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Investigating the effect ofArvcf reveals an
essential role on regulating the
mesolimbic dopamine signaling-mediated
nicotine reward

Check for updates

Yan Wang1,6, Zhongli Yang1,6, Xiaoqiang Shi1,2, Haijun Han1, Andria N. Li3, Bin Zhang1, Wenji Yuan1,
Yan-Hui Sun4, Xiao-Ming Li 4, Hong Lian2,4 & Ming D. Li 1,5

The mesolimbic dopamine system is crucial for drug reinforcement and reward learning, leading to
addiction. We previously demonstrated that Arvcf was associated significantly with nicotine and
alcohol addiction through genome-wide association studies. However, the role and mechanisms of
Arvcf in dopamine-mediated drug reward processes were largely unknown. In this study, we first
showed thatArvcfmediates nicotine-induced reward behavior by using conditioned place preference
(CPP) model on Arvcf-knockout (Arvcf-KO) animal model. Then, we revealed that Arvcf was mainly
expressed in VTA dopaminergic neurons whose expression could be upregulated by nicotine
treatment. Subsequently, our SnRNA-seq analysis revealed that Arvcf was directly involved in
dopamine biosynthesis in VTA dopaminergic neurons. Furthermore, we found that Arvcf-KO led to a
significant reduction in both the dopamine synthesis and release in the nucleus accumbens (NAc) on
nicotine stimulation. Specifically, we demonstrated that inhibition of Arvcf in VTA dopaminergic
neurons decreased dopamine releasewithin VTA-NAc circuit and suppressed nicotine reward-related
behavior, while overexpression of Arvcf led to the opposite results. Taken together, these findings
highlight the role of Arvcf in regulating dopamine signaling and reward learning, and its enhancement
of dopamine release in the VTA-NAc circuit as a novel mechanism for nicotine reward.

The mesolimbic dopamine projection from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc) forms the foundation of nearly all
addictive drug-induced reward that motivates continuous drug-seeking
behaviors1–4. Drugs of abuse have very different mechanisms of action but
converge on dopamine reward signaling by producing a series of common
functional effects following drug administration5. Understanding the
underlyingmolecular and cellular basis of the dopamine reward signaling is
crucial for developingmore effective treatments for awide rangeof addictive
disorders.

Arvcf (Armadillo repeat gene deleted in Velo-cardio-facial syndrome)
is a p120-catenin family member6, and some members of this family are

known to involve in neuronal development6,7 and the pathogenesis of var-
ious mental disorders such as schizophrenia, autism, and ADHD8–10. In our
previously reportedGWAS study forChinese smokers, SNP rs148582811 in
ARVCF was found to be significantly associated with nicotine addiction,
which was further replicated in European smoker populations11,12. A
Mendelian randomization study on alcohol addiction found thatARVCF is
a causal gene for alcohol addiction13. Thus, ARVCF may be a common
molecule involved in the regulationofmultiple substance addictions, such as
nicotine and alcohol addiction. However, the contribution and the under-
lying mechanism of Arvcf ‘s involvement in drug reward and mesolimbic
dopamine signaling are poorly understood.
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The ventral tegmental area (VTA) is rich in cellular diversity, com-
prising not only various types of glial cells but also a range of neurons, such
as dopaminergic, glutamatergic, GABAergic neurons, and combinatorial
neurons14–16. These cells are known towidely express receptors for addictive
substances, such as nicotinic acetylcholine receptors (nAChRs)2,17,18, opioid
receptors19–22, and cannabinoid receptors23–25.Moreover, studieshave shown
that VTA dopaminergic neuron can be directly activated by addictive
drugs26–28 or indirectly regulated by glutamatergic neurons29, GABAergic
neurons30,31, and glial cells32, respectively. At the molecular level, the
synthesis, transport, and release of dopamine are precisely regulated by a
series of genes16. Dysregulation in molecular pathways consisted of these
genes can lead to abnormalities in the dopamine signaling and reward-
related learning behaviors. Hence, in order to understand the underlying
regulatory mechanism ofArvcf in dopaminemediated reward learning, it is
important to determine how it regulates dopamine release in VTA-NAc
circuit at both the molecular and cellular levels.

In this study, by using nicotine reward as a model, we explored the
possible role of Arvcf in reward learning and dopamine signaling. First, we
conducted the CPP behavioral paradigm and in vivo fiber photometry
experiments on Arvcf-KOmice to determine the role of Arvcf in regulating
nicotine-induced reward behavior and dopamine release in NAc. Then, we
employed RNAscope assay to determine the expression pattern of Arvcf in
different brain regions and used single nuclei RNA sequencing (SnRNA-
seq) technique to determine the expression level ofArvcf in various cell types
of the VTA. Furthermore, we explored the potential mechanisms by which
Arvcf affects dopamine release through differential gene expression analysis
of SnRNA-seq data, as well as by detecting dopamine-related neuro-
transmitter concentrations in the VTA. Finally, by generating VTA dopa-
minergic neuron-specific Arvcf knockdown and overexpressing mice, we
investigated the regulatory effect ofArvcf on dopamine release in the VTA-
NAc circuit and nicotine rewarding-related behaviors. Together, this study
provided convincing evidence for the role of Arvcf in nicotine-induced
reward by regulating dopamine synthesis and release.

Results
The genetic deficiency ofArvcf reduces the reward behavior and
dopamine release level of nicotine stimuli
Before evaluating the role ofArvcf in nicotine-induced reward behavior, we
conducted an open-field test on both WT and Arvcf−/− mice and found no
significant difference in total traveled distancebetween theWTandArvcf−/−

mice, indicating no obvious motor impairments forArvcf−/− mice (Fig. 1A;
Supplementary Fig. 1A–C). Given that nicotine-induced reward is dose-
dependent, amouseCPPmodelwas employed todetermine the role ofArvcf
involving nicotine reward-related behavior by conditioning on saline or
nicotine at thedoses of 0.25, 0.5, and1.0 mg/kg/day (Fig. 1B), respectively. In
WT mice, we found that a nicotine dose of 0.5 mg/kg/day resulted in sig-
nificant place preference for the nicotine-paired chamber whereas the
nicotine doses of 0.25 or 1.0mg/kg/day showedno significant preference for
the nicotine-paired side (Fig. 1C, D). In contrast, Arvcf−/− mice showed no
obvious preference for three doses of nicotine treatment, indicating that
Arvcf-KO impaired the nicotine-induced rewarding behavior in mice.
Moreover, the statistical analysis of CPP scores stratified by gender for WT
and Arvcf−/− mice showed that Arvcf-KO led to impaired nicotine reward
learning behavior in bothmale and femalemice (Supplementary Fig. 2A, B).

