphine withdrawal symptoms, we
injected CMV-AKAP150 shRNA virus directly into the NAc of morphine-addicted mice and found that this manipulation alleviated the somatic
symptoms as well as the expression of CPA induced by morphine withdrawal.

It is well renowned that the expression of c-fos by individual neurons can be used as a marker of neuron activation.® Evidence shows that
c-fos mRNA expression is induced in several brain regions and particularly in the D1R- and D2R neurons in the NAc during morphine
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Figure 3. Knockdown of AKAP150 expression in the NAc relieved morphine withdrawal somatic response and aversion score in AKAP150 7/ mice
(A) Morphine withdrawal somatic signs including jumps (***P<0.001, t test, n = 10), paw tremor (*P<0.05, t test, n = 10), teeth chattering (***P<0.001, t test, n = 10),
wet-dog shake (***P<0.001, Mann-Whitney U test, n = 10), diarrhea (***P<0.001, Mann-Whitney U test, n = 10), and loss of body weight (**P<0.01, t test, n = 10) were

0 fl/Al

decreased, and morphine withdrawal score (***P<0.001, t test, n = 10) was significantly lower after knockdown of AKAP150 expression in NAc in AKAP 15! mice.

(B) Aversion score was improved after knockdown of AKAP150 expression in NAc in AKAP150 I mice (**P<0.01, t test, n = 10).

0 il

(C) IHC showed c-fos expression was downregulated after knockdown of AKAP150 expression in NAc in AKAP15! mice morphine withdrawal model. Scale bar,

100pum.
(D) Density of dendritic spines was significantly decreased after knockdown of AKAP150 expression in NAc in AKAP150 1 mice (***P<0.001, t test, n = 6). Scale
bar, 10um. Data are shown as the mean + SEM.

withdrawal.?® In our present study, we used c-fos as a marker for neurons activity, and consistence with the behavior results, the downregu-
lation of AKAP150 directly inhibited c-fos protein expression in morphine addicted mice within the NAc, which indicates that AKAP150 may
affect the neuron activity induced by morphine withdrawal. However, in the present study, we only used c-fos as a marker of neuronal activity
to examine the activation of MSNs by the conditioned context. Using another marker of neuronal activity such as intercellular calcium to mea-
sure the activation of MSNs is needed to confirm this statement.

The literature suggests that chronic morphine exposure leads to significant neuroplastic events, specifically structural and functional
changes in the MSNs within the NAc and dopaminergic projections from the VTA, which contribute to the emergence of behavioral symptoms
associated with morphine tolerance.""”” MSNs are characterized by their high density of dendritic spines, which are crucial structures for the
proper function of the central nervous system. Spines are essential components for neuronal connectivity and synaptic plasticity, as they
receive inputs from other regions of the brain.”® And the synaptic plasticity has been recognized as an important mechanism in many nervous
system functions.”" In our present study, we observed that chronic morphine treatment altered the density of dendritic spines in MSNs, which
is acknowledged as an indication of synaptic plasticity resulting in addiction-related behaviors.*>** And the downregulation of AKAP150
weakened the morphology change of dendritic spines in MSNs induced by morphine withdrawal, which was consistence with the behavior
test results. It was previously reported that chronic morphine treatment decreased the density of dendritic spines on NAc MSNs.** On the
other hand, studies demonstrated that morphine withdrawal reduced spine density in second-order dendritic trunks of NAc shell
MSN.*>% |t seems to be opposite with our results. However, the studies mentioned previously used rats as the experimental animals and
the chronic morphine treatment strategy was up to 14 days, while the experimental animals of our study were mice and the administration
of morphine only lasted for 5 days, which might affect the results. Besides, in Diana’s study,”” the density of dendritic spines in the NAc shell
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Figure 4. AKAP150 was highly expressed in D1R-MSNs and D2R-MSNs

(A) UMAP plot of 35,878 single cells grouped into 19 major cell types. Each dot represents one single cell, colored according to cell type.

(B) Feature plot of the normalized expression of AKAP150 gene for each cell type and the depth of color from gray to blue represents low to high expression.
(C) Violin plots showed the normalized expression of AKAP150 gene (rows) in each cell cluster (columns). Cell clusters and the expression level of AKAP150 are
indicated at the x and y axis, respectively.

