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Dopaminergic neurons, primarily located in the substantia nigra, hypothalamus,

and ventral tegmental area of the brain, play crucial roles in motor control,

reward, motivation, and cognition. Alterations in their function are associated

with numerous neurological and psychiatric disorders, such as Parkinson’s

disease, but also Schizophrenia, substance use disorders, and bipolar disorder.

Recent advances in mass spectrometry-based proteomics have enabled the

comprehensive profiling of protein expression, turnover, subcellular localization,

and post-translational modifications at an unprecedented depth of analysis.

This review summarizes the developments in proteomic approaches taken

to study dopaminergic neurons. We cover findings from global and spatial

proteomics studies that revealed brain region-specific protein signatures, as

well as dynamic turnover of proteins and the importance of mitochondrial

and synaptic proteins for the health and vulnerability of dopaminergic neurons.

Combined with advanced molecular cell biology tools, such as growth in

microfluidic devices, fluorescent-activated synaptosome sorting, and enzymatic

proximity labeling, modern proteomics allows for investigation of synaptic

and subcellular proteomes. Despite these advancements, the complexity of

the human brain and its cell-specific characteristics remain a challenge. The

continuing integration of advanced proteomic techniques with other -omics

will eventually yield improved and mechanistic understanding of dopaminergic

neurons in health and disease.
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Introduction

Dopaminergic (DA) neurons are a specialized subset of cells in the central nervous
system, distinguished by their ability to synthesize and release dopamine, a key
neurotransmitter in the brain (Iversen and Iversen, 2007). These neurons are found only
in certain regions of the brain, particularly the substantia nigra (SN), the ventral tegmental
area (VTA) and the hypothalamus (Figure 1A). DA neurons are predominantly located in
the substantia nigra pars compacta (SNpc) region of midbrain, where they are collectively
referred to as the A9 group (Björklund and Dunnett, 2007). The SN is primarily composed
of gray matter and has a dark coloration due to high concentrations of neuromelanin in
its DA neurons. In the SN, DA neurons are involved in motor control and project into the
dorsal striatum via the nigrostriatal pathway, which is essential for initiating and regulating
voluntary movements (Balleine et al., 2007; Kravitz and Kreitzer, 2012). The second
major population of DA neurons resides in the VTA or A10 group. In this region, DA
neurons project into the nucleus accumbens (NAc) (via the mesolimbic pathway), to the

Frontiers in Molecular Neuroscience 01 frontiersin.org

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2025.1642519
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2025.1642519&domain=pdf&date_stamp=2025-07-30
mailto:boris.macek@uni-tuebingen.de
mailto:julia.fitzgerald@uni-tuebingen.de
https://doi.org/10.3389/fnmol.2025.1642519
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnmol.2025.1642519/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-18-1642519 July 28, 2025 Time: 18:37 # 2

Cavarischia-Rega et al. 10.3389/fnmol.2025.1642519

Graphical abstract

prefrontal cortex (via the mesocortical pathway), and to other
limbic structures (Björklund and Dunnett, 2007). These pathways
mediate reward processing, motivation, learning, and cognitive
functions (Floresco and Magyar, 2006; Salamone and Correa,
2012). There is another group of DA neurons called the A8 cell
group, which are primarily located in the retrorubral field (Vogt
Weisenhorn et al., 2016). Lastly, DA neurons are also found in the
hypothalamus (group A12), mostly projecting to the infundibular
structure, where they regulate mainly prolactin secretion (Grattan,
2015; Lim et al., 2025).

The intricate roles of DA neurons such as motor control,
motivation, reward, and cognition, largely depend on their
localization (Liss and Roeper, 2008; Wise, 2004). Alterations in the

Abbreviations: AI, Artificial Intelligence; APEX, Ascorbate Peroxidase;
AUD, Alcohol Use Disorder; BD, Bipolar Disorder; BioID, Mutant Biotin
Ligase; DA, Dopaminergic; DDA, Data Dependent Acquisition; DIA, Data
Independent Acquisition; DLPFC, Dorsolateral Prefrontal Cortex; ETC,
Electron Transport Chain; FASS, Fluorescence-Activated Synaptosomes
Sorting; hESCs, Human Embryonic Stem Cells; I-PD, Idiopathic Parkinson’s
Disease; iPSCs, Induced Pluripotent Stem Cells; LCM, Laser Capture
Microdissection; LFQ, Label-Free Quantification; MS, Mass Spectrometry;
NAc, Nucleus Accumbens; NMGs, Neuromelanin Granules; OUD, Opioid
Use Disorder; PD, Parkinson’s Disease; PD-GBA, Parkinson’s Disease with
GBA1 mutation; PTMs, Post-Translational Modifications; TMT, Tandem Mass
Tag; SILAC, Stable Isotope Labeling with Amino acids in Cell culture;
SN, Substantia Nigra; SNpc, Substantia Nigra Pars Compacta; VM, Ventral
Midbrain; VTA, Ventral Tegmental Area.

function of DA neurons can lead to several diseases (Iversen and
Iversen, 2007). A well-known disease associated with DA neurons
is Parkinson’s disease (PD), which is broadly characterized by
progressive death of the DA neurons in the SN (Michel et al.,
2016). This degeneration leads to the motor symptoms of PD,
such as resting tremor, bradykinesia (slowness of movement),
rigidity, and postural instability (Armstrong and Okun, 2020).
While the majority of PD cases are sporadic, approximately 10–
15% are familial and linked to genetic mutations (Emamzadeh and
Surguchov, 2018). Autosomal dominant mutations (e.g., SNCA,
LRRK2) typically result in late-onset PD, while autosomal recessive
mutations (e.g., PARK2, PINK1, PARK7) are associated with early-
onset forms. Mutations in other genes, such as GBA1, are associated
with an increased risk (Coukos and Krainc, 2024). Apart from PD,
problems in the DA signaling, particularly within the mesolimbic
reward pathway, have been associated with substance abuse (e.g.,
opioids, alcohol, and others) (Jones et al., 2024). Alterations in DA
activity and dysregulation of dopamine transporters and receptors
have also been associated with bipolar disorder (BD), depression
and schizophrenia (Ashok et al., 2017; Belujon and Grace, 2017).