To examine the effect of Arvcf on nicotine-induced dopamine release,
we employed a genetically encoded DA sensor GRAB (DA2m) to monitor
real-time DA release signal in NAc shell during nicotine exposure in WT
andArvcf−/−mice (Fig. 1E, F). Compared with saline control, the dopamine
signal in both WT and Arvcf−/− mice increased with nicotine stimulation,
but the magnitude of increased signal in WT mice was higher than that of
Arvcf−/−mice (Fig. 1G), for example, the averageDA2mfluorescence signals
increased by 60% in WT mice but only 15% in Arvcf−/− mice (Fig. 1H).
Moreover, dopamine signals decayed faster in Arvcf−/− mice, returning to
baseline within 0.5 h, but in WT mice it took about 1 h to return to the
baseline. After nicotine exposure, the peak andmean value of the signal and

the areas under the curve of the two groups all showed a significant decrease
inArvcf−/−mice (Fig. 1I–K). These results indicated thatArvcf-KO reduced
the nicotine-induced dopamine release level in NAc. Given that the Arvcf-
KOmice exhibited no nicotine preference and reduced dopamine release in
NAc, we conclude that the Arvcf deficiency impairs the nicotine reward
learning behavior in mice.

Arvcf is highly expressed in VTA dopaminergic neurons and
upregulated by nicotine
By using RNAscope technique to assess the spatial distribution of Arvcf
mRNA in themidbrain region, we found that it was highly expressed in the
VTA, less expressed in the cortex and almost no expression in other brain
regions (Fig. 2A). To understand the regulatory mechanisms of Arvcf for
nicotine-induced reward in theVTA,weperformedSnRNA-seq analysis on
a total of 100,201 single nuclei including 29,120 nuclei from theWT-saline
group, 24,794 nuclei from the WT-nicotine group, 23,795 nuclei from the
Arvcf−/−-saline group, and 22,492 nuclei from the Arvcf−/−-nicotine group
(Fig. 2B; Supplementary Fig. 3A). Subsequently, UMAP analysis revealed
that these single nuclei were assigned into 31 clusters and 11 cell types
according to the expression of known gene markers for microglia, endo-
thelial cells, neurons, astrocytes, oligodendrocytes, and oligodendrocyte
progenitor cells (Fig. 2C; Supplementary Fig. 3B).Among these 11 cell types,
we found thatArvcfwasmainly expressed in neurons, ependymal cells, and
oligodendrocytes progenitor cells (Supplementary Fig. 3C). We further
found that theArvcf expression levelwas increased in theneurons, but not in
other cell types, of nicotine-treated WT mice compared to saline-treated
WT mice (Supplementary Fig. 3C). Considering that neurons in VTA are
primarily responsible for synthesizing and/or releasing various neuro-
transmitters including dopamine, GABA, and glutamate, all neurons were
further subclustered into 17 transcriptionally distinct neuronal sub-
populations and were identified as 5 neuronal subtypes based on the
expression signature of neuronal markers (Fig. 2D; Supplementary
Fig. 4A, B). Further analysis of Arvcf expression profiles in neuronal sub-
types of saline-treated WT mice revealed that Arvcf was expressed across
various neuronal subtypes, with the highest expression levels in dopami-
nergic neurons. Additionally, by comparing the expression levels ofArvcf in
different types of neurons of nicotine-treated and saline-treatedWTmice, it
was found that nicotine upregulated the expression ofArvcf in the majority
of neuronal subtypes (Fig. 2E; Supplementary Fig. 4C).

To confirm enrichedArvcf expression in VTA dopaminergic neurons,
ArvcfmRNAwas stained in the VTAwith GFP-labeled TH+ dopaminergic
neurons in TH-cre mice infected with AAVs-dio-GFP. As expected, Arvcf
mRNA were abundant in the VTA (Fig. 2F) with 68% Arvcf-positive neu-
rons being dopamine ones whereas 85% dopaminergic neurons were
positives for Arvcf, indicating that the majority of Arvcf+ cells were co-
localizedwithdopaminergic neurons (Fig. 2G). In addition, a comparisonof
ArvcfmRNA expression in VTA dopaminergic neurons between nicotine-
and saline-treatedWTmice showed that Arvcf expression was significantly
increased by nicotine (Supplementary Fig. 5A, B). Thesefindings reveal that
Arvcf is selectively enriched inVTAdopaminergic neurons and upregulated
by nicotine, indicating that Arvcf is involved in nicotine-induced neuro-
physiological changes of VTA dopaminergic neurons.

Reduced TH expression by Arvcf-KO leads to decreased dopa-
mine synthesis
Considering the high expression of Arvcf in dopaminergic neurons and the
key role of dopaminergic neurons in ND, including nicotine-induced
reward, we next determined if Arvcf-KO impacts gene expression and
molecular pathways related to ND in dopaminergic neurons. Differentially
expressed genes (DEG) analysis on dopaminergic neurons revealed 368
DEGs between the WT- and Arvcf−/−-saline groups, with 229 upregulated
genes and 139 downregulated genes (Supplementary Data 1), including
those genes associated with ND and dopaminergic functioning, such as Th,
kcnj6, and gabra2 (Fig. 3A). However, no gene for nAChRs was found to be
significantly changed. Further GO analysis of DEGs between the saline-
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treatedArvcf−/− andWTmice revealed thatArvcfwasmainly involved in the
biological processes related to the regulationof dopaminebiosynthesis (Padj-
value = 0.001, Rich factor =0.25) in dopaminergic neurons in addition to
those known pathways associated with neurodevelopment and synaptic
morphology (Fig. 3B; SupplementaryData 2)7,33. By comparing theDEGs of
dopaminergic neurons between the nicotine-treatedWTandArvcf−/−mice,

259 upregulated and 49 downregulated genes enriched in the pathways
related to postsynaptic density membrane and the development and mor-
phology of neurons were identified (Fig. 3C; Supplementary Data 3 and 4).

Next, we focused on a group of genes known to be important for
dopamine biosynthesis including DA synthesis (TH, Ddc and Ar), trans-
portation (Slc18a2, Slc6a3 and Mao-a), and degradation (Comt and
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Aldh1a1). Our SnRNA-seq results showed that TH expression in dopa-
minergic neurons was significantly decreased in both saline- and nicotine-
treated Arvcf−/− mice relative to the WT mice with or without nicotine
treatment, but no obvious change was found in the expression of other
selected genes (Fig. 3D; Supplementary Fig. 6A). Meanwhile, immuno-
fluorescent staining for TH in the VTA ofWT andArvcf−/−mice produced
consistent results at the protein level, i.e., both the mean fluorescence
intensity and the number of TH+ cells were significantly lower in Arvcf−/−

mice (Fig. 3E–G). Further examination of dopamine concentration by LC-
MS analysis of VTA tissues from theWTandArvcf−/−mice showed that the
dopamine concentration and one of its metabolites, homovanillic acid
(HAV) in the VTA of Arvcf−/− mice was significantly decreased compared
with that of WTmice (Fig. 3H–K). Together, these results indicate that the
loss of Arvcf downregulates the expression of TH and dopamine synthesis,
which may underlie the impairment of nicotine-induced reward behavior
and reduction of dopamine release level in NAc of Arvcf−/− mice.

VTA dopaminergic Arvcf can mediate nicotine-induced reward-
ing effect and TH expression
To characterize the precise role ofArvcf in dopaminergic neurons,Arvcfwas
selectively knocked down (Arvcf-KD) or overexpressed (Arvcf-OE) in VTA
dopaminergicneuronsbymicroinjectionofAAVs expressingCre-inducible
shArvcf or Arvcf into the VTA of TH-Cre mice (Fig. 4A), and the knock-
down or overexpression efficiency of Arvcf mRNA in VTA dopaminergic
neurons were verified by RNAscope analysis (Supplementary Fig. 7A–D).
Further immunofluorescent staining against TH showed that theArvcf-KD
in dopaminergic neurons led to a significant decrease in the mean expres-
sion of TH (Fig. 4B, C), whileArvcf-OE led to an opposite result (Fig. 4D, E).
These findings imply that Arvcf in dopaminergic neurons regulates dopa-
mine synthesis through TH expression.