(D) Violin plots showed the normalized expression of AKAP150 gene (rows) from one time morphine-treated mice and saline-treated mice (columns) in D1R-MSN
cluster (left ), D2R-MSN cluster (middle ) and GABA_other cluster (right ). Treat group and the expression level of AKAP150 are indicated at the x and y axis,
respectively. p values are derived from two-sided Wilcoxon test.

(E) Level of AKAP150 mRNA relative expression was not significantly changed after one time treatment of morphine compared with saline (N.S. = no significance,
p > 0.05, t test, n = 6).

(F and G) IHC showed expression of AKAP150 in D1 (F) and D2 (G) receptor positive neuron in the naloxone-precipitated morphine withdrawal mice. Scale bar,
100um. Data are shown as the mean + SEM.
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Figure 5. Evaluation of morphine withdrawal score and aversion score after knockdown of AKAP150 in D1R-MSNs or D2R-MSNs in WT mice

(A) Morphine withdrawal somatic signs and morphine withdrawal score showed no significant differences after knockdown of AKAP150 expression in D1R-MSNs
in WT mice (N.S. = no significance, p > 0.05, t test except diarrhea using Mann-Whitney U test, n = 10).

(B) Aversion score was improved after knockdown of AKAP150 expression in D1R-MSNs in WT mice (***P<0.001, t test, n = 10).

(C) Density of dendritic spines was significantly decreased after the knockdown of AKAP150 in D1R-MSNs (**P<0.01, t test, n = 6).

(D) Morphine withdrawal somatic signs including jumps (*P<0.05, t test, n = 10), paw tremor (***P<0.001, t test, n = 10), teeth chattering (**P<0.01, t test, n = 10),
wet-dog shake (**P<0.01, Mann-Whitney U test, n = 10), diarrhea (*P<0.05, Mann-Whitney U test, n = 10), and loss of body weight (**P<0.01, t test, n = 10) were
decreased and morphine withdrawal score (***P<0.001, t test, n = 10) was significantly lower after knockdown of AKAP150 expression in D2R-MSNs in WT mice.
(E) Aversion score showed no significant differences after knockdown of AKAP150 expression in D2R-MSNs in WT mice (N.S. = no significance, p > 0.05, t test, n = 10).
(F) Density of dendritic spines was significantly decreased after the knockdown of AKAP150 in D2R-MSNs (**P<0.01, t test, n = 6). Data are shown as the mean +
SEM.

was not significantly decreased after chronic morphine treatment compared with the control group, which is not consistent with Robinson'’s
study.®” The impact of the density of dendritic spine in NAc on the process of morphine addiction and withdrawal needs more researches for
better clarification.

Distinct functions of AKAP150 in D1R- and D2R-MSNs within the NAc in morphine withdrawal signs

The main output neurons in the NAc are D1R-MSNs and D2R-MSNs. These two main output neurons in the NAc are supposed to exert
different functions in the development of morphine withdrawal signs. Firstly, using the single cell RNA-seq, we confirmed that AKAP150
was highly expressed in D1R- and D2R-MSN within the NAc. Previous studies have addressed that D1R- and D2R-MSNs are proposed to
play opposing roles in mediating behavioral motivation and reward learning.*?" D1R-MSNs are related to persistent reinforcement, whereas
D2R-MSNs are related to transient punishment.”’ However, we cannot exclude the possibility that part of MSNs in the NAc expresses both D1
and D2 receptor and play different roles in manipulating neurons of other brain region. In this study, we only explored the effect of MSNs
expressing D1R or D2R, meaning that we could not specifically observe the effect of one certain neuron, which would require more investi-
gation in the future.

We selectively suppressed AKAP150 in D1R neurons and D2R neurons, respectively, to find out the effect on the expression of morphine
withdrawal induced aversion and somatic signs. To our surprise, the behavioral tests showed that inhibition of AKAP150 in D1R neurons alle-
viated the conditioned place aversion but did not affect morphine withdrawal somatic signs. Conversely, inhibition of AKAP150 in D2R neu-
rons ameliorated the somatic signs induced by morphine withdrawal without effect on conditioned place aversion. AKAP150 is recognized to
bind numerous signaling, substrates, proteins involved in long-term synaptic plasticity. " Evidence shows that AKAP150 organizes kinases and
phosphatases to regulate AMPA receptors (AMPARs) that are pivotal for synaptic plasticity.”” Other study illustrates that AKAP150 coordi-
nates PKA and CaN regulation of Ca?*-permeable AMPA-type glutamate receptors to mediate disruption of synaptic plasticity.*® Chronic
drug exposure upregulates cAMP formation, cAMP-dependent PKA activity, and PKA-dependent protein phosphorylation in the NAc.*
LA Guercio et al.”” have reported that AKAP150 in the accumbens shell contributes to cocaine reinstatement by facilitating PKA-dependent
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Figure 6. Evaluation of morphine withdrawal score and aversion score after knockdown of AKAP150 in D1R-MSNs or D2R-MSNs in AKAP150 *f mice
(A) Morphine withdrawal somatic signs and morphine withdrawal score showed no significant differences after knockdown of AKAP150 expression in D1R-MSNs
in AKAP150 " mice (N.S. = no significance, p > 0.05, t test, n = 10).

