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SUMMARY
Dopaminergic (DA) neurons expressing the dopamine transporter (DAT) play vital roles in physiology and the
regulation of mental and neurological disorders. This study investigates spatiotemporal proteomic and tran-
scriptomic changes in DAT+ DA neurons from key brain regions—the nucleus accumbens (NAc), substantia
nigra (SNc), and ventral tegmental area (VTA)—at postnatal milestones: day 7 (P7), day 30 (P30), and day 60
(P60). Using advanced multi-omics techniques, including ultrasensitive trace sample proteomics and
SMART-seq2, we reveal distinct molecular profiles within DA neuron populations, reflecting their develop-
mental progression and functional roles. Immunofluorescence mapping validates these findings and under-
scores the dynamicmolecular architecture of DA neurons.Aldh1a1 expression, a key enzyme for retinoic acid
production, progressively increases over time, reflecting its involvement in neuronal development and
specialized functions. This study provides valuable insights into the development and function of DAT+
DA neurons.
INTRODUCTION

The majority of midbrain dopaminergic (mDA) neurons, the pri-

mary source of dopamine in the central nervous system (CNS),

are localized within three nuclei: the substantia nigra pars com-

pacta (SNc), the ventral tegmental area (VTA), and the retrorubral

field (RRF).1 DA neurons in the SNc regulate the dorsal striatum

via the nigrostriatal pathway, while VTA neurons project to the

NAc, olfactory tubercle, and prefrontal cortex, forming the mes-

olimbic and mesocortical systems.2 These neurons coordinate

various physiological and behavioral processes, includingmove-

ment, sleep, learning, memory, emotions, and motivated behav-

iors. They are also implicated in neuropsychiatric disorders such

as Parkinson’s disease, depression, and addiction.3–5

Recent single-cell studies focusing on the embryonic develop-

ment of mDA neurons have characterized their functional hetero-

geneity and molecular diversity.6,7 However, our understanding

of themolecular diversity in the later stages ofDA neurondevelop-

ment, particularly in terms of axonal growth and synaptic connec-

tions, remains limited.Meanwhile,mass spectrometry-basedpro-

teomics have provided insights into the molecular characteristics

of VTA and SNc neurons,8,9 but further research is necessary to

elucidate the complexities of their later developmental stages.

Midbrain ventral DA neuron development involves regional

specification, induction, differentiation, post-mitotic develop-
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ment, migration, and axonal growth.10,11 Proteins essential

for developmental functions continue to be expressed in

post-mitotic neurons throughout life, transitioning from develop-

mental roles to those involved in survival and maintenance. For

instance, proteins such as Nurr1 and Pitx3, which are crucial

during early development, are also involved in the long-term

maintenance of DA neurons.12,13 While embryonic development

has been extensively studied, reports on the postnatal develop-

ment of these neurons are scarce. Identifying previously unchar-

acterized proteins offers mechanistic insights into diverse devel-

opmental stages and sheds light on their susceptibility to and

degeneration in neuropsychiatric disorders, such as Parkinson’s

disease. This ongoing expression and functional shift highlight

the importance of postnatal studies in understanding DA neuron

biology and pathology.

Sparse labeling and functional methods have defined subsets

of mDA neurons.14,15 For instance, VTA projections to the NAc

core, but not the medial shell, are involved in acquiring motiva-

tional value for rewards, while aversion-coding VTA neurons

project to the medial shell but not the core.16 Despite extensive

studies on VTA-to-NAc projections, their heterogeneity has

complicated the assignment of specific functions to molecular

subtypes.

In this study, we delve into the multi-omics landscape of DAT+

neurons across three postnatal developmental stages. Employing
pril 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Spatiotemporal proteomic and transcriptomic profiling of DAT+ dopaminergic neurons in the mouse brain

(A) Fluorescence imaging of DAT+ neurons within the NAc region (top left) and across the SNc/VTA regions (bottom left), withmagnified views of the NAc core and

shell, and the SNc and VTA (right panels), showing spatial distribution.

(B) Schematic representation of the experimental design, including brain dissection of the NAc, SNc, and VTA regions at developmental stages P7, P30, and P60.

(C) Workflow illustrating brain tissue dissociation, followed by fluorescence-activated cell sorting (FACS) for DAT+ neurons, with the FACS scatterplot showing

the gating strategy and percentage of isolated FITC+ cells. Subsequent multi-omics analyses (DIA-MS/MS proteomics and SMART-seq2 transcriptomics) are

shown along with data analysis steps (e.g., heatmap and network analysis) and immunofluorescent validation of molecular markers.
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ultrasensitive trace sample proteomics developed in our labora-

tory17 and SMART-seq2 for transcriptomics,18 we meticulously

analyzed small yet distinct regions in mouse brain, including

NAc, SNc, and VTA. By building extensive datasets of DAT+ neu-

rons from NAc, SNc, and VTA of the mouse brain at P7, P30, and

P60, we illuminate the complex spatiotemporal dynamics and

molecular diversity of DA neurons throughout postnatal develop-

ment. Understanding the development and function of DA neu-

rons is crucial for elucidating the mechanisms underlying various

neurological and psychiatric disorders, and this refined knowl-

edge has significant implications for advancing basic neurosci-

ence research and uncovering fundamental principles of brain

function.