Compared with the corresponding control group, the open field test
results revealed no significant changes in the total traveled distance between
the Arvcf-KD and Arvcf-OE mice, suggesting that the change in the
expression level ofArvcf in the VTA dopaminergic neurons has no obvious
effect on the motor ability of mice (Fig. 4F, G). We next examined the
changes of nicotine-induced reward behavior after the VTA dopaminergic
Arvcf expression was altered. By using a nicotine dose of 0.5 mg/kg/day for
CPP paradigm on bothArvcf-KD andArvcf-OEmice, we found thatArvcf-
KD inVTAdopaminergic neurons led to significantly decreased preference
score and shorter moving distance in mice for nicotine-paired chamber
compared with nicotine-treated mice with normal Arvcf expression, which
was consistent with the result ofArvcf−/−mice (Fig. 4H, I). However,Arvcf-
OE in VTA TH+ cells resulted in significantly increased preference scores
and longermovingdistancesofmice fornicotine-paired chambercompared
with the controls (Fig. 4J, K). These results demonstrate that Arvcf expres-
sion in dopaminergic neurons has an important role in regulating the
rewarding effect of nicotine in mice.

Specifically altering Arvcf expression in dopaminergic neurons
affects dopamine transmission in the VTA-NAc circuit
Given dopamine transmission in VTA-NAc circuit is critical for mediating
both drug-rewarding andnatural-rewarding behaviors, we thendetermined
whether Arvcf in VTA dopaminergic neurons could mediate the nicotine-
induced dopamine projection in the VTA-NAc circuit. The fiber

photometry results of DA2m signal showed that the degree of NAc dopa-
mine increase in the Arvcf-KD group was obviously lower than that in the
control group by nicotine stimulation (Fig. 5A, B), and the results of peak
value andAUCofdopamine signal in theArvcf-KDgroupwere significantly
reduced (Fig. 5C, D). Conversely, Arvcf-OE markedly facilitated circuit
dopamine transmission (Fig. 5E, F), as evidenced by the significantly
increased peak value (Fig. 5G) and AUC (Fig. 5H) of the dopamine release
level compared with the control group in response to nicotine treatment.

We further examined the role of VTA dopaminergic Arvcf in reg-
ulating dopamine release induced by natural reward stimuli such as food
intake, drinking and social investigation. The NAc dopamine signal tran-
siently increased in the testing male mice of both Arvcf-KD and control
groupsduring the initial social investigationwithmale or female introducers
from different home cages. However, we observed that the peak value of
dopamine signal changes in Arvcf-KD male mice were significantly lower
during both male and female social investigations compared to the control
groupmice (Fig. 5I, J). Following the food and water stimuli, the dopamine
released signal in NAc of Arvcf-KD male mice were also lower than that in
the control group (Fig. 5K, L). These findings suggested that Arvcf in
dopamineric neurons can regulate both nicotine-reward and natural-
reward induced dopamine release in the VTA-NAc circuit, implying that
Arvcf may play an important role in regulating widely reward-related
processes.

Discussion
In this study, we demonstrate that Arvcf plays an important role in the
development of nicotine reward by using both nicotine CPP paradigm and
fiber photometry. RNAscope and SnRNA-seq analysis revealed thatArvcf is
specifically expressed in VTA dopaminergic neurons and up-regulated by
nicotine. Our mechanistic studies further revealed that Arvcf promotes
dopamine synthesis by enhancing the expression of TH in VTA dopami-
nergic neurons and thus led to the dysfunction of nicotine-induced dopa-
mine release in the NAc and the impairment of reward-related behaviors
in mice.

The rewarding effect of nicotine is one of the main drivers to keep
smoking2,34–36. The mesolimbic dopamine projection originating from the
VTA to NAc controls almost all reward processing including drug and
natural reward stimuli37, and increased dopamine release in the NAc is
known to play an important role in mediating reward-seeking
behaviors2,38–42. By employing the commonly used CPP model to assess
the rewarding effects of addictive drugs43,44, we found that Arvcf-KO mice
had an impaired nicotine-induced reward behavior. By combining the
genetically-encoded GPCR-Activation-Based-DA sensors45 with the fiber-
optic recording system,we successfully detecteddopamine release inNAcof
freely-behavingmice in real-time and found that the role ofArvcf-KO led to
a significant reduction in DA release in response to nicotine reward stimuli.
These findings strongly indicate that the positive regulating role ofArvcf on
nicotine-induced dopamine release and reward learning behavior.

By using the novel and powerful RNAscope analysis technique, we
found that Arvcf was abundantly expressed in the VTA region, a key
structure of the mesolimbic dopamine system. The cellular heterogeneity
of VTA leads to the complexity of the mechanisms by which it affects
drug reward14,46. By comparing snRNA-seq data from the VTA region of
nicotine- and saline-treatment WTmice, we found that the expression of

Fig. 1 | The genetic deficiency of Arvcf reduces the reward learning behavior and
dopamine release level of nicotine stimulation. A Quantification of total moving
distance during a 15 min OFT for naive WT and Arvcf−/− mice. n = 23–24 mice/
group and unpaired Student’s t-test was used in comparisons. B Schematic protocol
of CPP for evaluating nicotine-inducted rewarding behavior in WT and Arvcf−/−

mice. C CPP scores of WT and Arvcf−/− mice in test phase. D Comparison of the
travel distance between WT and Arvcf−/− mice on the paired box of saline and
nicotine (0.5 mg/kg) in test phase. For (C, D), n = 8–13 mice/group and two-way
ANOVA followed by Bonferroni’s multiple comparison test was used in compar-
isons. E Schematic of recording system for obtaining dopamine release signals with

fiber photometry under saline or 0.5 mg/kg dose of nicotine stimulation. F Repre-
sentative images of DA2m sensors virus infection and fiber implantation in NAc.
Scale bar, 500 μm. G, H Effect of Arvcf on dopamine release in NAc in response to
nicotine. Heatmap (G) and average (H, mean ± 95%CI; vertical line, start of nicotine
or saline injection) dopamine transients of neurons in NAc of WT mice (n = 8) and
Arvcf−/− mice (n = 8) under nicotine or saline stimulus. Statistics for the area under
the curves (I), mean values (J) and peak values (K) of the transients of dopamine
signal between WT mice and Arvcf−/− mice under nicotine stimulation; unpaired
Student’s t-test was used in comparisons. Data are presented as Mean± S.E.M.;
*p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001, N.S., not significant.
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Arvcf appeared to be cell-specific, with a high expression in neurons,
ependymal cells, and oligodendrocyte precursor cells, but almost no
expression in glial cells. Considering the critical role of neurons in
nicotine reward, in this study, we then specifically focused on the func-
tion of Arvcf in neurons. We found that Arvcf is highly expressed in
dopaminergic neurons and upregulated by nicotine, which was further

validated by the localization analysis of Arvcf ‘s mRNA in TH+ dopa-
minergic neurons. Our finding of such a region- and neuron-specific
expression pattern of Arvcfmight explain the results from other ScRNA-
seq analysis studies where Arvcf was not found to be significantly enri-
ched in the neurons of the primary visual cortical region in mice6,47.
However, there is no doubt that further exploring the expression and role
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of Arvcf in ependymal cells and oligodendrocyte precursor cells in the
future may help us to better understand the biological function of Arvcf.