(B) Aversion score was improved after knockdown of AKAP150 expression in D1R-MSNs in AKAP150 Il mice (***P<0.001, t test, n = 10).

(C) Density of dendritic spines was significantly decreased after the knockdown of AKAP150 in D1R-MSNs (**P<0.01, t test, n = 6).

(D) Morphine withdrawal somatic responses including jumps (*P<0.05, t test, n = 10), paw tremor (*P<0.05, t test, n = 10), teeth chattering (**P<0.01, ttest, n = 10),
wet-dog shake (**P<0.01, t test, n = 10), diarrhea (*P<0.05, Mann-Whitney U test, n = 10), and loss of body weight (*P<0.05, t test, n = 10) were decreased and
morphine withdrawal score (***P<0.001, t test, n = 10) was significantly lower after knockdown of AKAP150 expression in D2R-MSNs in AKAP150 1 mice.

(E) Aversion score showed no significant differences after knockdown of AKAP150 expression in D2R-MSNs in AKAP150 " mice (N.S. = no significance, p >0.05, t
test, n = 10).

(F) Density of dendritic spines was significantly decreased after the knockdown of AKAP150 in D2R-MSNs (**P<0.01, t test, n = 6).

(G) IHC demonstrated double labeling of AKAP150 and D1-MSNs in the AKAP150 ¥ mice.

(H) IHC demonstrated double labeling of AKAP150 and D1-MSNs in the AKAP150 I mice. Scale bar, 100um. Data are shown as the mean + SEM.

phosphorylation of GluA1-containing AMPRs, suggesting that AKAP150 is necessary to bridge the dopamine and glutamate systems in the
NAc during drug seeking. Furthermore, AKAP150 signaling complex has been proven to regulate the sensitization of transient receptor po-
tential type V1 (TRPV1) in peripheral nociception.”’

Integrally, AKAP150 is an attractive candidate target for neuropsychiatric disorder which exerts vast functions via different signaling
pathway. In our present study, we did not explore the underlying mechanism how AKAP150 within the NAc regulates the morphine withdrawal
signs, thus more in-depth research will be required.
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Figure 7. Activity of AKAP150 expressed in D1R-MSNs and D2R-MSNs in NAc received mediation from VTA

(A and B) AAV1-TH-Cre in VTA promoted the expression of CMV-DIO-shRNA-EGFP in NAc and relieved the morphine withdrawal somatic signs including jumps
(*P<0.05, t test, n = 10), paw tremor (**P<0.01, t test, n = 10), teeth chattering (*P<0.05, t test, n = 10), wet-dog shake (*P<0.05, t test, n = 10), diarrhea (*P<0.05,
Mann-Whitney U test, n = 10), and loss of body weight (*P<0.05, t test, n = 10), and morphine withdrawal score (***P<0.001, t test, n = 10) was significantly lower
(A) as well as the CPA scores (***P<0.001, t test, n = 10) (B).

(C) Density of dendritic spines was significantly decreased after the knockdown of AKAP150 in the NAc mediated by VTA (**P<0.01, t test, n = é).

(D and E) Inhibition of AKAP150 in D1R-MSNs receiving projections from VTA relieved the morphine withdrawal aversion (**P<0.01, t test, n = 10) (E) without
relieving morphine withdrawal somatic signs (N.S. = no significance, p > 0.05, t test except diarrhea using Mann-Whitney U test, n = 10) (D).