RESULTS

In this study, we employed a comprehensive multi-omics

approach to profile the development of DAT+ neurons across

various developmental stages and brain regions. Our analysis

encompassed proteomic and transcriptomic techniques to un-

ravel the complex molecular landscape and interactions within

these neurons. Here, we present our findings in a stepwise

manner, beginning with an overview of the experimental work-
2 iScience 28, 112115, April 18, 2025
flow, followed by detailed results on gene expression profiles,

identification of molecular contributors, and validation experi-

ments of our datasets.

Comprehensive workflow for profiling DAT+
dopaminergic neurons in mouse brain
We employed a multi-omics approach to explore the molecular

development of DAT+ neurons across key brain regions and

developmental stages in mice. This integrated strategy,

combining proteomic and transcriptomic profiling, provided a

detailed understanding of the complex molecular changes asso-

ciated with dopaminergic neuron maturation.

To capture these developmental insights, we selected mice

at three distinct stages—P7 (infancy), P30 (juvenile), and P60

(adult)—with five biological replicates per group. Our focus

was on three specific brain regions known for their high density

of DAT+ neurons: the nucleus accumbens (NAc), substantia ni-

gra pars compacta (SNc), and ventral tegmental area (VTA).

Fluorescence imaging highlighted the spatial distribution of

DAT+ neurons within these regions, offering a visual confirma-

tion of their localization (Figures 1A and 1B).

After isolating the target brain regions, tissue samples were

dissociated into single-cell suspensions. FACS was then utilized



Figure 2. Integrative analysis of proteomic and transcriptomic datasets across different brain regions and developmental stages in DAT+

neurons

(A) Total number of identified proteins and (B) total number of identified mRNAs across various samples: NAc (N), SNc (S), and VTA (V) at different developmental

stages (P7, P30, and P60), each bar represents the mean ± standard deviation.

(legend continued on next page)
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to precisely isolate the DAT+ neurons (Figure 1C). The gating

strategy employed during FACS ensured accurate selection,

with validation through scatterplots showing the percentage of

DAT+ cells in each sample. Additionally, we observed subtle dif-

ferences in DAT+ cell populations between developmental

stages and brain regions, with the proportion of DAT+ cells

ranging from 0.5% to 4% across groups (Figures S1–S3;

Table S1).

Following isolation, proteomic and transcriptomic analyses

were performed using DIA-MS/MS and SMART-seq2 technolo-

gies, respectively (Figure 1C). This combined analysis revealed

keymolecular signatures, including Aldh1a1, allowing us to trace

both proteome and transcriptome changes across develop-

mental stages and brain regions.

Aldh1a1, a key gene encoding the aldehyde dehydrogenase

1a1 protein (ALDH1A1), is associated with the development of

dopaminergic neurons. The differential expression of ALDH1A1

across regions and stages was confirmed through immunofluo-

rescence staining, validating our omics-based findings and

further supporting the biological relevance of ALDH1A1 in the

maturation of DAT+ neurons.

Comparative overview and integrative analysis of
proteomic and transcriptomic datasets in DAT+ neurons
After cell sorting, each brain region yielded approximately

11,000 DAT+ neurons, with 10,000 neurons used for proteomics

and 1,000 neurons for transcriptomics, achieving a purity of

95%. Conventional proteomics sample preparation methods

are inadequate for such small cell quantities. Therefore, we uti-

lized an ultrasensitive trace sample proteomics method devel-

oped in our laboratory, enabling deep proteomic identification

and quantification from micro-scale cell samples (Data S1.).

This approach facilitates deep proteome analysis from trace

biological samples, supporting biomedical applications, as

traditional methods often lead to significant analyte loss during

sample preparation.

From 10,000 DAT+ dopaminergic neurons, we consistently

identified 8,000 to 10,000 proteins. The data indicated that within

the same brain region, the total number of identified protein

molecules shows a declining trend as development progresses

(Figure 2A), whereas the transcriptome data do not exhibit a

clear trend (Figure 2B).The Venn diagrams illustrated the results

of proteomics and RNA-seq analyses across three specific brain

regions (NAc, SNc, and VTA) and different developmental stages

(P7, P30, and P60) (Figures 2C and 2D). In total, 10,616 proteins

and 15,171 mRNAs were commonly identified across brain re-

gions, while 10,115 proteins and 14,790 mRNAs were common

across developmental stages.