By performing theDEGs andpathway enrichment analysis of SnRNA-
seq data in dopaminergic neurons between Arvcf-KO and WT mice, we
found that many genes involved in neuronal development, synaptic mor-
phology, and dopamine biosynthesis were significantly changed. From our
analysis of the genes related to dopamine synthesis based on its crucial role
formaintainingdopaminehomeostasis,we found that the expressionofTH,
a limited enzyme for dopamine synthesis, was significantly down-regulated
by Arvcf-KO, but the expression of dopamine metabolism- and transport-
related genes did not changed significantly. Furthermore, selectively over-
expressing Arvcf in dopaminergic neurons significantly increased the
expression of TH, while selectively knockdown Arvcf led to a decreased
expression ofTH. Subsequently LC/MS analysis of dopamine concentration
in VTA revealed that Arvcf-KO led to a significantly decreased dopamine
concentration in the VTA compared to WT mice. Taken together, we
concluded that VTA dopaminergic Arvcf enhanced dopamine synthesis by
up-regulating the expressionofTH.This newly identified role ofArvcf for its
involvement in dopamine synthesis suggest thatArvcfmay likely serve as an
indispensable regulatorymolecule of dopamine release, which is vital to the
development of nicotine reward.

Herein, by specifically altering the expression level of Arvcf in the VTA
dopaminergic neurons of TH-Cre mice and using an optical fiber recording
system, we detected the dopamine release levels of NAc under nicotine sti-
muli in these mice and found that overexpression of VTA dopaminergic
Arvcf led to an increased dopamine release in NAc of mice in response to
nicotine reward stimuli. Conversely, knocking downArvcf expression in these
neurons led to a decreased dopamine release in NAc in response to nicotine
stimuli. Consequently, the CPP paradigm revealed that the function of Arvcf
in dopaminergic neurons directly facilitated the nicotine reward behavior in
mice. Together, these results demonstrate that Arvcf in VTA dopaminergic
neurons is a critical contributor to dopamine release in the VTA-NAc circuit
and nicotine reward, which may form the foundation for precise targeting
treatment of nicotine addiction if the expression level of Arvcf in VTA
dopaminergic neurons can be validated in smokers in future work.

Some inevitable methodological limitations of the current study warrant
further comment. Firstly, human nicotine dependence is a complex process
that encompasses a variety of behavioral patterns, including smoking initia-
tion, nicotine dependence, withdrawal, and relapse48,49. The CPP paradigm has
high validity in modeling nicotine reward, and craving induced by nicotine
cues in humans50. But the non-contingent, passive subcutaneous injection of
nicotine in this paradigm is known to be different from tobacco smokers51.
Here, we have demonstrated the promoting role of Arvcf in nicotine reward
using the CPP paradigm, but it is necessary to improve the administration
method of the CPP model to make it more similar to the manner of human
smoking in the future. Furthermore, using nicotine self-administration and
withdrawal models to explore the effects of Arvcf on nicotine withdrawal and
relapse behaviors in future will contribute to a comprehensive understanding
of the role of Arvcf in nicotine dependence. Secondly, it is known that the
mesolimbic dopamine system also plays a complex and pivotal role in the
initiation, regulation, and learning of movement, particularly the dopami-
nergic neurons in the substantia nigra pars compacta adjacent to VTA52,53. In
this study, by usingArvcf-KOmice and conditional VTA dopaminergic Arvcf

knockdown and overexpression mice, we confirmed that the expression of
Arvcf promotes the synthesis and release of dopamine, further suggesting the
potential regulatory role of Arvcf in dopamine-mediated motor behavior.
Although our open-field test results from these mice showed that the
alteration of the expression of Arvcf had no significant effect on the sponta-
neous motor activity of mice, future analysis of the regulatory role of Arvcf in
motor coordination and intensity using gait analysis systems and rotarod tests
will be critical for understanding the role of Arvcf in motor-related diseases
mediated by dopamine dysregulation, such as Parkinson’s disease.

The protein encoded by the XRCC5 gene is the 80-kilodalton subunit
of the Ku heterodimer protein, also known as ATP-dependent DNA heli-
case II orDNA repair proteinXRCC554. It primarily involves in the repair of
DNA double-strand breaks54 and it also has been reported to function as a
negative transcription regulator to inhibit the transcription of downstream
genes55, such as STK456, CLC-357,and COX-258. In our previous study, we
discovered that XRCC5 binds to the SNP rs148582811, regulating ARVCF
expression in an allele-specific manner11. The SNP rs148582811 located in
the enhancer region of the ARVCF gene has a higher frequency of the T
allele in the smokers,while in the non-smokers, this SNPmainly exists in the
form of the C allele. Compared to the C allele, when the rs148582811 exists
as the T allele, the binding of XRCC5 to the region where rs148582811 is
located significantly decreases, while the expression of ARVCF significantly
increased. In the current study, we observed that Arvcf expression was
upregulated in VTA brain region of mice following nicotine treatment, and
the aforementioned regulatory mechanism provides an explanation for the
nicotine-induced upregulation of Arvcf expression. More importantly, we
havediscovered thatArvcf is essential fornicotine reward andpromotes it by
increasing TH expression and dopamine levels. It has been reported that
ARVCF interacts with N-cadherin, and that abnormal cleavage of
N-cadherin can lead to a reduction in TH expression59. Whether ARVCF
regulates the expression of THby interacting withN-cadherin and affecting
the cleavage of N-cadherin warrants further investigation. It has long been
recognized thatVTAdopamine canalsoproject to other target areas, such as
the prefrontal cortex, amygdala, and hippocampus to modulate the pro-
cessing of emotions, memory, and cognition60–63, we now offer a working
hypothesis for the involvement of Arvcf in dopamine signaling mediated
disorders, such as addiction, depression, and parkinson’s disease through
theXRCC5-Arvcf-N-cadherin signal pathway (Fig. 6).

In sum, this study demonstrates a promoting role of VTA dopami-
nergic Arvcf in regulating dopamine synthesis and release in VTA-NAc
circuit, suggesting a new cellular and molecular mechanism for the invol-
vement of Arvcf in nicotine reward and other dopamine-mediated
rewarding associated psychiatric disorders.