Proteomics, the large-scale study of proteins, is a powerful tool
to investigate protein networks that regulate neuronal function,
synaptic plasticity, and neurological disorders (Dieterich and
Kreutz, 2016; Hobson et al., 2022; van Oostrum et al., 2023; Zhao
et al., 2025). In order to achieve a comprehensive understanding
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FIGURE 1

Dopamine pathways and subcellular compartments of DA neurons. (A) Schematic of the different brain regions where dopaminergic neurons are
located. The four main dopamine pathways (nigrostriatal, mesocortical, mesolimbic, and tuberoinfundibular) are also depicted in different colors
(red, purple, blue, and green respectively). (B) DA neuron with a zoom-in of one synapse. The key steps in the synthesis of dopamine and its release
can be seen. Papers that are discussed across the review related to axonal proteomics or synaptosomal proteomics are also annotated in the figure.

of the molecular basis of brain function and dysfunction and
given the dynamics and complexity of the nervous system, it
is crucial to study not only proteins, but also their localization,
their interactions, their turnover and their post-translational
modifications. Shotgun LC-MS/MS-based proteomics enables both
the identification and quantification of thousands of proteins in a
single experiment (Aebersold and Mann, 2016; Steen and Mann,
2004). Recent improvements in acquisition speed and sensitivity
have revolutionized the field, allowing for the profiling of complete
proteomes and thousands of post-translational modification sites in
relatively simple experimental setups. This paper aims to provide a
comprehensive overview of the recent proteomics applications in
the study of DA neurons (Table 1).

Research models

Historically, DA neurons were primarily studied in animal
models, especially rodents, due to their ability to replicate human-
like complex neural circuits and behaviors. These models also
enable genetic manipulation, behavioral testing, and the ability
to test drugs or compounds. However, their DA system differs
significantly from that of humans, notably with a lack of
neuromelanin. Post-mortem studies of human brains provided
valuable insights into structural changes, but, in addition to ethical
concerns, they only allow the study of late-stage diseases and lack
dynamic information regarding the progression of diseases.

Another key model for researching DA neurons is the stem
cells, including human embryonic stem cells (hESCs) and induced
pluripotent stem cells (iPSCs). These cells can be differentiated
into DA neurons and allow for disease modeling, offering a
gateway toward personalized medicine. iPSCs can, for example,
be derived from patients with specific genetic backgrounds and

used to screen individually tailored drugs. However, they also have
limitations, such as low differentiation efficiency, lack of differences
across subtypes of DA neurons (Antonov and Novosadova, 2021),
or the loss of epigenetic influences. An additional problem is
the inability to model the complexity of all the different cell
types present in regions like SN within a 2D system (Cerneckis
et al., 2024). To overcome some limitations of iPSC-derived 2D
neurons, brain organoids are emerging as an alternative research
model. Organoids have the advantage of mimicking cell-cell
interactions and cytoarchitecture better than iPSC-derived 2D
neurons. However, they also have inherent limitations, such as
the low reproducibility across different differentiations, a slow
maturation, the absence of microglia and the absence of vasculature
(Di Lullo and Kriegstein, 2017; Monzel et al., 2017; Smits and
Schwamborn, 2020). Recently, approaches have been developed
to generate human brain organoids with functional vascular-like
systems (Cakir et al., 2019).

Although iPSC-derived dopaminergic neurons and brain
organoids have advanced in vitro disease modeling, several
limitations should be considered when analyzing proteomic
data from these models. The heterogeneity among iPSC-derived
DA neurons challenges subtype identification (Antonov and
Novosadova, 2021). Many of these neurons also retain fetal-
like traits, regarding their transcriptional profiles and electrical
maturation, which can skew results and pose challenges for
modeling age-related diseases like PD (Sison et al., 2018) or for
studying human aging. Moreover, batch effects and differences
across differentiations affect reproducibility. These issues highlight
the importance of carefully interpreting proteomic findings from
stem cell models and validating them in other systems, such as
primary tissues and animal models.
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References

PD (Blumenreich et al., 2024)

Turnover + multiomics (Li et al., 2025)

Axonal proteomics (Hobson et al., 2022)

PD (Jang et al., 2023)

Synaptosomes proteomics + PD (Plum et al., 2020)

Multiomics (Zaccaria et al., 2022)

PINK1 KO Multiomics (Bus et al., 2020)

Axonal proteomics + turnover (Cavarischia-Rega et al., 2024)

LRRK2 G2019S PD (Knab et al., 2024)

PINK1 I368N. Multiomics (Novak et al., 2022)

Differences acrros DA subtypes + multiomics (Zhao et al., 2025)

Synaptosomes proteomics (Kershberg et al., 2022)