The overlap between our proteomic and transcriptomic

datasets includes 9,387 genes and proteins, demonstrating the
(C) Venn diagrams showing the overlap of identified proteins between NAc, SNc

(D) Venn diagrams showing the overlap of identified mRNAs between NAc, SNc,

(E) Venn diagram showing the overlap between the identified mRNAs and protei

(F) Distribution of mRNA expression levels in genes identified by both RNA-seq a

(G) Scatterplot showing the correlation between mean mRNA expression and me

and (H) Functional enrichment analysis of gene categories with positive and neg

indicated by different shapes and sizes representing the gene count and signific
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depth of our analysis in trace samples (Figure 2E). The histogram

compares the distribution of mRNA expression levels in genes

identified by both RNA-seq and MS/MS datasets, showing that

these genes generally exhibit higher mRNA expression levels

compared to those uniquely detected by RNA-seq (Figure 2F).

The Pearson correlation coefficient of 0.337 between our pro-

teomic and transcriptomic data reflects a moderate correlation

between the transcriptome and proteome, implying complex

interplay of transcriptional and translational processes within

DA neurons (Figure 2G).19 Detailed gene ontology (GO) enrich-

ment analysis identified significant biological processes (BP),

molecular functions (MF), and cellular components (CC) for posi-

tively and negatively correlated genes. This clarifies the roles of

these genes in different BP and their translational regulatory

mechanisms (Figure 2H). For positively correlatedmRNA-protein

pairs, significant BP include Golgi vesicle transport, ribonucleo-

protein complex biogenesis, and protein folding. Molecular

functions associated with these genes involve GTPase regulator

activity, nucleoside-triphosphatase regulator activity, and ubiq-

uitin protein ligase binding. Cellular components include the

vacuolar membrane, cell leading edge, and coated vesicles,

indicating roles in intracellular transport and protein folding.

Negatively correlated pairs are enriched in BP such as ribonu-

cleoprotein complex biogenesis and RNA splicing (including

via transesterification reactions and spliceosome). Molecular

functions include GTPase regulator activity, nucleoside-triphos-

phatase regulator activity, and mRNA binding. These genes are

associated with cellular components such as the myelin sheath,

cell leading edge, and cytosolic ribosome. This analysis high-

lights the complex interplay of transcriptional and translational

processes in DAT+ neurons and their involvement in diverse bio-

logical functions and regulatory mechanisms (Table S2).

In-depth characterization of temporal protein
expression alterations in DAT+ dopaminergic neurons
Proteomic data provide valuable insights into spatiotemporal

dynamics, and this study focused on analyzing the proteome

changes of DAT+ dopaminergic neurons across developmental

stages (P7, P30, and P60). One-way ANOVA was used to identify

proteins with significant expression changes across develop-

mental stages. By combining data from three brain regions

(NAc, SNc, and VTA) and applying a threshold ofmean expression

>1000 (representing the top 11.3% of protein abundance in at

least one developmental stage), proteins with robust expression

were selected for further analysis. This analysis identified 443 pro-

teins with significant temporal expression changes (p < 0.05, log2

fold change > |1|). The complete list of significant proteins identi-

fied through one-way ANOVA is provided in Table S3.

Hierarchical clustering of these proteins revealed three distinct

clusters, each characterized by distinct expression patterns
, and VTA (left), and across developmental stages (P7, P30, and P60) (right).

and VTA (left), and across developmental stages (P7, P30, and P60) (right).

ns.

nd MS/MS datasets compared to those detected only by RNA-seq.

an proteome expression, with a Pearson correlation coefficient of 0.337 (n = 3);

ative correlations between mRNA and proteome expression. Categories are

ance levels. Categories include BP, CC, and MF.
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across developmental stages and associated BP (Figures 3A–

3C). Cluster 1 contains 140 proteins that exhibited elevated

expression at P7 compared to P30 and P60 and are primarily

involved in synaptic functions and cognitive processes. Cluster

2 contains 152 proteins, showing significantly higher expression

at P60, and are mainly involved in mRNA processing and RNA

splicing. Cluster 3 contains 151 proteins showing higher expres-

sion at both P30 and P60, predominantly associated with

intermediate filament cytoskeleton organization (Figure 3A).

The heatmap of normalized protein expression levels (Z-scores)

(Figure 3B) visually represents these distinct temporal expres-

sion patterns, highlighting the clear separation of developmental

stages based on protein expression profiles.