Methods
Animals
Wild-type C57BL/6 J and transgenic mice including Arvcf−/− (Strain No.
T010888) and TH-Cre (Strain No. 008601) mice were obtained from the
Gempharmatech Company (Jiangsu, China) or the Jackson Laboratory
(Shanghai, China).Arvcf−/−mice were generated on a C57BL/6 J background
via the CRISPR/Cas9 system. Arvcf+/− mice were bred to produce Arvcf−/−

mice and their littermate WT controls. All transgenic mice and their litter-
mate WT controls were determined by genotyping. All mice used in the

Fig. 2 |Arvcf is highly expressed inVTA dopaminergic neurons. ARepresentative
image of Arvcf ’s mRNA (red) localization in naive WT-C57BL/6 J mice coronal
brain slice (left, n = 3 male mice), scale bar = 5000 μm; mRNA of Arvcf (red) at
cortex (right, upper) and VTA (right, lower), scale bar = 1000 um, magnified scale
bar, 100 μm. B Experimental design of snRNA-seq. 10×Genomics experimental
workflow was applied to nuclei isolation from VTA tissues of 12 male mice in 4
experimental groups (WT-saline, WT-nicotine, Arvcf−/−-saline, Arvcf−/−-nicotine,
n = 3/group). C Uniform approximation and projection (UMAP) plot of 100,201
nuclei from 12 mice VTA samples with the 11 color-coded cell types based on the
expression pattern of canonicalmarker genes.DUMAPplot of neuronal subclusters
for identified 26,790 neurons and annotations for the neuronal subclusters with

color-coded neuron types based on the expression ofmarkers corresponding to each
neurotransmitter system. GABA = GABAergic neurons; GLU = Glutamatergic
neurons; DA = Dopaminergic neurons; GABA > GLU and GLU > GABA defined as
combinatorial neurons capable of conbinatorial neurotransmitter release. E Feature
plot of expression values for Arvcf of 6 identified neuronal cell types from 3 WT-
saline group mice. F ArvcfmRNA (red) and GFP (green) co-staining representative
image ofWTmice (n = 3mice). Arrows, colocalization ofArvcf andGFP-labled TH+

dopaminergic neurons. Scale bar, 1000 μm. Magnified scale bar, 200 μm. G Pro-
portion of Arvcf-positive cells in dopaminergic neurons (left) and of dopaminergic
neurons in Arvcf-positive cells (right: 3 slides from 3 mice).
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study were 6-to-14 weeks old and were group-housed under a 12 h light-
dark cycle with food and water ad libitum unless specified. Behavioral tests
were performed on 8-to-10-week-old mice, and their age at the time of
conducintg SnRNA-seq analysis was 10-to-12-week-old. Six-to-seven-week-
old mice were used for the virus injection experiments, and their age at the
time of fiber photometry was 11-to-12-week old. Slices for RNAscope and

immunofluorescence staining are generally prepared in mice around
12 weeks of age. In all behavioral and in vivo dopamine recording experi-
ments, the gender distribution in each group was approximately equal. All
mice were randomly assigned to groups and were naive to all behavioral tests
at the start of each experiment. All experiments were approved by the
Animal Care and Use Committee at Zhejiang University and conducted in
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accordance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals (Approval No. 2023-596).

Open field test (OFT)
Mice were individually placed in the central zone of an open field
(45 × 45 × 45 cm) chamber for 15min. Their paths were recorded by using
video camera and analyzed with Any-maze software (v.6.0, Stoelting).
Locomotor activity was evaluated based on the total distance traveled
within 15min.

Conditioned place preference (CPP) test
The CPP test was conducted in an apparatus consisting of two chambers
(50 × 25 × 30 cm) with completely different contexts (RWD, Shenzhen,
China). One chamber had white walls with a grid floor and the other had
dark walls with a floor containing holes. The intermediate box
(20 × 15 × 30 cm) separates the chambers at both ends with removable
channels that could isolate the mice within the chambers or allow them to
move freely between the two chambers. In the pre-test phase, mice were
allowed to move freely within the apparatus for 15min to determine the
mice’s natural preference for chamber context. The less preferred chamber
served as the drug-paired side, while the opposite chamber was defined as
the saline-paired side. During the one-week conditioning phase, mice were
then confined to the saline-paired side chamber for 30min after sub-
cutaneous injection of saline and mice were subsequently confined to the
nicotine paired side for 30min following nicotine subcutaneous injection
(0.25, 0.5, and 1.0 mg/kg per injection, with a pHof 7.0, expressed as the free
base of nicotine sulfate; Sigma-Aldrich) after a 5-h resting. On the testing
phase,micewere allowed tomove freely in twochambers again for 15min in
a drug-free state and the activity trace of mice was recorded with an over-
head camera. Locomotor distance and duration within the CPP apparatus
were automatically analyzed using Any-maze software. The preference
score was calculated as the difference in time spent on the drug-paired side
versus the saline-paired side64.

Viruses
The virus AAV9-hsyn-DA2m (titer: 4.26 × 1012 Vg/ml) was used to detect
dopamine release signal in NAc brain region of mice, which was purchased
from the WZ Bioscience (Shandong, China). For Arvcf conditional
knockdown, the following short-hairpin sequence was used: 5′-
GCTTTGAGAACGAGGGTATTA-3′. The high titers of engineered AAV
(AAV9-DIO-GFP-shmirArvcf, 9.3 × 1012 Vg/mL) and compared negative
control (AAV9-DIO-GFP-shmirRNA, 5.7 × 1012 Vg/ml) were produced by
OBiOTechnology (Shanghai, China). ForArvcf conditional overexpression,
the high titer of engineered AAV (AAV9-DIO-GFP-Arvcf, 4.28 × 1012 Vg/
mL) and compared negative control (AAV9-DIO-GFP, 2.77 × 1012 Vg/mL)
were all purchased from OBiO Technology (Shanghai, China).

Stereotaxic injection and optical fiber implant
Micewere anesthetizedwith sodiumpentobarbital (50mg/kg, i.p. injection)
and immobilized in a stereotaxic apparatus (RWD, Shenzhen, China) for
virus injection. After dissecting the skin and locating the target brain region
using a 10 μL glass microsyringe with a 10–15 μm diameter tip (Hamilton,
Nevada, USA), the skull above the target brain area was drilledwith a dental
drill, and the skull debris was carefully removed. Syringe pumps (KD Sci-
entific, 78-8130, USA) were used to inject the virus with a controlled

injection speed and volume. For photometric recording of dopamine release
signal in theNAc, 200 nL of AAV9-hsyn-DA2mwere injected into theNAc
shell (AP:+1.6mm;ML:+0.85mm;DV:−4.4mm; relative to bregma) at a
speedof 50nL/min.The injectionneedlewas slowlywithdrawn10min after
the last injection. Four weeks after viral injection, a mono fiber-optic can-
nula (200 μmin diameter,N.A. = 0.37, 5 mm; Inper Inc., Hangzhou, China)
was then implanted through the same route of viral injection to above the
NAc shell (AP:+1.6 mm;ML:+0.85mm;DV:−4.2mm) andmounted on
the skull using screws anddental cement. Following each surgery,micewere
allowed to recover from anaesthesia on a heat pad.

The coordinates of VTA injection were as follows: AP,−3.2 mm; ML,
±0.35mm; DV, −4.6mm (relative to bregma). To conditionally over-
express or knock down Arvcf in VTA TH+ neurons, TH-Cre mice were
bilaterally injected with 150 nL AAV9-DIO-GFP-Arvcf or AAV9-DIO-
GFP-shmirArvcf at a speedof 30nL/min.Regardingbehavioral assessments,
mice were allowed to recover for four weeks following the viral injection
prior to initiate each experiment. For in vivofiber photometry,TH-Cremice
were simultaneously injected with AAV9-hsyn-DA2m in the NAc. Four
weeks post-viral injection, the fiber-optic cannula was implanted and mice
were allowed to have 7 days for recovery after cannula implantation.