(F) Density of dendritic spines was significantly decreased after inhibition of AKAP150 in D1R-MSNs receiving projections from VTA (**P<0.01, t test, n = 6).
(G and H) Inhibition of AKAP150 in D2R-MSNs receiving projections from VTA relieved the morphine withdrawal somatic signs [jumps (*P<0.05, t test, n = 10), paw
tremor (**P<0.01, ttest, n = 10), teeth chattering (*P<0.05, t test, n = 10), wet-dog shake (**P<0.01, Mann-Whitney U test, n = 10), diarrhea (*P<0.05, t test, n = 10),
loss of body weight (**P<0.01, t test, n = 10), and morphine withdrawal score (***P<0.001, t test, n = 10)] (G) without relieving the morphine withdrawal aversion
(N.S. = no significance, p > 0.05, t test, n = 10) (H).

(I) Density of dendritic spines was significantly decreased after inhibition of AKAP150 in D2R-MSNs receiving projections from VTA (**P<0.01, t test, n = 6). Data
are shown as the mean + SEM.

Manipulating the AKAP150 in D1R- and D2R-MSNs from VTA — NAc modulated morphine withdrawal signs

Dopamine neurons in the VTA and their projections to the NAc and other limbic regions in the forebrain comprise the mesolimbic system,
which plays an important role in mediating drug reward and withdrawal in drug abuse. As the rate-limiting enzyme in dopamine biosynthesis,

an upregulation of TH expression increases the synthesis of dopamine.”’
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Evidence indicates that the mesostriatal dopamine system consists projections from the VTA to the ventral striatum mainly the NAc,
which is considered to code the salience and valence not only of rewarding but also aversive stimuli.’* Besides, the projections from
VTA— NAc display heterogeneous intrinsic properties and play key roles in the pain-related affective behaviors, stress-induced depression,
as well as nociceptive modulation.”*™*> However, whether and how the inputs/projections from the VTA— NAc regulate morphine with-
drawal signs related to AKAP150 expressed in D1R- and D2R MSNss is still unknown. Evidence shows that AAV1 can be transported ante-
rogradely and can transsynaptically transduce neuronal populations in brain regions postsynaptic to a given injection site.”* As a small
number of AAV1 particles are transported transneuronally from the initial host cell, utilizing Cre as an amplification step can unlock robust
transgene expression. When combined with a conditional expression strategy, this transsynaptic transport property enables us to reveal
the relationship between the level of TH in VTA and the expression of AKAP150 in NAc. In our present study, we injected AAV1-TH-EGFP
as a tracer into the VTA, and then we found that the injection of AAV1-TH-Cre into VTA promoted the expression of CMV-DIO-shRNA-
EGFP in the NAc and relieved the morphine withdrawal somatic signs and CPA scores. This result illustrates that the projections from the
VTA to the NAc may involve in the development of morphine withdrawal induced aversion and somatic signs. Then we further specifically
inhibited AKAP150 expressed in the D1R-MSNs or D2R-MSNs which received projections from the VTA. Interestingly, we found that spe-
cifically inhibition of AKAP150 in the D1R-MSNs which received projections from the VTA could relieve the morphine withdrawal aversion,
but could not relieve the morphine withdrawal induced somatic signs. Conversely, the inhibition of AKAP150 in the D2R- MSNs which
received projections from the VTA could relieve the somatic signs but not the aversion. In Zhu's study,” depotentiation of the paraventric-
ular nucleus of the thalamus (PVT)— D2-MSN synapses reduced the immediate expression of withdrawal behavioral symptoms and the
aversive memory of the withdrawal chamber, while such effects were not observed at the PVT—D1-MSN synapses. Though the role of
D2-MSN or D1-MSN in Zhu's study is not completely consistent with our study, inhibition of D2-MSN in NAc alleviated the morphine with-
drawal somatic signs in both studies. We think the discrepancy is mainly because the neuronal circuits investigated in the two studies are
not the same. And neurons in the same region receiving projection from different areas of the brain might exert different or even opposing
effects. We assume that the projections from VTA to D1R- and D2R-MSNs within the NAc play a key role in the regulation of morphine
withdrawal signs, and AKAP150 exerts prominent functions in this process. However, Jalali et al.*’ reported that neither chronic morphine
treatment nor morphine withdrawal induces significant alterations in the TH mRNA expression in the VTA. In our study, we did not conduct
tests to confirm the changes of TH level after prolonged morphine treatment and morphine withdrawal. To further elucidate the underlying
mechanism, we should investigate experiments to evaluate the changes in TH mRNA and TH expression during chronic morphine treat-
ment and morphine withdrawal.