Enriched GO terms for each cluster (Figure 3C; Table S4) un-

derscore the specific BP predominant at each stage. Cluster 1

(green, P7) includes processes like the synaptic vesicle cycle

and vesicle-mediated transport in synapse. This indicates that

at the early developmental stage, DA neurons are highly active

in synaptic function and cognitive processes. The focus is on

forming and organizing synapses, which are crucial for establish-

ing neuronal connections and communication. Cluster 2 (blue,

P60) includes processes such as intermediate filament cytoskel-

eton organization and cell-substrate adhesion, emphasizing

cytoskeletal organization and cell adhesion processes in mature

DA neurons. These functions are essential for maintaining the

structural integrity of neurons, facilitating stable connections,

and supporting the complex architecture required for mature

neuronal function. Cluster 3 (orange, P30 and P60) shows a sig-

nificant focus on RNA processing and splicingmechanisms. This

suggests that in the mid to late development stages, DA neurons

are actively regulating gene expression at the post-transcrip-

tional level, critical for producing the diverse set of proteins

required for neuronal maturation and function.

The sample correlation heatmap (Figure 3D) underscores the

high intra-stage correlation and distinct inter-stage differences,

corresponding closely to the clusters identified in Figures 3A–

3C. This heatmap highlights the clear distinctions in protein

expression profiles between P7 and the other two stages, rein-

forcing the proteomic shifts observed across developmental

stages.

Focusing on the top 100 differentially expressed proteins, GO

enrichment analysis (Figure 3E; Table S5) revealed key BP at the

protein level, such as protein localization to cell junctions, nega-

tive regulation of supramolecular fiber organization, and the

synaptic vesicle cycle. This analysis illustrates the significant

functional shifts in proteins involved in cytoskeleton structure;

protein, complex, and organelle localization and organization;
Figure 3. Temporal dynamics of protein expression in DAT+ neurons a

(A) Boxplots displaying the size of the characteristic protein clusters of different de

(B) Heatmap showing normalized protein expression (Z-scores) across developm

expression >1000) included.

(C) The top 5 GO terms enriched in each cluster.

(D) Sample correlation heatmap across developmental stages.

(E) GO enrichment bar plot for the top 100 differentially expressed proteins, illus

(F) Heatmap of the top 100 differentially expressed proteins, categorized into thr

(G) PPI network of the top 100 proteins, color-coded by cluster, with key protein

One-way ANOVA, variable: developmental stage, p < 0.05, N = 5; Tukey HSD po
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synaptic function and transmission; and metabolic processes

during the development of DAT+ neurons. The heatmap (Fig-

ure 3F) showing protein expression differences across develop-

mental stages further validates the dynamic changes observed

in the proteomic landscape.

A detailed PPI network analysis of the top 100 differentially

expressed proteins (Figure 3G) provided further insights into

the molecular interactions at different developmental stages.

For instance, at P60, proteins such as ITGA1, ITGB1, and

TNS1 were significantly interconnected, highlighting their roles

in cell adhesion, signal transduction, and cytoskeletal organiza-

tion. ITGA1 (Integrin alpha-1) and ITGB1 (Integrin beta-1) are

integral in forming integrin complexes that mediate cell-extracel-

lular matrix interactions, crucial for cellular communication and

structural integrity.20,21 TNS1 (Tensin-1) plays a pivotal role in

linking integrins to the actin cytoskeleton, facilitating cell migra-

tion and adhesion.22 Conversely, the early developmental stage

(P7) featured a cluster of proteins involved in synaptic functions

and cellular processes, such as MAPT, MAP1B, and NCAM1.

MAPT (tau) is crucial for microtubule stability and axonal

growth,23,24 MAP1B is essential for cytoskeletal dynamics and

neuronal development,25 and NCAM1 is critical for neural cell

adhesion and synaptic plasticity.26,27 The prominence of these

proteins during the neonatal stage highlights the intensive

cellular activities essential for rapid neuronal proliferation and

differentiation.

There are extensive interconnections between proteins

significantly upregulated at P60 and those at P7, suggesting a

complex interplay between early and mature neuronal states.

These interactions underscore the importance of continuous

molecular interactions throughout neuronal development, facili-

tating the transition from proliferative tomature functional states.

Overall, our findings elucidate the temporal dynamics of

protein expression in DAT+ dopaminergic neurons, highlighting

distinct molecular mechanisms at different developmental

stages. These insights provide a comprehensive understanding

of the complex regulatory networks governing neuronal develop-

ment and function at the protein level. This foundational

knowledge is crucial for future studies aimed at understanding

neurodevelopmental and neurodegenerative diseases, poten-

tially informing therapeutic interventions.