Fiber photometry assessment of nicotine-induced dopamine
release
One week after fiber-optic cannula implantation, dopamine fluorescence
signals were recorded by using a fiber photometry apparatus (Inper, China).
Mice were allowed to acclimatize in a transparent chamber
(70 × 70 × 50 cm) for 1 h before recording. The implanted fiber and com-
mutatorwere connected via a 2-meter-longopticalfiber and the470 nmand
410 nm light sources were given alternately, with 410 nm being used as the
internal control to correct motion signal interference. To simultaneously
capture and align mouse behavior and fluorescence signals in the same
screen recording, the camera was positioned above the chamber to track
each mouse. The Inper Studio software (v.0.5.4, Inper Inc) was used for
parameter setting and signal collection. After the fluorescence signal sta-
bilized, the baseline signalwas recorded for 10min. Thenmicewere injected
with saline subcutaneously and the signal was recorded for 1 h. With the
same procedure and parameters, the mice were also recorded for fluores-
cence intensities stimulated by 0.5mg/kg nicotine until the signal returned
to baseline. Finally, we used Inper Data Process (v. 0.7.2, Inper) software to
analyze photometric data and calculatedΔF/F0 using a baseline 300 s before
the start of nicotine stimulation. The real-time dopamine signals were
analyzed using the Origin 8 software.

Preparation of VTA nuclei suspensions and libraries for SnRNA-
seq analysis
TwelveWT andArvcf−/−malemice from saline and nicotine-treated group
(0.5mg/kg/day) ofCPP test (3 animals per group)wereused for SnRNA-seq
analysis of VTA region. On the day by the completion of CPP testing, we
performed nicotine/saline injections and subsequent VTA brain tissue
dissection on four groups ofmice (three per group) in a batch-wisemanner.
The brain tissues of each mouse group were rapidly isolated within 2 hours
after a subcutaneous injection of nicotine (0.5 mg/kg) or saline. Brain tissue
waswashed three timeswith cold PBS to remove residual surface blood. The
container of vibratome (VT1200s, Leica)wasfilledwith ice-cooled PBS, and
the brain tissue was sectioned into 300-μm-thick coronal slices. The coronal

Fig. 3 | Reduced TH expression by Arvcf deletion leads to decreased dopamine
biosynthesis. A Volcano plot showing differential expression genes (DEGs) of
dopaminergic neurons between WT and Arvcf−/− mice. Genes labeled in blue are
downregulated inArvcf−/−mice compared toWTmice, while genes labeled in red are
upregulated in Arvcf−/− mice. B, C Gene Ontology (GO) biological pathway
enrichment dot plot of top 20 pathways enriched significantly for DEGs of dopa-
minergic neurons inArvcf−/− vs.WTmice with saline-control (B) orArvcf−/− vs.WT
mice with nicotine-treatment (C). D Ridge diagram of expression level forTh of
dopaminergic neurons in WT and Arvcf−/− mice treated with saline or nicotine. E

Representative images of immunofluorescent staining of TH (green) in VTA ofWT
mice (5 brain slices from 5mice) andArvcf−/−mice (5 brain slices from 5mice). Scale
bar, 300 μm. F, G Statistics for number of TH+ cells (F) and mean fluorescent
intensity of TH (G) between WT mice and Arvcf−/− mice. H Schematics of LC/MS
detection for the concentration of VTA neurotransmitter in WT and Arvcf−/− mice.
I–K Statistics of the concentration of dopamine (I) and dopamine metabolisms
HAV (J) and DOPAC (K) between WT (n = 5 male mice) and Arvcf−/− mice (n = 6
male mice). Data are presented as Mean ± S.E.M.; two-sided unpaired t-test,
*p < 0.05, **p < 0.01. N.S. = Not significant, p > 0.05.
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brain slices with bregma between −2.9 and −3.7 mm were collected to
isolate VTA tissue under a dissection microscope (Ivesta 3, Leica), snap-
frozen in liquid nitrogen, and stored at −80 °C.

The frozen tissue was chopped into 1–2mm2 pieces and homogenized
in 2mL of ice-coldNuclei EZ Lysis buffer (Sigma-Aldrich, NUC-101, USA)
supplemented with protease inhibitor (Roche, 5892791001, Switzerland)

and RNase inhibitor (Promega, N2615, USA). Homogenates were incu-
bated on ice for 5min, and an equal volume of ice-cold 4% bovine serum
albumin (BSA, Sigma, USA) was added for stopping lysis. The supernatant
was then centrifuged at 300 × g for 10min at 4 °C andwas resuspendedwith
4mL lysis buffer. Cell debris and large clumps were removed using 20 μm
filters. To further remove debris,Myelin Removal Beads II (Miltenyi Biotec,
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Germany) were applied according to the manufacturer’s instructions.
Nuclei were washed 1–2 times and resuspended in buffer containing PBS,
1%BSA, andRNase inhibitor, then collected by centrifugation at 300 × g for
5min at 4 °C. The nuclei were stained by DAPI (Thermo Fisher, USA) and
counted manually under a fluorescent microscope (BX53, Olympus). The
nuclear suspension was diluted to a concentration of 700–1200 cells/μL
prior to loading into the 10× Chromium instrument. Chromium™ Single
Cell 3’ Reagent Kit v3.1 (10X Genomics PN-100121 and PN-100128) was
used for library preparation which include nuclear barcoding, cDNA
amplification, and library construction according to themanufacturer’s user
guides. Libraries were sequenced on the Illumina NovaSeq 6000 System at
LC-Bio Technology Co., Ltd. (Hangzhou, China).

SnRNA-seq data processing
The raw sequencing data were processed by the Cell Ranger (v3.1.0), which
performed sequencing read alignment, gene expression quantification, and
integration of cells from different samples using the mouse genome refer-
ence GRCm38/mm10. The DoubletFinder function of Seurat package was
used to filter out low-quality cells if they met the following criteria:
(1) < 1000 unique molecular identifiers (UMIs); (2) < 500 genes contained
per cell; and (3) > 25% UMIs derived from the mitochondrial genome. A
total of 100,201 nucleiwere obtainedwith amedian of 3451UMIs and 1,681
genes from the 12 samples. Highly variable genes used for downstream
dimensionality reduction analysis were determined using the FindVaria-
bleFeatures function of Seurat, with a default parameter of 2000 features.
The top 20 Principal Components (PCs) from PC analysis were used to
perform UMAP (Uniform Manifold Approximation and Projection) ana-
lysis. Unsupervised cluster analysis was conducted using the FindNeighbors
andFindClusters functions at a resolutionof 0.8. Finally, a total of 31 clusters
were visualized in a two-dimensional space.

Cell-type annotation and neuronal subclustering
The FindAllMarkers function in Seurat was employed to determine unique
enriched differentially expressed genes (DEGs) (log2 fold change >0.26with
Wilcoxon test and adjusted p value < 0.01) in a cluster relative to others.
These cell clusters were first identified by using the expression pattern of a
set of canonical cell type-specificmarkers and those identified neurons were
reclustered into 17 subclusters at a resolution of 0.1.Neuronal subtypeswere
identified by the expression pattern of marker genes related to the synthesis
and transportation of neurotransmitters according to literature14,46,65.