In conclusion, upregulation of AKAP150 expression in the NAc is relevant with the development of morphine induced aversion and somatic
signs via suppressing neurons activities and regulating the plasticity of the dendritic spines of MSNs. Inhibition of AKAP150 from NAc D1R-
MSNs relieves morphine withdrawal aversion, and inhibition of AKAP150 from NAc D2R-MSNs alleviates morphine withdrawal somatic re-
sponses, which may be a drug development target for the treatment of addiction and relapse. Further studies are required to explain
how AKAP150 is modulated by upstream signaling.

Limitations of the study

The present study demonstrated that AKAP150 from D1R-MSNs or D2R-MSNs in NAc contributed to the developmental process of morphine
withdrawal but played different roles in modulation of morphine withdrawal somatic signs and aversive memory. However, the underlying
mechanism of how AKAP150 within the NAc D1R-MSNs or D2R-MSNs regulates the morphine withdrawal signs and aversive memory needs
more in-depth researches to be clarified. And experiments about the changes in TH mRNA and TH expression in VTA during chronic
morphine treatment and morphine withdrawal are not included in this study.
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Mouse monoclonal anti-AKAP150 Santa Cruz Cat# sc-377055; RRID: AB_3073565
Rabbit monoclonal anti-c-fos Abcam Cat# ab222699; RRID: AB_2891049
Mouse monoclonal anti-TH Merck Cat# MAB318; RRID: AB_2201528

Mouse monoclonal anti-B-actin

Proteintech

Cat# 66009-1; RRID: AB_2687938

Bacterial and virus strains

rAAV-CMV-AKAP150-shRNA-mCherry
rAAV-CMV- shRNA-NC-mCherry
rAAV-CMV-Cre-EGFP

rAAV-CMV-EGFP
rAAV-CMV-DIO-AKAP150-shRNA-mCherry
rAAV-CMV-DIO-shRNA-NC-mCherry
rAAV-D1-Cre-EGFP

rAAV-D2-Cre-EGFP

rAAV-D1-EGFP

rAAV-D2-EGFP
rAAV-D1-DIO-AKAP150-shRNA-mCherry
rAAV-D1-DIO-shRNA-NC-mCherry
rAAV-D2-DIO-AKAP150-shRNA-mCherry
rAAV-D2-DIO-shRNA-NC-mCherry
AAV1-TH-Cre-EGFP

rAAV-D1-mCherry

rAAV-D2-mCherry

Hysn-FLP: FDIO-EGFP

Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA
Brain VTA

Brain Case

N/A

N/A

Cat# PT-0253
Cat# PT-0693
N/A

N/A

Cat# PT-0812
Cat# PT-0813
Cat# PT-0214
Cat# PT-3245
N/A

N/A

N/A

N/A

Cat# PT-0179
Cat# PT-0757
Cat# PT-0367
Cat# BC-SL021

Critical commercial assays

Evo M-MLV RT Premix for gPCR Accurate Biotechnology Cat# AG111706

Experimental models: Organisms/strains

C57/BL6 mice Institute of Guangdong Medicine N/A
Experimental Animal Center

AKAP150™" mice Jackson Laboratory N/A

Deposited data

scRNA-seq data of GBM samples Avey et al.”* GEO: GSE118918
Oligonucleotides

Primer: AKAP150 Forward: This paper N/A
5'-AGGATGGGGCTCTTCCTAAG-3’

Software and algorithms

JLBehv-CPPM-4 Jiliang Technology Co. N/A

Microsoft Excel
ImageJ

Seurat

Microsoft
NIH

Stuart et al.*®

RRID:SCR_016137
https://imagej.net/
https://cell.com/cell/fulltext/
S0092-8674(19)30559-8
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

“DoubletFinder” algorithm Zev et al.”’ https://cell.com/cell-systems/
fulltext/S2405-4712(19)30073-0

Harmony algorithm Korsunsky et al.*” https://nature.com/articles/
s41592-019-0619-0

SPSS IBM RRID:SCR_002865

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Handong Ouyang
(ouyhd@sysucc.org.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e This paper analyzes existing, publicly available data. The accession number for the dataset is listed in the key resources table. All data
reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male C57/BL6 mice (8-10 weeks old) were obtained from the Institute of Guangdong Medicine Experimental Animal Center. AKAP150fox/flox
(AKAP150"™ mice, which had been used in previous research,'*°" were purchased from the Jackson Laboratory. All mice were housed at a temper-
ature of 25+ 1°C and a humidity of 50% to 60%, with free access to food and water. All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Sun Yat-sen University. The researchers were blinded to the animal behavior tests after drug treatment.