Spatial specificity of the DAT+ dopaminergic neurons
proteome across brain regions
To further investigate the spatial specificity of DAT+ dopaminergic

neurons, we examined their proteomic profiles across three brain

regions—NAc, SNc, and VTA—at critical developmental stages
cross developmental stages

velopmental stages (P7, P30, and P60) as well as expression levels of proteins.

ental stages, with significant proteins (p < 0.05, log2 fold change > |1|, mean

trating the most significantly enriched biological processes.

ee clusters.

s like NCAM1 highlighted for their central roles.

st hoc test for pairwise comparisons.
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(P7, P30, and P60). We applied one-way ANOVA (p < 0.05, log2

fold change > |1|) to identify proteins with significant expression

differences among the regions. Distinct clusters of differentially

expressed proteins were visualized through heatmaps for P7,

P30, and P60 (Figures 4A, 4D, and 4E), revealing uniquemolecular

features in each region at different stages. Biological replicates

(n = 5 per group) were used for statistical analysis. The complete

lists of significant proteins identified through one-way ANOVA for

spatial specificity at P7, P30, and P60 are provided in Tables S6,

S7, and S8, respectively.

At P7, Cluster 1 proteins, upregulated in the NAc, are enriched

in processes such as organic acid transport and small molecule

catabolic process, indicating its role in maintaining metabolic

functions (Figure 4B; Table S9). The key proteins include

ALDH1A1 and SLC1A2. ALDH1A1 (Aldehyde Dehydrogenase 1

Family Member A1) detoxifies aldehydes, which are byproducts

of dopamine metabolism, thereby supporting dopaminergic

neuron health and protecting against oxidative stress.28–30

SLC1A2 (glutamate transporter EAAT2) is essential for glutamate

reuptake from the synaptic cleft, preventing excitotoxicity and

maintaining synaptic function.31,32 These processes are critical

for sustaining neuronal function and facilitating intercellular

communication, underscoring the metabolic and structural

specialization of the NAc during early development.

Cluster 3, predominantly upregulated in the VTA, is enriched in

processes such as responses to xenobiotic stimuli, anatomical

structure homeostasis, and amino acid metabolic and biosyn-

thetic processes. These functions indicate involvement in detoxi-

fication, structural maintenance, and protein synthesis. The key

proteins, such as PVALB and MBP, are essential for synaptic

function andmyelination. PVALB (parvalbumin) is a calcium-bind-

ing protein critical for the precise timing of neurotransmission,33

whileMBP (myelin basic protein) is crucial for forming and stabiliz-

ing myelin sheaths around axons, ensuring efficient neural signal

transmission.34 The PPI network analysis at P7 (Figure 4C)

provides a detailed view of interactions among region-specific

proteins. Key proteins such as ALDH1A1, SLC1A2, GLUL, and

ARG1, central to the NAc network, highlight the metabolic and

neurotransmitter regulation critical for dopaminergic signaling.

ALDH1A1 and ALDH1B1, involved in aldehyde metabolism, play

essential roles in detoxifying neural tissues from dopamine meta-

bolism byproducts. SLC1A2 and GLUL, key players in glutamate

metabolism, underscore the interplay between dopaminergic and

glutamatergic signaling, reflecting the intricate balance of neuro-

transmitter systems necessary for functional neural circuits.
Figure 4. The protein expression signatures and networks reflect the s
(A) Heatmaps display spatially distinct protein expression in NAc, SNc, and VTA

change > |1|).

(B) GO analysis at P7 reveals enriched biological processes for each cluster.

(C) PPI network at P7 illustrates interactions within the NAc, SNc, and VTA, highl

colors.

(D) Heatmaps display spatially distinct protein expression in NAc, SNc, and VTA

change > |1|).

(E) Heatmaps display spatially distinct protein expression in NAc, SNc, and VTA

change > |1|).

(F) GO analysis at P60 reveals enriched biological processes for each cluster.

One-way ANOVA, variable: brain regions, p < 0.05, N = 5; Tukey HSD post hoc t
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In P30, the heatmap indicates small changes in protein

expression profiles across the brain regions (Figure 4D). Proteins

RPS4HA and KCNIP3 show distinct expression patterns, playing

critical roles in ribosomal function and ion channel regulation,

respectively, suggesting significant cellular adaptations during

this developmental stage.

In P60, the heatmap reveals more pronounced differential

expression patterns (Figure 4E). Cluster 1 proteins, upregulated

in the NAc, include SYNE1 and IFT22, which are involved in

structural integrity and intraflagellar transport, respectively.

SYNE1 (spectrin repeat containing nuclear envelope protein 1)

is crucial formaintaining nuclear structure and cellular integrity,35

while IFT22 (intraflagellar transport 22) is involved in the biogen-

esis of cilia and flagella, critical for cellular signaling and move-

ment.36 Cluster 3 proteins, predominantly upregulated in the

VTA, include ALDH1A1, highlighting its continued importance

in metabolic processes. Cluster 2 proteins, significantly downre-

gulated in the NAc, include FBLIM1 and LGALS3, which are

involved in cell adhesion and immune response.37,38

GO enrichment analysis at P60 (Figure 4F; Table S10) further

elucidates the complexity of the dopaminergic system at this

mature stage. Cluster 1 proteins are involved in processes

such as cilium assembly, intracellular transport, and microtu-

bule-based movement, highlighting the critical roles of NAc-en-

riched processes in cellular organization and transport mecha-

nisms. Cluster 2 proteins are associated with the regulation of

protein-containing complex assembly, integrin-mediated

signaling pathways, and vesicle-mediated transport in synapse,

emphasizing VTA-specific pathways in maintaining synaptic

transmission and neuronal connectivity. Cluster 3 proteins are

involved in calcium ion transport, regulation of reactive oxygen

species metabolic processes, and positive regulation of secre-

tion by cells, indicating their roles in signal transduction and

cellular homeostasis.