DEGs identification and functional enrichment analysis
DEGs between the WT and Arvcf−/− mice for saline or nicotine-treated
dopaminergic neurons were identified using aWilcoxon rank sum test with
a p-adj-value < 0.05, calculated using the False Discovery Rate (FDR) cor-
rection. Moreover, the absolute value of log2(fold change) >0.26 and the
positive rate of DEGs in both groups of cells is greater than 10%. All sig-
nificant DEGs after correction were used for the functional enrichment
analysis. The functional enrichment analysis of the DEGs was conducted
using Gene Ontology (http://geneontology.org). The ridge plot depicting
the expression levels of dopamine biosynthesis pathway-related genes in

dopaminergic neurons across different groups was generated using the
RidgePlot() function from the Seurat package.

RNAscope in situ hybridization
Micewere anesthetizedwith sodiumpentobarbital (50mg /kg, i.p. injection)
and infused with 150mL cold saline and 50mL 4% paraformaldehyde
through the left ventricle of the heart. After decapitation, the intact mouse
brain tissues were carefully dissected out and post-fixed in 4% paraf-
ormaldehyde at 4 °C for 24 h. Brains were thendehydrated in a 30% sucrose
solution at 4 °C for 72 h. Frozenmouse brains were coronally sectioned into
10-μm-thick slices and each sectionwasmounted at the center of SuperFrost
Plus Slides (ThermoFisher Scientific, 12-550-15). Preparedbrain sliceswere
stored at −80 °C for further experiments, performed within 1 week.

RNAscope was then performed using the RNAScope® Multiplex
Fluorescent V2 Assay (ACD Bio, USA) and the HybEZ™ II Hybridization
System (ACD Bio, USA) according to the manufacturer’s instructions. All the
agents, equipment, and Arvcf’ mRNA probes were purchased from ACD.
Prepared slides were baked at 60 °C for 30min. Slices were fixed for 15min in
chilled 4% paraformaldehyde in PBS and then rinsed in PBS and dehydrated
in an ascending ethanol series (50%, 70%, 100% ×2 for 5min each). After
5min of air-drying at room temperature (RT), tissues were incubated with
RNAscope hydrogen peroxide for 10min to block endogenous peroxidases
andwere thenwashed twice with distilled water. TheHybEZ™ II hybridization
furnace was preheated to 40 °C for at least 1 h. After rewarming for 30min at
RT, the slices were fixed with fresh cold 4% PFA for 30min. The slices were
thenwashed and treatedwith 2 drops of proteaseш for 30min at 40 °C. Probe
hybridization was performed by incubating brain slices with 2 drops of
designed probes (RNAscope Probe Mm-Arvcf-C1) for 2 h in a HybEZ™
hybridization furnace. Positive and negative controls (RNAscope 3-plex
Positive-control Probe-Mm and RNAscope 3-plex Negative-control Probe)
were performed in parallel. For signal amplification, slices were sequentially
incubated with 2 drops of AMP1, AMP2, and AMP3 for 30min. Hybridized
signals were tagged with fluorescent dyes Opal 570 (Akoya Biosciences, USA).
Finally, the slides were counterstained with DAPI for 30 s at RT.

The staining slices were imaged at 20× objective on a confocal
microscope system (Olympus, VS120, Japan) and the images were ana-
lyzed using ImageJ software. VSI format image files were imported and
opened by plugins in ImageJ software and then the corresponding scale
was set. For cell counting statistics, we manually marked the nuclei of
target cells in the region of interest and the ImageJ software will auto-
matically count the number of marked cells. Similarly, ImageJ was used
to measure the average fluorescence intensity of single-channel Arvcf’s
mRNA. The ROI Manager of ImageJ was employed to outline regions of
the same area within the VTA of each sample and then the average
fluorescence intensity of these areas were measured. The specific
operation method referred to the literature on the analysis methods of
ImageJ in immunofluorescence staining images66.

Histological verifications and immunohistochemistry
The preparation of brain slices was the same as described above for the
RNAscope assay. Slices (50 μm) for verifying virus expression and optic

Fig. 4 | VTA dopaminergic Arvcf can mediate nicotine-induced rewarding
behavior and TH expression. A Schematic of injection of Arvcf knockdown or
overexpressed virus to VTA dopaminergic neurons on TH-cre mice. B Repre-
sentative images of the expression of TH (red) in GFP+ Arvcf knockdown neurons
and the corresponding control neurons at VTA; scale bar, 200 μm. C Statistical
parameters of themean fluorescence intensity inArvcf selectively knockdown group
(6 slices from3malemice) and the corresponding control group (6 slices from3male
mice). Two-tailed unpaired t-tests, **p < 0.01. D Representative images of the
expression of TH (red) in GFP+ Arvcf overexpression neurons and the corre-
sponding control neurons at VTA; scale bar, 200 μm. E Statistics of the mean
fluorescence intensity inArvcf selectively overexpression group (6 slides from 3male
mice) and the corresponding control group (6 slides from 3 male mice). Two-tailed
unpaired t-tests, **p < 0.01. F, G Total traveled distance of Arvcf selectively

knockdown group (F) and overexpression group (G) and their corresponding
control groups of mice in OFT. n = 16-17 mice/group. H, I Detection of nicotine
rewarding behavior after selectively knockdown Arvcf in dopaminergic neurons of
mice. Comparison of CPP scores (H) and travel distance (I) between AAV-Dio-
shCtrl group mice and AAV-Dio-shArvcf group mice conditioned with 0.5 mg/kg
nicotine or saline. n = 8–9 mice/group; data were analyzed by two-way ANOVA
followed by Bonferroni’s multiple comparison test. J, K Detection of nicotine
rewarding behavior after selectively overexpressing Arvcf in dopaminergic neurons
of mice. Comparison of CPP scores (J) and travel distance (K) between AAV-Dio-
Ctrl group mice and AAV-Dio-Arvcf group mice conditioned with 0.5 mg/kg
nicotine or saline. n = 7–8 mice/group. Data were analyzed by two-way ANOVA
followed by Bonferroni’s multiple comparison test. Data are shown as Mean ±
S.E.M.; *p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001, N.S., not significant.
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fiber locations were co-stained with DAPI (1:1000, Invitrogen) for 30 s. For
tyrosine hydroxylase (TH) staining, after three washes in PBS for 5min
each, slices (30 μm) were permeabilized with 0.25% Triton-X 100 for
20min. Next, the slices (30 μm) were incubated in blocking buffer con-
taining 5% goat serum and 3% BSA for 2 h at RT and stained in rabbit anti-
TH antibody (1:200, Proteintech) at 4 °C overnight. On the following day,

slices were rewarmed for 30min and washed in PBS containing 0.1%
Tween-20 (0.1% PBST) three times for 10min each.