Multiomics (Lee et al., 2020)

Synaptic proteome (Paget-Blanc et al., 2022)

Synaptic proteome (van Oostrum et al., 2023)

PINK1 KO Synaptosomal proteomics + PD (Stauch et al., 2016)

Differences acros DA subtypes + disease (Teng et al., 2023)

Disease + synaptosomal proteomics (Puig et al., 2023)

SNCA G209A PD (Antoniou et al., 2022)

GBA N370S Multiomics + PD (Bogetofte et al., 2023)

LRRK2 G2019S Multiomics (Connor-Robson et al., 2019)

Multiomics (Schmidt et al., 2023)

Disease + multiomics (Meyer et al., 2025)

Emerging Technologies (Wulf et al., 2022)

Emerging Technologies (Dutta et al., 2025)

Recent references that have been discussed are listed along with the type of sample utilized, the information they provide, and the LC-MS techniques employed.
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Proteomics applications in
dopaminergic neuron research

Protein expression profiling

Comprehensive protein expression profiling provides crucial
information on abundance, dynamics, and basal state of proteins
in DA neurons. Recent studies have mapped the transcriptome and
the proteome of DA neurons, which is essential for distinguishing
subtype-specific features of SNpc versus VTA DA neurons (Aguila
et al., 2021; Azcorra et al., 2023; Zhao et al., 2025).

A recent study by Zhao et al. used proteomics to map the DA
neuronal proteome across brain regions. It showed the proteomic
landscape of NAc, SNpc, and VTA in mice at three distinct
developmental stages: 7, 30, and 60 days old, corresponding to
infancy, juvenile, and adult stages. They identified 443 proteins
with significant temporal expression changes and reported region-
specific clusters of differentially expressed proteins, revealing
unique molecular features in each region at different stages.
For example, proteins enriched in NAc had a role in functions
such as cilium assembly, intracellular transport, and microtubule-
based movement. In contrast, terms such as protein-containing
complex assembly, integrin-mediated signaling pathways, and
vesicle-mediated transport in synapse were enriched in the VTA
region (Zhao et al., 2025).

In addition to developmental regulation, proteomic profiling
has shed light on how DA neurons respond to environmental
stimuli (e.g., oxidative stress, neurotoxins), pharmacological agents
(e.g., L-DOPA, antipsychotics), and disease-associated genetic
mutations (e.g., LRRK2, SNCA). Comparative studies across
different brain regions and disease models have further enriched
our understanding of the region- and context-specific molecular
signatures of DA neurons (Blumenreich et al., 2024; Teng et al.,
2023), which will be discussed in detail later.

Although neurons are post-mitotic, their proteins are in a
constant state of synthesis and degradation, a dynamic process
called protein turnover, defined by protein half-life. One widely
used method for studying protein turnover is stable isotope labeling
by amino acids in cell culture (SILAC), combined with mass
spectrometry (MS)-based shotgun proteomics (Ong et al., 2002;
Figure 2A). In this approach, cells are first grown in media
containing “light” amino acids and switched to media containing
“heavy” isotopic versions. As proteins are being newly synthesized,
they will incorporate the heavy amino acids, which will increase
the protein mass. This mass difference can be detected using
mass spectrometry and increase of heavy peak intensities can
be monitored over time. This technique, termed “dynamic” or
“pulsed” SILAC, provides valuable insights into protein synthesis
rates, degradation, and overall proteome dynamics (Doherty et al.,
2009; Li, 2010).

Li et al. applied in vivo dynamic SILAC labeling in mice,
using labeled food, to study protein turnover across 16 tissues
and brain regions, including the striatum and the SN. Notably,
proteins of the mitochondrial respiratory chain complex I exhibited
both high abundance and long half-lives in the brain compared to
other tissues and other mitochondrial proteins, emphasizing the
importance of oxidative phosphorylation in the brain. Their study

also revealed that phosphorylation can influence protein stability
and turnover (Li et al., 2025).

Cavarischia-Rega et al. used pSILAC to measure the half-lives of
approximately 4,300 proteins in iPSCs derived human DA neurons,
reporting a median half-life of 97 h. Interestingly, mitochondrial
ribosome proteins had significantly shorter half-lives than the
cytosolic ribosomes. Moreover, large and small subunits of
the cytosolic ribosome had significantly different half-lives.
Additionally, long-lived proteins were enriched in pathways related
to cytoskeletal regulation by Rho GTPases, pyruvate metabolism,
and de novo purine and cholesterol biosynthesis. In contrast,
synaptic vesicle trafficking, Wnt signaling, and Alzheimer’s disease-
amyloid and presenilin pathways were overrepresented among the
most short-lived proteins (Cavarischia-Rega et al., 2024).

Proteomic profiling helps in the characterization of the
differences between subtypes of DA neurons and their response
to diverse stimuli, while studying protein turnover allows for a
dynamic picture of the proteome in DA neurons. However, this
information is only present at the cell level in a general population.

Advances in spatial and subcellular
proteomics

Spatial proteomics is an emerging field that is focused
on identifying the tissue-specific and subcellular localization of
proteins and understanding how this spatial localization regulates
signaling and function. Synapses are highly specialized key
compartments of the neurons, which explains the high relevance
of their study (Figure 1B). One notable study by Plum et al.
investigated the synaptosomal proteome from postmortem human
SN samples of PD patients and healthy controls. They identified
362 proteins within the synaptosomal core proteome, out of which
14 proteins were underrepresented in PD, several of which are
related to mitochondrial translation. This highlights mitochondrial
dysfunction at the synaptic level in PD (Plum et al., 2020).