METHOD DETAILS

Evaluation of naloxone-precipitated morphine withdrawal somatic signs

The naloxone-precipitated morphine withdrawal test was conducted as follows. The test consisted of two pre-test days, four consecutive drug
treatment days, and one test day. On Day 1 and 2, each mouse was placed in a transparent box and observed for involuntary movements such
as jumps, paw tremors, teeth chattering, wet dog shakes, or diarrhea without any artificial disturbance. Mice that exhibited such movements
were excluded from the test. On the following four days, all mice were randomly divided into two groups. Mice from the morphine group were
injected (s.c.) with morphine in escalating doses twice per day (at 8 am and 4 pm). The escalating strategy for morphine treatment was set as
10 mg/kg on the 3" day, 20 mg/kg on the 4" day, 30 mg/kg on the 5™ day, and 40 mg/kg on the 6 day.” The mice were returned to their
home cages after each morphine injection. On Day 7, the mice were injected with 40 mg/kg morphine (s.c.), and one hour later, 1 mg/kg
naloxone (s.c.) was administered to induce morphine withdrawal. Immediately after naloxone administration, the mice were placed individ-
ually in the transparent box, and withdrawal signs were evaluated over the course of 30 min. Mice from the control group were given the same
dose of morphine from Day 3 to Day 7, but same volume saline (s.c.) was used as the control to replace the naloxone. Jumps, paw tremors,
teeth chattering (vacuous chewing), wet-dog shake, diarrhea, and loss of body weight were recorded as somatic signs of withdrawal. The body
weight of the mouse was recorded before the injection of naloxone and 60 min after the injection, and the percentage of body weight loss
after morphine withdrawal was used as one evaluation measurement. The number of jumps was recorded quantitatively. Teeth chattering,
paw tremors, wet-dog shake, and diarrhea were evaluated over 30-second periods, with one point being given for the presence of each
sign during each period. A global withdrawal score was calculated for each mouse by assigning a weighting factor to the various physical
signs of withdrawal and modified as necessary.”*° Global withdrawal score = (number of jumps x 0.1) + (number of paw tremor x 0.1) +
(number of teeth chattering X0.1) + (number of wet-dog shakes) + (number of diarrhea X 2) + (loss of body weight percent (%) % 5). Morphine
injection and behavior counting were carried out by a blinded operator.

Morphine withdrawal Conditioned Place Aversion (CPA)

The CPA test was carried out in the CPA apparatus with another group of mice. The CPA apparatus consisted of two conditioning compart-
ments and one central connecting compartment (Figure TA). To distinguish between the two conditioning compartments, the left ones had
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walls with black-white horizontal stripes and smooth floors, while the right ones had walls with black-white vertical stripes and frosted floors.
The conditioning procedure comprised a preconditioning session, four consecutive drug treatment days, one conditioning day, and one
post-test day. On Day 1 and 2, all mice had free access to the entire apparatus for 15 min to reduce any effects of the experimental environ-
ment by getting the mice prepared for the following procedures. Animals with a strong initial preference for either compartment (one
compartment >720 s) were eliminated from the study. To balance the CPA assay and avoid the possible effect between the two conditioning
compartments, we randomly assigned any one conditioning compartment as a paired compartment for each mouse. From Day 3 to Day 7, we
established the morphine withdrawal model as described in the section of naloxone-precipitated morphine withdrawal. On Day 7, the mice
were confined in the paired compartments for one hour immediately after naloxone was given subcutaneously. On Day 8, mice were allowed
to explore the entire apparatus for 15 min. The CPA score was defined as the time (post-paired) spent in the paired compartment minus the
time (pre-paired) spent in the paired compartment. To ensure the locomotor activity of the mice remained intact before and after assigned to
the paired compartment, the mice were confined in the CPA apparatus for 15 min and the mean velocity was recorded. The analysis software
(JLBehv-CPPM-4, Jiliang Technology Co., Ltd., Shanghai, China) was used to record and analyze the time and moving path in two condition-
ing compartments.