This comprehensive analysis of the spatial-temporal protein

expression dynamics within DAT+ dopaminergic neurons

reveals distinct molecular mechanisms governing neuronal

development and specialization. Central proteins like

ALDH1A1, SLC1A2, and GLUL play pivotal roles in critical meta-

bolic and signaling pathways, reflecting their importance in

maintaining the health and function of DAT+ neurons. Our find-

ings provide insights into the molecular mechanisms underlying

the development and maturation of dopaminergic neurons in

different brain regions, offering a foundation for understanding

neurodevelopmental and neurodegenerative diseases.
patial specificity of DAT+ neurons in different developmental stages
at P7, identifying clusters based on significant changes (p < 0.05, log2 fold

ighting key proteins and their connectivity, with clusters indicated by different

at P30, identifying clusters based on significant changes (p < 0.05, log2 fold

at P60, identifying clusters based on significant changes (p < 0.05, log2 fold

est for pairwise comparisons.
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ALDH1A1 expression is strongly associated with sub-
clusters of dopaminergic neurons
Transcriptomics and proteomics have revealed the spatiotem-

poral expression heterogeneity of multiple molecules, including

ALDH1A1, which was validated in this study. Firstly, the heatmap

shows the expression of Adh1a1 mRNA in three different brain

regions (NAc, SNc, and VTA) across developmental stages (P7,

P30, and P60). The Adh1a1 mRNA levels increased over time

in all brain regions, particularly in the SNc and VTA (Figure 5A).

Similarly, ALDH1A1 protein levels showed a parallel trend, with

increasing expression over time, particularly in the SNc and

VTA (Figure 5B).

Correlation analysis revealed a significant positive relationship

(R2 = 0.612) between Adh1a1 mRNA and ALDH1A1 protein

expression, demonstrating consistency between transcription

and translation (Figure 5C). The localization of ALDH1A1 protein

was further confirmed by immunofluorescence experiments,

which highlighted its expression in DAT+ neurons across devel-

opmental stages (P7, P30, P60) and brain regions (NAc, SNc,

VTA) (Figure 5E). Quantitative analysis of fluorescence intensity

revealed a progressive increase in ALDH1A1 expression across

all regions, with the most pronounced changes observed in the

VTA (Figure 5D).

Notably, ALDH1A1 is expressed in a specific sub-popula-

tion of DAT+ neurons. The dynamic changes in ALDH1A1

expression, particularly the significant increase in the VTA,

suggest that ALDH1A1+/DAT+ neurons may contribute to

region-specific developmental and functional adaptations.

Further research is warranted to explore the biological signif-

icance of these neurons and their potential roles in neuronal

function.

DISCUSSION

Our comprehensive analysis of DAT+ dopaminergic (DA) neu-

rons reveals significant molecular diversity and dynamic

changes across key developmental stages in the NAc, SNc,

and VTA. These findings highlight distinct temporal expression

patterns and regulatory mechanisms that are essential for DA

neuron development. The moderate Pearson correlation coeffi-

cient between mRNA and protein expression underscores the

complexity of transcriptional and translational regulation, where

post-transcriptional and post-translational modifications play

crucial roles.19 Enriched BP, such as the synaptic vesicle cycle

and protein folding, among correlated gene-protein pairs pro-
Figure 5. Transcriptomic and proteomic analysis revealed ALDH1A1

developmental stages

(A) Heatmap showing Aldh1a1 mRNA expression levels across different developm

(B) ALDH1A1 protein expression level in the NAc, SNc, and VTA at P7, P30, an

between stages is indicated. One-way ANOVA was used to analyze differences

comparisons. Significant p values are indicated (For NAc, p = 0.0012; for SNc, p

(C) Linear regression fittings of ALDH1A1 protein expression versus mRNA tra

groups. (p < 0.0001) (D) Fluorescence intensity of ALDH1A1+/DAT+ cells in diff

ANOVA was applied to assess the effects of brain region and developmental sta

region x developmental stage, N = 5).