Recently, Cavarischia-Rega et al. analyzed the enriched axonal
proteins in iPSCs derived human DA neurons with the help two-
well microfluidic devices, identifying 127 axon-enriched proteins.
They also performed differential dynamic SILAC labeling to
monitor protein trafficking, which resulted in the detection of
translocation of 269 proteins between axons and the soma in the
time frame of the analysis (120 h). Importantly, they provided
evidence for local synthesis of 154 proteins in the axon and
their retrograde transport to the soma, including several proteins
involved in RNA biology, such as adenosine deaminase ADAR and
RNA helicase DHX30 (Cavarischia-Rega et al., 2024).

Further emphasizing the role of mitochondria, Stauch et al.
studied synaptic mitochondria in the striatum of 3-month-old
PINK1 knockout and wild-type rat brains. They identified 811
proteins, of which 69 were differentially expressed. The most
enriched protein functions were related to the electron transport
chain and oxidation-reduction (Stauch et al., 2016). These findings
again underline the mitochondrial signature in DA neuron
synapses, in particular the respiratory chain. Cavarischia-Rega et al.
analyzed the turnover rate of protein subunits of the respiratory
chain in dopaminergic neurons and compared this to similar data
from human cancer cells (Morgenstern et al., 2021), which revealed
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FIGURE 2

Proteomic workflows. (A) The workflows for quantification strategies in proteomics. The upper panel depicts a standard workflow for LFQ, wherein
proteins are extracted from a sample and subsequently digested into peptides. Thereafter, the peptides are measured using LC-MS/MS. Each sample
is measured independently. The middle panel shows SILAC strategy. In this approach, samples are cultivated in SILAC media, allowing the proteins to
incorporate the isotopic labels during their synthesis. Following this, the proteins are extracted, mixed in a 1:1 ratio, and digested into peptides for
measurement. The lower panel outlines the workflow for TMT or Isobaric Tags for Relative and Absolute Quantitation (iTRAQ) labeling. In this
process, proteins are digested, and the peptides are subsequently labeled. After labeling, the peptides are mixed and measured. Quantitative
information is derived from reporter ions in the MS/MS spectrum. (B) The strategies for sample preparation. The upper panel depicts the preparation
of samples for post-translational modification (PTM) studies. Proteins are extracted and digested into peptides. Following this, a PTM enrichment
step is conducted, during which unmodified peptides are removed. The samples are subsequently measured. In the upper-middle panel, the apex or
BioID workflow is presented. The protein of interest, tagged with an enzyme, is activated by the addition of a reagent, resulting in the enzyme
biotinylating proteins in its immediate vicinity. Cells are lysed, and the biotinylated proteins are enriched using streptavidin beads. Thereafter,
proteins are digested into peptides and further analyzed with LC-MS/MS. The FASS workflow is depicted in the lower-middle panel. Initially,
synaptosomes are enriched and their subpopulations are sorted using fluorescent tagging of synaptic markers. Subsequently, proteins are digested
and measured. In the lower panel, the LCM workflow is illustrated, where a tissue sample is stained with various antibodies, and a specific region is
microdissected and isolated using a laser. This is followed by a standard proteomic workflow. The papers discussed in the review are indicated
adjacent to the workflow utilized.
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that the turnover of mitochondrially encoded subunits remains
stable, whereas nuclear encoded subunits differ in their turnover
rate between these two very different cell types. Such a comparison
of freely available proteomic datasets for specific cell types is a
useful resource and offers mechanistic insight for future research.

An important development to study synapses was fluorescence-
activated synaptosomes sorting (FASS), which relies on fluorescent
tagging of synaptic markers followed by fluorescence-activated
cell sorting, enabling high-purity isolation of specific synaptic
populations (Luquet et al., 2017; Figure 2B). This technique
has been utilized in several proteomics studies to elucidate the
complexity of DA synapses. Paget-Blanc et al. combined FASS
with label-free quantitative (LFQ) data-dependent acquisition
(DDA) proteomics to look into the synapses of the striatum in
midbrain mice, identifying 57 highly enriched proteins at the DA
synapses. These proteins were related to release sites, vesicles,
mitochondria, and cytoskeletal elements. They also described
“dopamine hub synapses,” showing that DA synapses associate
with cholinergic (14%), GABAergic (26%), and glutamatergic
(42%) partners, highlighting the complex microenvironment of DA
terminals and underscores the relevance of using organoids over
2D cultures (Paget-Blanc et al., 2022). Van Oostrum et al. also
used FASS to investigate synaptosomal differences across different
neuronal types in mice, including DA neurons. They focused
on the synaptic proteome of striatal DA terminals, where they
described 267 proteins significantly enriched at DA terminals. They
also revealed novel synapse-enriched proteins specifically for this
neuron type, such as MAPK3, ATP6V1G1 or KIF5C. Remarkably,
OXR1 (Oxidation resistance protein 1), a protein involved in
oxidative stress protection, was absent in DA synaptosomes but
present in others, which could potentially explain the vulnerability
of DA neurons to oxidative stress (van Oostrum et al., 2023).