Surgeries and stereotaxic injections

Under continuous isoflurane inhalation anesthesia, the mouse was placed in a stereotaxic frame (RWD Life Science Co., Ltd.), and body tem-
perature was maintained at 36°C with a heating pad. After extra local analgesia with a 1 ml subcutaneous injection of 1% lidocaine above the
skull, the skull was fully exposed and perforated with a stereotaxic drill at the desired coordinates relative to the bregma. Virus solution (150 nl)
was infused using a microinjector with a 33G needle for ten minutes. After infusion, the needle was kept at the injection site for more than
fifteen minutes before being slowly withdrawn. For viral injections and implants, the following stereotaxic coordinates were used: NAc (shell):
AP:1.09; ML: & 0.6; DV: -4.7 were taken relative to the dura. All recombinant adeno-associated viruses (AAV) were purchased from BrainVTA
Technology Corporation (Wuhan, China, Table 1).

AKAP150 knockdown

We used AAV-AKAP150 shRNA (target sequence: TCAAGAATGCTATCGAGTT) to stably conditionally knock down the expression of
AKAP150 in the mice NAc. We stereotaxically injected the virus (AAV-CMV-AKAP150-shRNA-mCherry) and the corresponding control virus
(AAV-CMV-AKAP150-shRNA NC-mCherry) into the NAc to conditionally knock down the expression of AKAP150 in wild-type (WT) mice. AAV-
CMV-DIO-AKAP150-shRNA-mCherry along with AAV-D1-Cre-EGFP or AAV-D2-Cre-EGFP were used to specifically knock down the expres-
sion of AKAP150 in D1R-MSNs or D2R-MSNs of WT mice’s NAc. We also stereotaxically injected AAV-CMV-Cre-EGFP and the corresponding
control virus (CMV-EGFP) into the NAc to conditionally knock down the expression of AKAP150 in AKAP150" mice. AAV-D1-Cre-EGFP or
AAV-D2-Cre-EGFP was used to specifically knock down the expression of AKAP150 in D1R-MSNs or D2R-MSNs of AKAP150" mice’s NAc.
AAV1 has been verified to be capable of exhibiting anterograde transsynaptic spread properties.”® AAV1-Cre from transduced presynaptic
neurons could effectively and specifically drive Cre-dependent transgene expression in selected postsynaptic neuronal targets. Therefore, we
injected AAV1-TH-Cre into VTA and AAV-D1-DIO-AKAP150-shRNA or AAV-D2-DIO-AKAP150-shRNA into NAc in WT mice to explore the
correlation between the VTA and expression of AKAP150 in NAc. The knockdown effectiveness in NAc was verified using western blot.
The mice were kept in the cages for three weeks without any treatment after virus injection to ensure the AAV virus stable transgene
expression.

Immunohistochemical (IHC) analyses

Mice were perfused with 4% paraformaldehyde under anesthesia. The brain tissues were cut into 20 pm-thick sections after 30% DEPC-su-
crose dehydration at 4°C. Tissue samples used for c-fos analysis were prepared one hour after the establishment of naloxone-precipitated
morphine withdrawal, and the tissue samples used for other analysis were prepared 24 hours after the establishment of morphine withdrawal.
Primary antibodies against AKAP150 (Santa Cruz, Cat# sc-377055, 1:200), c-fos (Abcam, Cat#ab222699, 1:1000), TH (Merck, Cat#MAB318,
1:200) diluted in hybridization solution were then incubated with the NAc sections at 4°C overnight. The sections were subsequently incu-
bated with fluorescein secondary antibodies with Cy3 or Alexa 488 at room temperature (approximately 26°C) for 1 hour. Finally, the sections
were stained with DAPI and imaged using a confocal microscope (Nikon) equipped with a digital camera.

Western blotting

The proteins extracted from the NAc were quantified using the BCA Protein Assay kit, separated by SDS-PAGE, and transferred onto PVDF
membranes. TBST with 3% skim milk was applied to block the PVDF membranes with gentle shaking at room temperature (approximately
26°C) for 1 hour to avoid nonspecific binding. Primary antibodies against B-actin (Proteintech, Cat# 66009-1, 1:5000) and AKAP150 (Santa
Cruz, Cat# sc-377055, 1:200) were then used to incubate the PVDF membranes at 4°C overnight. After the membrane was rinsed three times
with TBST, the membrane was incubated for 1 hour with anti-rabbit IgG secondary antibody (Abcam, ab6721, 1:10,000) at room temperature.
Immunostained bands were detected using Immobilon Western Chemiluminescent HRP Substrate (Millipore, WBKLS0500) and Image Quant
LAS 4000 mini system (GE Healthcare). Band intensities were analyzed using ImageJ and normalized to those of B-actin. All original western
blots are shown in the supplemental information (Figure S4).
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RNA extraction and real-time quantitative polymerase chain reaction (PCR)