Slices were then incubated for 2 h in secondary antibodies (Alexa Fluor
647 goat anti-rabbit IgG, 1:500, Abcam; FITC goat anti-rabbit IgG, 1:200,
Proteintech). Following four washes with 0.1% PBST, the slices were
incubated with DAPI for 1min and imaged at 20× objective on a confocal
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microscope system (Olympus, VS120, Japan). Finally, the images were
analyzed by ImageJ and the analysis method was similar to that used in the
RNAscope assay above.

High performance liquid chromatography-mass spectrometry
(HPLC-MS)
Concentrations of dopamine neurotransmitters in VTA were examined by
HPLC-MS technique. VTA tissues fromArvcf-KOmice andWTmice were
obtained as described in SnRNA-seq analysis. The isolated brain tissues
were weighed individually, and 15 μL of cold ultrapure water was added per
mg of tissue. The tissue was homogenized for 1min using a homogenizer
and then centrifuged at 12,000 rpm in a 4 °C centrifuge for 10min. For
catecholamine neurotransmitters, 210 μL of the supernatant is taken and
subjected to vacuum freeze-drying. After drying, 60 μL of cold ultrapure
water was added to re-suspend the sample, which was then mixed thor-
oughly and prepared for analysis. For amino acid neurotransmitters, 10 μL
of the supernatant was taken and mixed with 10 μL of ultrapure water and
40 μLof isopropanol solution containing 0.1% formic acid. Themixturewas
centrifuged at 12,000 rpm in a 4 °C centrifuge for 10min. 10 μL of the
supernatant was taken and added with 70 μL of borate buffer and 20 μL of
AccQ Tag derivatization reagent (from the Kairos amino acid assay kit,
USA). The mixture is then heated at 55 °C for 10min, followed by the

addition of 400 μL of cold ultrapurewater, which is subsequentlymixed and
prepared for analysis.

The processed brain tissue supernatants were chromatographically
separated by ACQUITY UPLC I-Class system (Waters Co., Milford, MA,
USA).Themobile phase components consistedof solventA, a 0.1%aqueous
formic acid solution, and solvent B, pure acetonitrile. The chromatographic
separation of supernatants was performed under conditions of aflow rate of
0.4mL/min, an injection volume of 5 μL, and a column tempera-
ture of 35 °C.

The constituents were then detected by Xevo TQ-XS tandem quad-
rupole mass spectrometry system (Waters Co., Milford, MA, USA) with an
ion source voltage of 3.0 kV and a temperature of 150 °C, a desolvation
temperature of 400 °C, a desolvation gas flow rate of 800 L/h, and a conical
pore gas flow rate of 150 L/h. The peak areas of the targeted data were
analyzedusingTargetLynxquantitative software, and the concentrationwas
calculated using a standard curve. The quantitative results were obtained
using the standard curve method.

Fiber photometry analysis of dopamine release induced by nat-
ural reward stimuli
We first detected signal changes in dopamine release in response to social
stimulus in mice. After recording a stable baseline for the test mouse over
5min, a male mouse of similar age to the test male mouse was introduced
into the home cage of the testmalemouse, and the dopamine release signals
during 10min of free social interaction were recorded. Subsequently, the
male mouse was tested following the same procedure for detecting dopa-
mine signals under social stimulation with an age-matched female mouse.
During free social interactions, we identified investigation behavior of the
test mice. “Investigation” was defined as close contact with any part of the
intruder’s body52. Thedopamine signals at the initial investigationwereused
for statistical analysis.

For food and water stimulus, mice were subjected to a 24-h fast from
food and water. Following a 5min baseline recording, food was provided in
the home cage of the test mouse and the behavior and dopamine signals of
the mouse while eating were recorded for 10min. Subsequently, mice were
tested using the sameprocedure for detecting dopamine signals underwater
stimulation. The signals of the testmice during initial water consumption or
feeding were used for statistical analysis.

For natural reward stimuli, the operation of the optical fiber recording
is consistent with the above detection of nicotine-induced dopamine release
and the first 10 s of natural stimulation was used as a baseline forΔF/F0
calculation.

Statistical analysis
All experimental data were analyzed using GraphPad Prism 6 or Origin
and are shown as Mean ± Standard Error (SEM). We used two-tailed
unpaired t-test to compare the two groups and two-way ANOVA
with Bonferroni’s correction to compare groups more than 3 with two
factors. P < 0.05 was considered statistically significant. A detailed
description of sample size, statistical methods and values is given
in Supplementary Data 5 for all experimental results reported in this
paper. The raw data used for statistical plotting have been provided in
Supplementary Data 6.

Fig. 5 | Specifically altering Arvcf expression in dopaminergic neurons affects
dopamine transmission in the VTA-NAc circuit induced by nicotine reward and
natural reward stimuli. A,BChanges of NAc dopamine release signals in NAc after
knockdown Arvcf in VTA dopaminergic neurons of TH-cre mice under nicotine or
saline stimulus. Heatmap (A) and average (B, mean ± 95% CI; vertical line, start of
nicotine or saline injection) dopamine transients of neurons in NAc of AAV-Dio-
shArvcfmice (n = 8) and corresponding control mice (n = 8). Statistics of peak value
(C) and AUC (D) of the transients of dopamine signal in AAV-Dio-shArvcf mice
and corresponding control mice under nicotine stimulus. E, F Changes of NAc
dopamine release signals after overexpressing Arvcf in VTA dopaminergic neurons
of TH-cre mice under nicotine or saline stimulus. Heatmap (E) and average (F;

mean ± 95% CI; vertical line, start of nicotine or saline injection) dopamine tran-
sients of neurons in NAc of AAV-Dio-Arvcfmice (n = 6) and corresponding control
mice (n = 6). Statistics of peak value (G) and AUC (H) of the transients of dopamine
signal in AAV-Dio-Arvcf mice and corresponding control mice under nicotine
stimulus. Representative dopamine transients in NAc of AAV-Dio-shArvcf male
mice and control mice under homosexual social stimuli (panel I) and heterosexual
social stimuli (J). Representative dopamine transients in NAc of AAV-Dio-shArvcf
mice and control mice under food intake (K) and water drink (L) stimuli (Left). The
peak value statistics of the transients of dopamine signal in AAV-Dio-shArvcfmice
(n = 10) and control mice (n = 10) (right). Data are shown as Mean ± S.E.M.; Two-
tailed unpaired t-tests, *p < 0.05, **p < 0.01,***p < 0.001, N.S. = not significant.

Fig. 6 | Proposed Arvcf working model for Xrcc5-Arvcf-N-cadherin signal
pathway in dopamine-mediated drug addictions and mental disorders. The
transcription factor XRCC5 binds to the DNA fragment containing rs148582811 and
allele-specifically regulated Arvcf expression at the mRNA and protein levels. Arvcf
promotes the expression of tyrosine hydroxylase (TH) leading to the increased dopamine
synthesis. Arvcf can also regulate the development of neuronal morphologies by inter-
acting with N-cadherin. Taken together, we conclude that Arvcf participates in the
development of ND by regulating dopamine synthesis and neuronal development. This
may also imply a potential role for Arvcf in more addicted phenotypes and other mental
disorders such as schizophrenia and depression.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sequencing data has been deposited in the Genome Sequence Archive
(GSA) database with access number of CRA016632 (https://ngdc.cncb.ac.
cn/gsub/). Additional information for this study is available from the cor-
responding author at ml2km@zju.edu.cn.
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