Another major advancement in proteomics was the use of
enzymatic proximity labeling, which allows the study of protein-
protein interactions and subcellular localization. Briefly, the protein
of interest or “bait” is tagged with an enzyme, typically a biotin
ligase, which, upon the addition of a reagent, gets activated.
Upon activation, the enzyme biotinylates proteins in its instant
proximity, typically within a 10–20 nm radius. Cells are lysed,
and the biotinylated proteins are enriched with streptavidin beads
and further analyzed with LC-MS/MS (Figure 2B). The two most
commonly used enzymes are the mutant biotin ligase (BioID)
(Roux et al., 2012) and the ascorbate peroxidase (APEX) (Rhee
et al., 2013). BioID is slower (acts within hours) and has a labeling
radius of ∼10 nm, while APEX is much faster (acts within minutes)
and has a radius of ∼20 nm (Xu et al., 2021).

Using APEX2, Hobson et al. conducted a comprehensive
mapping of somatodendritic and axonal proteomes of DA neurons
from mouse midbrain slice. Their analysis revealed that 373
proteins were unique to the ventral midbrain (VM) and 708 to
the striatum. In the somatodendritic samples, protein functions
associated with protein synthesis and degradation machinery were
enriched. Conversely, the axonal/striatum samples were enriched
for autophagy, endocytosis, and glycolysis of transport. They also
described the unexpected axonal localization of the potassium
channels Kv4.3 and GIRK2, which were usually thought to only be
present in the soma (Hobson et al., 2022). Finally, Kershberg et al.
used BioID to investigate the proteomic composition of dopamine
release sites in the mouse striatum. They identified 527 enriched

proteins, which were mainly involved in secretory machinery,
calcium regulation, and synaptic vesicle function (Kershberg et al.,
2022). Notably, their study had a 65% overlap of axonal proteins
with those identified by Hobson et al. (2022). Taken together, spatial
proteomics has given new insights into the dynamic localization
and interaction of DA neurons’ proteins.

Post-translational modifications in DA
neurons

Post-translational modifications (PTMs), such as
phosphorylation, acetylation, and ubiquitination, play a crucial
role in cell signaling. PTMs critically modulate protein function
and are often perturbed in disease (Luo et al., 2023; Wu et al.,
2023). Phosphorylation can control receptor activation, ion
channel function, and neurotransmitter release (Comenencia-
Ortiz et al., 2014; Foster and Vaughan, 2017). However, this field
is quite understudied, and there are only a few studies in DA
neurons. One major limitation of PTMs study is the need for
an enrichment step that requires a relatively high initial protein
amount (Figure 2B). The previously discussed research by Li
et al. explored the phosphoproteome and the influence of specific
phosphorylation events on the protein lifetime in the mouse brain
(Li et al., 2025). Another example is the study by Meyer et al.,
which investigated phosphoproteomic profiles in brain organoids
derived from patients with BD (Meyer et al., 2025).

Bogerofte et al performed a comprehensive PTM analysis
(phosphorylation, sialylation, and cysteine modifications) on
iPSCs-derived neurons from four patients carrying a GBA-N370S
mutation and four control iPSCs lines. In total, they identified 7,988
phosphorylation sites (on 3,092 proteins), 2,862 N-linked glycosites
(on 1,055 proteins), and 11,148 reversible cysteine modifications
(on 4,456 proteins). Among the phospho-proteins, functions
related to RNA biology, such as RNA splicing or regulation of
mRNA metabolic process were enriched whereas for the reversible
cysteine-modified PTMs, RNA localization and ribonucleoprotein
complex biogenesis were some of the significantly regulated protein
functions (Bogetofte et al., 2023).

Lee et al. investigated the role of O-GlcNAcylation, a dynamic
glycosylation modification, in the mouse brain. They identified 926
proteins in the SNpc-VTA region and 919 in the striatum. Proteins
linked to pathways related to neuronal and synaptic structure
and function, including dopamine receptor-mediated signaling,
show abundant O-GlcNAcylation. Interestingly, the known marker
proteins Tyrosine Hydroxylase (TH) and Dopamine Transporter
(DAT) were found to be potentially O-GlcNAcylated (Lee et al.,
2020). In summary, these studies show the relevance of PTMs, as
they are shown to influence the regulation of multiple pathways
including, synaptic function, RNA-related processes, and also
protein turnover.

Applications of proteomics in
disease

Quantitative proteomics, particularly using tandem mass tag
(TMT) labeling, has become a common and powerful approach
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tool for studying protein alterations in disease contexts. This
method uses isobaric chemical tags that are covalently attached to
peptides, allowing both identification and relative quantification
of proteins across complex experimental conditions (Thompson
et al., 2003; Figure 2A). It has a high multiplexing capacity, allowing
the comparison of protein expression across multiple biological
samples simultaneously, highlighting its relevance in the study of
human brain tissue from patients and healthy controls.

Parkinson’s disease

Proteomics has highlighted the involvement of mitochondrial
impairment in PD, where DA neurons have a critical role.
Functional proteomics of samples with altered expression of
LRRK2, GBA1, or α-synuclein (αSyn) has revealed how these
proteins disrupt cellular pathways when mutated or misfolded.
For example, Blumenreich et al. performed proteomics on five
brain regions, including the SN and the striatum, from control,
idiopathic PD (IPD), and PD with GBA1 mutation (PD-GBA)
patients. This allowed the comparison of protein changes across
different brain regions within the same patients. When comparing
the IPD and PD-GBA, only two proteins were significantly altered
in most brain regions: GCase and ADl1. Mitochondrial oxidative
phosphorylation was impaired in PD brains, but more so in PD-
GBA cases, reinforcing the link between mitochondrial dysfunction
and PD (Blumenreich et al., 2024).