(E) Immunofluorescent staining of DAT+ neurons (green) and ALDH1A1 protein (re

VTA (bottom right) across different developmental stages (P7, P30, and P60). Sc

right).
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vide deeper insights into the molecular functions and cellular

components involved in DA neuron maturation.

The temporal increase in ALDH1A1 expression, particularly in

the SNc and VTA, underscores its involvement in retinoic acid

production, neuronal development, and specific physiological

functions.29 Recent studies have linked ALDH1A1 to neuropro-

tective mechanisms under oxidative stress, which are relevant

to Parkinson’s disease pathology.30 Validation through prote-

omics, transcriptomics, and immunofluorescence staining

further supports its potential as a molecular marker for DA

neuron maturation. The dynamic expression of ALDH1A1 sug-

gests its role in differentiation, maintenance, and neuroprotec-

tion, offering new perspectives on its functionality and resilience

against neurodegenerative processes.

Our spatial analysis uncovers distinct molecular signatures

and functional specializations of DAT+ neurons across the

NAc, SNc, and VTA. Proteins involved in metabolic processes,

synaptic function, and cellular organization exhibit region-spe-

cific expression patterns. For example, ALDH1A1 and SLC1A2

are prominently expressed in the NAc, underscoring their critical

roles in maintaining metabolic homeostasis. In contrast, PVALB

and MBP are highly expressed in the VTA, emphasizing their

importance in synaptic function and myelination. These findings

align with molecular diversity reported in single-cell RNA

sequencing studies of midbrain DA neurons10 and advance-

ments in spatial transcriptomics, offering deeper insights into

the spatial heterogeneity of dopaminergic neurons.

Our multi-omics dataset provides critical insights into the mo-

lecular mechanisms governing DA neuron development and

function. Understanding the spatiotemporal dynamics of

protein and gene expression in DAT+ neurons is fundamental

to elucidating the pathophysiology of neurodevelopmental and

neurodegenerative disorders. Furthermore, insights into the mo-

lecular diversity of DA neurons can inform the development of

targeted interventions for conditions such as schizophrenia

and addiction, where dopaminergic signaling plays a central

role5,4. Future research, leveraging advances in multi-omics

technologies, will be crucial in further unraveling the complex

biology of DA neurons and facilitating the design of targeted ther-

apies for neurodevelopmental and neurodegenerative diseases.

Limitations of the study
This study focuses on postnatal stages (P7, P30, P60) and three

brain regions (NAc, SNc, VTA), leaving other temporal windows

and regions unexplored. Although advanced multi-omics
expression as strongly associated with specific brain regions and

ental stages (P7, P30, P60) in three brain regions: NAc, SNc, and VTA. (N = 3).

d P60, revealed significant spatiotemporal difference. Statistical significance

between developmental stages, with Tukey HSD post hoc test for pairwise

< 0.0001; for VTA, p < 0.0001, N = 5).

nscription levels, demonstrating a significantly positive correlation among all

erent brain regions and developmental stages. Two-way repeated measures

ge, with significant differences observed for both factors (p < 0.0001 for brain

d) in brain sections of NAc (top left), SNc/VTA (top right), SNc (bottom left), and

ale bars represent 200 mm (top left), 100 mm (top right), 50 mm (bottom left and
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techniques were applied, further in vivo investigations, including

behavioral assays or disease models, are essential to compre-

hensively elucidate the biological significance and functional im-

plications of these findings. Expanding the temporal and spatial

scopes in future studies, along with leveraging human-derived

models, may enhance the translational potential of this research.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

direct-labeled anti-Dopamine Transporter

(DAT)-FITC antibody

Alomone Labs Cat# AMT-003-F; RRID: AB_2827324

Rabbit Anti-Dopamine Transporter Abcam Cat#ab184451; RRID: AB_2890225

Goat Anti-ALDH1A1 Antibody R&D Systems Cat# AF5868; RRID: AB_1964500

Donkey Anti-Rabbit IgG H&L (Alexa Fluor�
488)

Abcam Cat# ab150073; RRID: AB_2636877

Donkey Anti-Goat IgG H&L (Alexa Fluor�
594)

Abcam Cat# ab150132; RRID: AB_2810222

Deposited data

Spatiotemporal Proteomic and

Transcriptomic Landscape of DAT+

Dopaminergic Neurons Development and

Function

iProX PXD055527

Spatiotemporal Proteomic and

Transcriptomic Landscape of DAT+

Dopaminergic Neurons Development and

Function

GEO GSE285556

Software and algorithms

Spectronaut Biognosys Version 16

Other

Adult Mouse Dissociation Kit Miltenyi Biotech 130-096-731

Myelin Removal Beads II Miltenyi Biotech 130-096-731

Neural Tissue Dissociation Kit (P) Miltenyi Biotech 130-092-628
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Male C57BL/6 mice aged P7 (infancy), P30 (juvenile), and P60 (adult) were used in this study. The mice were housed in the Exper-

imental Animal Center of Fudan University under standard laboratory conditions, including a controlled environment maintained at

24 ± 2�C, 60 ± 5% humidity, and a 12-hour light/dark cycle at 100 lux. Food and water were provided ad libitum. All animal exper-

iments were approved by the Experimental Animal Ethics Committee of Fudan University (Number: DSF-2024-043).