TRIzol was used to extract total DNA from the NAc, and reverse transcription was performed following the protocol of the polymerase chain
reaction (PCR) production kit (Accurate Biology, AG 11706). The primer pair of AKAP150 used for gRT-PCR was as follows: forward: 5'-AG
GATGGGGCTCTTCCTAAG-3', reverse: 5'-GGGTCTGGGCTTTTATCTCC-3'. The reaction cycle conditions were as follows: an initial dena-
turation at 95°C for 3 min, followed by 40 thermal cycles of 10 s at 95°C, 20 s at 58°C, and 10 s at 72°C. The ratio of mRNA expression in
the NAc tissues was analyzed by the 27227 method.

Dendritic spine analysis

One month before establishing the morphine withdrawal model, sparsely labeled viruses Hysn-FLP: FDIO-EGFP obtained from Brain Case
Biotechnology Corporation (Shenzhen, China) were injected into the mice NAc to label the morphology of the dendritic spines. We used laser
confocal photography to shoot dendritic spines, took multi-layer Z-axis, and reconstructed the dendritic spine image. Spines were classified
into one of the four morphological subtypes: filopodial, thin, stub, and mushroom-shaped. ImageJ was used (http://rsbweb.nih.gov/ij) to
calculate the density of dendritic spines of thin, stub, and mushroom-shaped. Approximately 10 neurons selected randomly were analyzed
per condition across two coverslips. The density of spines was scored in dendritic segments 10 um in length. Finally, we counted and used the
number of dendritic spines per 10 um to describe the density of dendritic spines.

Bioinformatic analysis of ScCRNA-seq data

The raw scRNA-seq data of GBM samples (GSE118918)*" were obtained from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo/) database. Codes are available on request. The R package “DoubletFinder” algorithm (https://github.com/chris-mcginnisucsf/
DoubletFinder )*” was applied to computationally detect doublets. Doublets were removed in each sample individually, with an expected
doublet rate of 0.05 and default parameters used otherwise. The remaining cells survived from the doublet-detection filtering criteria
were single cells. Then the R package Seurat (version 3.2.3, https://satijalab.org/seurat)*®
information of the remaining cells to Seurat object. Next, the cells which had either less than 101 UMIs, or expression of less than 501 genes, or
over 15% UMIs linked to mitochondrial genes were removed. Next, NormalizeData and ScaleData function of Seurat package were ran. To
correct the batch effect, we integrated the scRNA-seq data for saline- (mock) and morphine- treated mice with the Harmony algorithm®°
(https://github.com/immunogenomics/harmony). We obtained cell clusters using FindCluster function of Seurat package, and visualized cells
with the uniform manifold approximation and projection (UMAP) algorithm.

We annotated the cell clusters based on their average gene expression of canonical markers, including D1R-MSN (Drd1a, Pdyn, Tac1),
D2R-MSN (Drd2, Penk, Adora2a), GABA_other (Gad2), ASTRO (Aldoc), OLIGOS (Cnp, Apod), Excitatory_Neuron (Cck, slc17a7), sst-Neuron
(Sst, Npy), Chat-Neuron (Chat, Slc5a7), Nap1I5-Neuron (Nap115), Endothelial (Ly6c1), OPC (Pdgfra), Microglia (Cx3cr1), Macrophage (Mrc1),
Mural (Rgs5), NSC_1 (Hmgb2), NSC_2 (DIx1), Ependymal (Ccdc153), Erythrocyte (Hbb-bs) and VLMC (Apod, Dcn) cells consistent with the
original study.”

was used to combine and convert the expression

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using SPSS (SPSS version 25.0, IBM, USA). All data are shown as the mean + standard error of the mean (SEM). Data that
comply with the normal distribution are compared using the two-sample independent t-test. Data that do not comply with the normal dis-
tribution are compared using the Mann-Whitney U test. The detailed statistical information is shown in Table S2. A P-value less than 0.05 was
considered statistically significant (N.S. = no significance, P > 0.05; *P<0.05; **P<0.01; ***P<0.001).
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