In a proteomic analysis of human SN from 15 PD and 15
healthy control patients, Jang et al. used TMT to identify over
10,000 proteins. Among these, 1,140 were differentially expressed
in the SN. They discovered downregulation of mitoribosome
proteins in PD, while RNA splicing and complement proteins were
upregulated (Jang et al., 2023).

As previously mentioned, the use of patient-derived iPSCs
opens the possibility for discovering new therapeutics. This was
the case in the study performed by Antoniou et al., where
iPSCs derived from a patient with the p.A53T αSyn mutation
(G209A in the SNCA gene) were used to study the effect of
the multi-kinase inhibitor BX795. To identify compounds with
possible neuroprotective properties, the author’s performed a
screening of 273 small-molecule kinase inhibitors. Only BX795, an
aminopyrimidine compound, showed a consistent dose-response
effect. It significantly restored proteins associated with RNA
metabolism, protein synthesis, modification, and clearance, and
stress response (Antoniou et al., 2022).

Knab et al. analyzed both the whole proteome and the
extracellular vesicles of iPSCs from a patient carrying the LRRK2
G2019S mutation and an isogenic gene-corrected control. In the
extracellular vesicles, they detected 484 significantly differentially
regulated proteins, whereas in cell lysates, they detected 1,833
proteins. In the 123 proteins detected in both datasets, they
reported 10 potentially novel biomarkers. Some examples were
SHH (sonic hedgehog signaling molecule), RHOA (Ras homolog
family member A) and CD44, which were upregulated, or
GALC (galactosylceramidase), ANXA1 (annexin A1) and AGO1
(argonaute RISC component 1), which were downregulated
(Knab et al., 2024). These findings illustrate the power of
combining proteomics with disease-relevant cell models for
biomarker discovery.

Neuropsychiatric disorders

Beyond PD, proteomics has been employed to uncover the
molecular underpinnings of other neuropsychiatric conditions. In
alcohol use disorder (AUD), Teng et al. used TMT to analyze
multiple different brain regions, including the NAc and VTA, from
the brains of 16 male AUD patients and 11 healthy individuals.
They found 34 proteins to be differently expressed in the NAc,
with lysine degradation and urea cycle pathways enriched. In the
VTA, there were 29 proteins differently expressed, with acute phase
response signaling being enriched, and six proteins associated with
this pathway were elevated in AUD (Teng et al., 2023).

Similarly, Puig et al. studied bulk tissue and synaptosome
preparations from the dorsolateral prefrontal cortex (DLPFC)
and the NAc from human brains with opioid use disorder
(OUD). In the NAc, they identified four upregulated and 29
downregulated proteins in the total proteome and 17 upregulated
and 39 downregulated in the synaptosomes. Overall, they showed
significant alterations in circadian rhythm, GABAergic, and
glutamatergic synaptic processes in both regions of the OUD
patients. When looking specifically into the regulated pathways in
the NAc synaptosomes, they found mitochondrial and endoplasmic
reticulum functions, along with second messenger signaling
cascades, to be enriched. They also investigated rhythmic proteins
(proteins that fluctuate in sync with circadian rhythms) and their
changes between unaffected and OUD subjects in synaptosomes. In
OUD, 23 proteins lost rhythmicity in the NAc, while seven did so in
the DLPFC. Conversely, 11 proteins gained rhythmicity in DLPFC
and none on NAc in the OUD samples (Puig et al., 2023).

As mentioned previously, Meyer et al. developed midbrain
organoids derived from iPSCs from patients with BD and healthy
controls, with a population of 60-70% of DA neurons. Using
TMT multiplexing, they found 234 significantly differentially
expressed proteins in BD organoids compared to the controls.
Upregulated proteins had enriched functions such as carboxylic
acid binding, lysophospholipase activity, and spine morphogenesis.
On the other hand, downregulated proteins were mainly related to
signaling pathways, including adenylate cyclase activity, NADPH
binding, and protein autophosphorylation. They also performed
phosphoproteomics, where they identified 196 differentially
phosphorylated proteins. Interestingly, synapse and postsynaptic
specialization processes, RNA-silencing, ribonucleoprotein
granules, and P-bodies processes were observed among the
cluster of hypo-phosphorylated proteins. In contrast, hyper-
phosphorylated proteins were involved in phosphatidylinositol
(PI) signaling system, a known target of the mood-stabilizing drug
lithium. These findings show the potential link between molecular
alterations and therapeutic mechanisms (Meyer et al., 2025).

Across neurodegenerative and psychiatric disorders,
proteomics (especially when coupled with models like patient-
derived iPSCs and advanced technologies such as TMT labeling)
has proven to be particularly useful in revealing mechanistic
insights into disease biology, identifying biomarkers, and
facilitating therapeutic discovery. Shared proteomic signatures
are emerging across neurodegenerative and psychiatric disorders.
Mitochondrial and synaptic dysfunctions were observed not only
in PD but also in AUD and OUD, indicating common vulnerability
pathways. Interestingly, defects of mitochondrial function and
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synaptic connectivity are associated with Schizophrenia, a
condition affecting both dopaminergic and cortical pathways
(Breitmeyer et al., 2023).