METHOD DETAILS

Animal tissue dissection and neuron dissociation
Brain tissue samples were collected from the substantia nigra pars compacta (SNc), ventral tegmental area (VTA), and nucleus ac-

cumbens (NAc) of C57BL/6 mice. Neurons were dissociated using fluorescence-activated cell sorting (FACS) with anti-DAT-FITC

antibodies.

Protein sample preparation based on SMID method
Proteins were prepared using the single-pot andminiaturized in-solution digestion (SMID)method. Cells were lysed using ammonium

bicarbonate (ABC) solution with RapiGest, followed by reduction with tris(2-carboxyethyl) phosphine (TCEP) and alkylation with

chloroacetamide (CAA). Digestion was performed with trypsin and Lys-C, and peptides were purified using ZipTip columns.

High pH reverse phase separation and mass spectrometry
The peptide mixture was resuspended in buffer A (20 mM ammonium formate in water, pH 10.0) and subjected to high pH reverse-

phase separation using an XBridge C18 column (4.6 mm x 250 mm, 5 mm, Waters Corporation, USA) on an Ultimate 3000 system
iScience 28, 112115, April 18, 2025 e1



iScience
Article

ll
OPEN ACCESS
(Thermo Fisher Scientific, USA). A linear gradient from 5% to 45% buffer B (80% acetonitrile in 20 mM ammonium formate, pH 10.0)

over 40 minutes was applied, and 12 fractions were collected. The fractions were dried and reconstituted for LC-MS/MS analysis.

For LC-MS/MS, the peptides were further separated on a 25 cm x 75 mm i.d. analytical column (IonOpticks) using a 60-minute

gradient. The separation and mass spectrometry analysis were performed using an UltiMate 3000 system coupled with a timsTOF

Pro mass spectrometer (Bruker Daltonics, Germany) in both DDA-PASEF and DIA-PASEF modes. The spectral library generated

from DDA-PASEF data was used to optimize the DIA-PASEFmethod, specifically for selecting precursor isolation windows and colli-

sion energy settings.

RNA-seq
RNA samples were prepared using the SMART-seq2 protocol and sequenced on an Illumina NovaSeq system. Quality control was

performed using the RNA Nano 6000 Assay Kit. Data were processed by Novogene Co., Ltd.

Immunofluorescence staining
Brain sections were immunostained for DAT and ALDH1A1, followed by imaging with an Olympus VS200 slide scanner and a Leica

SP8 confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data analysis in this study encompassed multiple steps, including quality control, statistical analysis, functional and pathway

enrichment analysis, and network analysis. Spectronaut software was employed to determine protein quality values in the quantita-

tive protein analysis. The transcriptomics data were processed by removing low-quality reads and calculating Q20, Q30, and GC

content. Transcriptome data were aligned to the Mus musculus reference genome (GRCm38/mm10) using HISAT2. Quality control

assessments involved histograms, boxplots, and principal component analysis (PCA). All quantitative data were filtered by >50%.

For differential protein and transcript analysis, a One-way ANOVA was applied, with an adjusted p-value < 0.05 and a log2 fold

change > |1|. Tukey Honestly Significant Difference (HSD) post hoc test was then used to identify specific pairwise comparisons ex-

hibiting statistically significant differences. N = 5/3 biological replicates per group were used. The results for each gene, including

One-way ANOVA (p-value), Tukey p-value, and Fold Change data, are included in Table S2 for developmental stage comparisons

(7vs30, 7vs60, 30vs60), and in Tables S5, S6, and S7 for spatial comparisons (NvsV, NvsS, SvsV).

Pearson correlation analysis was used to assess the relationship between mRNA and protein expression levels. Positively corre-

lated genes were defined as those with a Pearson correlation coefficient (r)R 0.5, and negatively correlated genes were those with r

% -0.5. The Pearson correlation coefficient was also used to generate the correlation heatmap, which visualizes the strength and

direction of linear relationships between samples. Gene Ontology (GO) enrichment analysis and KEGG pathway analysis were con-

ducted using the clusterProfiler R package to identify significant biological processes (BP), molecular functions(MF), cellular com-

ponents (CC), and pathways. The protein-protein interaction (PPI) network was analyzed using the STRING database and visualized

in Cytoscape.

One-way ANOVA and Two-way repeated measures ANOVA were applied to analyze ALDH1A1 protein expression and fluores-

cence intensity. Detailed statistical information is available in Table S11.
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