Nevertheless, each condition has distinct changes; for example,
PD uniquely involves dysregulated lysosomal function, alpha-
synuclein pathology, and dopaminergic neuron degeneration,
which are not typical features of AUD, BD, or OUD. Furthermore,
the primary subtype of DA neuron affected varies, with PD mainly
affecting SNpc DA neurons, while VTA DA neurons are more
involved in psychiatric disorders. These findings suggest some
overlap in DA-related pathophysiology but highlight the need for
disorder-specific proteomic analysis. In this regard, further cell
type specific and disease specific (genetic models, patient derived
or treatment) studies will offer a comprehensive picture of the
proteomic landscape of the human brain in health and disease.

Integration with other -omics

Multi-omics approaches enable the construction of
comprehensive molecular maps of DA neurons. Numerous
studies on DA neurons have been done on the transcriptomics
level (Birtele et al., 2022; Chung et al., 2005; Fiorenzano et al.,
2024; Jerber et al., 2021; Kamath et al., 2022; Krauskopf et al., 2022;
Mandel et al., 2007). Despite the overall insight provided by these
studies, it is important to note that the mRNA levels do not always
correlate with proteome levels (Schwanhäusser et al., 2011). This
difference has been shown to be even more pronounced for axonal
proteins (Moritz et al., 2019).

Some recent studies are starting to integrate different -
omics analyses. For example, Zhao et al., performed SMART-
seq2 transcriptomics and data-independent acquisition (DIA)
proteomics of different regions of the mouse brain (NAc,
SNpc, and VTA) at different stages of development. The overall
correlation between transcriptome and proteome was moderate
and consistent with other studies. This highlights the complexity of
transcriptional and translational regulation. However, ALDH1A1
(Aldehyde dehydrogenase 1A1) showed good consistency between
transcription and translation. Both the protein and mRNA levels
had a progressive increase across all regions, mainly in the VTA,
suggesting its potential as a marker for DA neuron maturation
(Zhao et al., 2025). Using iPSCs derived from fibroblasts from
seven sporadic PD patients and five age- and sex-matched
controls, Schmidt et al. performed an integrated transcriptomics,
proteomics, and metabolomics study. They found that the TCA
cycle, specifically the α-ketoglutarate dehydrogenase complex, is
a bottleneck in sporadic PD metabolism (Schmidt et al., 2023).
Bus et al. used homozygous PINK1 KO iPSCs-derived midbrain
specific neurons to perform metabolomics, transcriptomics and
proteomics. Across all the multi-omics experiments, nucleotide and
amino acid metabolism were highlighted in PINK1 KO hDANs.
In particular, protein functions related to amide metabolism
were enriched when transcriptomic and proteomic changes were
integrated (Bus et al., 2020). Connor-Robson et al. integrated
transcriptomics and proteomics in iPSCs-derived DA neurons
carrying the LRRK2-G2019S mutation (Connor-Robson et al.,
2019), whereas Novak et al. used midbrain DA iPSCs carrying
the I368N-PINK1 mutation and applied single-cell RNA-seq and
proteomics (Novak et al., 2022).

Despite the relevance of proteomics, it is important to integrate
the data with different omics, since they provide different layers
of information. This is especially relevant considering that the
correlation between mRNA and protein levels is quite low for
axonal proteins.

Emerging technologies in
proteomics and future applications

The future of DA neuron proteomics lies in improving
sensitivity and spatial resolution. One technique that can achieve
this is laser capture microdissection (LCM), used to isolate specific
cells or microscopic regions of tissue from heterogeneous samples.
A focused laser beam is used to cut the area of interest, which later
can be used to perform proteomics (Espina et al., 2006; Figure 2B).

Wulf et al. used LCM for isolated NMGs (neuromelanin
granules) and surrounding SN tissue from control patients.
Proteomic analysis revealed enrichment of lysosomal proteins in
NMGs, confirming the previously described link between NMGs
and lysosomes. TH was also highly abundant in NMGs (Wulf et al.,
2022). Zaccaria et al. used LCM to study DA from SNpc from
five PD patients and five control subjects, followed by RNAseq
and proteomics. They observed differential expression of 52 genes
and 33 proteins. As in previous reports, the correlation between
RNA and protein expression was low. Notably, CST3 (cystatin-
C) upregulation in PD samples was the only consistent finding
across the transcriptomic and proteomic datasets. Some genes, like
S100 B and MAOA, were upregulated at the RNA level but showed
no changes at the proteome level, and some others (e.g., MT1H,
CXCR4) were not even identified in the proteomic data despite
their upregulation at the RNA level. Interestingly, ALDH1A1
protein levels were decreased in PD samples (Zaccaria et al., 2022),
contrary the previously noted correlation in the Zhao et al. study
(Zhao et al., 2025).

A promising emerging field is single-cell proteomics, which is
advancing rapidly (Guo et al., 2025). This approach will provide
a key understanding of DA neuron heterogeneity, including their
differential susceptibility to disease. Single cell proteomics could
be applied to characterize neuronal subtypes from different brain
regions as well as non-neuronal cells like astrocytes. Dutta et al.
employed spatial single cell-proteomics through immunostaining-
LCM on cortex and SN from mouse brain. They compared
ventral SNpc to dorsal SN neurons, and identified ALDH1A1
as one of the upregulated hits in the ventral SN neurons
(Dutta et al., 2025). Zheng et al. recently introduce mipDVP,
a new cutting-edge imaging proteomics method combining
multiplexed imaging, single-cell laser microdissection, and mass
spectrometry (Zheng et al., 2025). This tool could be directly
applied into new research to look into the proteomes of the
different subpopulation of DA neurons allowing to study their
distinct proteomic signatures and vulnerabilities. Sabatier et al.
measure the protein turnover and abundance from single cells,
in particular from differentiated cells (Sabatier et al., 2025).
Although this was not specifically done on DA neurons, this
technique could also be applied to investigate about differences in
turnover of the subtypes of DA neurons, perhaps in combination
with FASS.
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Beyond cell and tissue specificity, proteomics also holds
promise for biomarker discovery and disease prediction. Artificial
intelligence (AI) and machine learning algorithms could be applied
to identify novel patterns and predictive biomarkers from complex
proteomic datasets. When integrated with multi-omics data, such
as transcriptomics, metabolomics, and epigenomics, AI-driven
models could enhance precision medicine approaches by offering
personalized therapeutic targets. The use of AI for predictive
biomarker discovery is already starting to be used in the field
of oncology (Alum, 2025; Prelaj et al., 2024) and even on
neurodegenerative diseases (Kitaoka et al., 2025).

While emerging techniques like spatial and single-cell
proteomics offer unprecedented resolution, they are not without
challenges. Low proteome coverage remains a significant limitation,
especially in single-cell studies where total protein yield is in the
picogram range (a single cell typically contains from 50 to 500
pg). Due to this, quantitation of the data can be noisy and
less reproducible. Additionally, complex equipment is required
for cell isolation and sample preparation (Rosenberger et al.,
2023). High data sparsity, batch effects, and technical variability
also hinder reproducibility. Methods like LCM and proximity
labeling also require specialized equipment and often suffer
from low throughput. LCM also requires tissue processing
and microdissection which can cause protein degradation
or modification, reducing data quality. Addressing these
limitations is important for the broad adoption of next-generation
proteomic technologies.

Conclusion

Beyond their descriptive power, proteomic studies have
provided critical mechanistic insights into DA neuron biology.
For instance, spatial proteomic approaches have revealed an
unexpected subcellular distribution of canonical and non-
canonical synaptic proteins (Cavarischia-Rega et al., 2024; Hobson
et al., 2022), such as the axonal localization for potassium channels
like Kv4.3 and GIRK2, suggesting previously unappreciated
roles in presynaptic excitability and dopamine release dynamics
(Hobson et al., 2022). Moreover, protein turnover studies
have highlighted the dynamic nature of vesicle trafficking and
neurotransmission machinery. Synaptic vesicle trafficking proteins
exhibit some of the shortest half-lives in iPSC-derived DA neurons
(Cavarischia-Rega et al., 2024), indicating tight regulation and
rapid remodeling of dopamine synaptic release mechanisms.
The use of proteomics has also unveiled key protein–protein
interactions at DA synapses, identifying machinery enriched in
calcium regulation and vesicular exocytosis, which are critical for
dopamine release and reuptake (Hobson et al., 2022; Kershberg
et al., 2022; Paget-Blanc et al., 2022; van Oostrum et al.,
2023). Mitochondrial proteomics has consistently reported the
downregulation of mito-ribosome and oxidative phosphorylation
components across multiple studies (Blumenreich et al., 2024;
Jang et al., 2023; Li et al., 2025; Plum et al., 2020; Stauch
et al., 2016), implicating that impaired mitochondrial bioenergetics
directly contributes to DA neuron vulnerability. Additionally,
the absence of antioxidant proteins like OXR1 from DA
synapses (van Oostrum et al., 2023) suggested a mechanistic

basis for selective oxidative stress sensitivity. Finally, proteomic
profiling of disease models has revealed alterations in different
pathways, which provide a biochemical explanation for observed
phenotypes in PD models, such as impaired neurite outgrowth,
vesicle recycling, and axonal transport (Bogetofte et al., 2023;
Knab et al., 2024).

Overall, continuous advancements in proteomics technologies
provide a key opening for future research on DA neurons. By
directly measuring protein abundance and modification states,
proteomics offers a functional readout of cellular processes that
may not always be reflected at the transcriptomic level. Another
significant advantage is the high-throughput and unbiased nature
of mass spectrometry-based proteomics, which can identify and
quantify thousands of proteins in a single experiment.

However, intrinsic characteristics of DA neurons, such as
their heterogeneity, sparse distribution, and deep localization in
the brain, present technical challenges. DA neurons are quite
heterogeneous and are localized in deep brain structures, impeding
direct access for experimental interventions, making it challenging
to obtain sufficient quantities for analysis without contamination
from other cell types. Even if enough material is obtained, the wide
dynamic range of protein abundance can mask low-copy proteins.
Furthermore, many PTMs are transient, sub-stoichiometric, and
biochemically fragile, increasing the difficulty of their study. Also,
proteins present very different half-lives, increasing the complexity
of any kind of dynamic study. Finally, comprehensive proteomic
studies still require expensive instrumentation, special expertise,
and considerable bioinformatics support, which impedes their
accessibility. Single cell and spatial proteomics, with better mass
analyzers and techniques such as mipDVP, will enable a more
comprehensive study of the different DA subtypes and their
synaptic microenvironments. As proteomic technologies continue
to evolve, their application across disease contexts will not only
deepen our molecular insights but also pave the way for precision
medicine in neurology and psychiatry.

In conclusion, continued technical innovation, open access
data sharing, and interdisciplinary integration will be essential
for translating new insights into mechanistic understanding of
dopaminergic neurons and, ultimately, therapeutic benefit.
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