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Abstract 

Dopamine signaling has long been framed through a neuron-centric lens, yet mounting evidence 
reveals that glial cells (astrocytes and microglia) serve as indispensable gatekeepers of dopaminergic 
tone, synaptic plasticity, and neuroimmune balance. Recent single-cell, spatial, and optical imaging 
studies have redefined dopamine circuits as multicellular ecosystems in which glial receptors, 
transporters, and gliotransmitters dynamically sculpt neuromodulation and behavior. Astrocytes 
fine-tune dopamine clearance, glutamate buffering, and metabolic coupling, while microglia 
integrate immune and stress cues recalibrate dopaminergic signaling across striatal and cortical 
circuits. Their bidirectional interactions, both glia–glia and glia–neuron, mediate resilience or 
vulnerability in contexts ranging from motivation and stress adaptation to Parkinson’s disease, 
depression, and post-viral fatigue syndromes. This review synthesizes emerging evidence that glial–
dopamine crosstalk is a systems-level regulator of neuroinflammation and plasticity, bridging 
cellular metabolism, immune tone, and behavioral output. By integrating multi-omics, in vivo 
imaging, and computational models, we propose a translational framework for targeting astrocytic 
and microglial states to restore dopaminergic homeostasis. Understanding and manipulating these 
non-neuronal interfaces may open the next frontier in precision neuropsychiatry and 
neurodegeneration therapeutics. 

Keywords: glial–dopamine crosstalk; astrocyte–microglia interactions; neuroinflammation; 
dopaminergic circuits; motivation and stress; Parkinson’s disease; precision neurotherapeutics; 
single-cell and spatial transcriptomics 
 

1. Introduction 

For decades, dopamine (DA) has been understood primarily through a neuronal lens. 
Synthesized and released by midbrain dopaminergic neurons—classically in the substantia nigra 
pars compacta and ventral tegmental area—DA was framed as a transmitter that sculpts basal 
ganglia, prefrontal cortex (PFC), amygdala, and interconnected circuits [1,2]. Within this model, 
dopamine mediated a wide spectrum of functions, from motor control and reinforcement learning to 
motivation, decision-making, and working memory [3]. Pathological perturbations in this system 
were accordingly linked to movement disorders such as Parkinson’s disease, as well as psychiatric 
syndromes including schizophrenia, addiction, and ADHD [4]. Glia, in contrast, were relegated to 
supportive or defensive roles: astrocytes as ionic and metabolic buffers, microglia as immune 
sentinels engaged in pruning and injury repair [5]. 

This classical dichotomy has increasingly eroded over the past decade, as mounting evidence 
has repositioned astrocytes and microglia from peripheral bystanders to active regulators of 
dopaminergic tone. Astrocytes not only express functional dopamine receptors but also directly 
modulate synaptic plasticity. For instance, activation of D1/D5 receptors in spinal astrocytes has been 
shown to induce non-Hebbian long-term potentiation at primary afferent inputs, thereby reshaping 
excitatory drive independently of canonical neuronal pathways [6]. Complementing this, recent work 
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identified astrocytic Dop2R signaling as a potent regulator of neighboring dopaminergic neuron 
excitability, situating astrocytes within closed feedback loops that dynamically govern dopamine 
release [7]. Collectively, these findings converge on the recognition that astrocytic responses to 
dopamine are highly context-dependent: in certain environments, they exert anti-inflammatory and 
neuroprotective effects, whereas under other conditions they promote pro-inflammatory and 
neurotoxic outcomes, with gliotransmitter and neurotrophin release serving as critical modulatory 
levers [8,9] 

Astrocytic influence also extends indirectly through crosstalk with other neuromodulators. 
Striatal astrocytes regulate extracellular GABA and adenosine, thereby constraining DA release 
through GABAA/B and adenosine A1 receptor pathways [10]. Notably, soma-to-soma configurations 
with cholinergic interneurons allow astrocytes to exert subsecond precision over dopamine 
dynamics, positioning them as fast integrators rather than slow homeostatic buffers. 

Microglia have likewise emerged as indispensable architects of dopaminergic circuitry. 
Developmental studies demonstrate that microglia orchestrate DA axon growth, pruning, and 
synaptic connectivity, with early-life stress reprogramming microglial transcriptional states and 
destabilizing the maturation of dopaminergic projections [11,12]. In adulthood, dopamine itself 
exerts reciprocal control over microglial activity. Experimental evidence shows that DA exposure 
activates inflammasome signaling and upregulates (interleukin-1β) IL-1β expression in microglia and 
macrophages, with the magnitude and direction of these responses determined by the relative 
balance of D1-like versus D2-like receptor expression [13]. Under conditions of inflammatory 
comorbidity, such as HIV infection, these effects are markedly amplified, establishing bidirectional 
feedback loops in which dopamine modulates microglial state, while activated microglia, in turn, 
regulate DA synthesis, reuptake, and neuronal survival. 

Together, these findings force a conceptual shift. The once-dominant tripartite synapse (neuron–
astrocyte–presynaptic terminal) must be expanded into a quadripartite model of dopaminergic 
regulation, integrating microglial, vascular, and immune influences [14]. Cytokine release, blood–
brain barrier dynamics, and immune trafficking emerge as indispensable modulators of DA 
physiology. High-resolution single-cell and spatial transcriptomics reveal marked heterogeneity 
across astrocytic and microglial populations in midbrain and striatal territories, some enriched for 
DA receptor expression, others correlated with selective neuronal vulnerability in aging and disease 
[15]. These findings dismantle the notion of dopamine as a purely neuronal currency, reframing it as 
a network-embedded signal embedded in glial, metabolic, and immune landscapes [16]. 

This reconceptualization yields three transformative implications. First, glial responses to DA 
are bidirectional and context-sensitive: receptor subtype, developmental window, and stress or 
disease state determine whether outcomes are neuroprotective or neurotoxic [17]. Second, DA–glia 
interactions exhibit striking temporal and spatial heterogeneity, differing across striatum, PFC, and 
hippocampus, and shifting from development to pathology [18]. Third, dopamine signaling is now 
inseparable from immune and metabolic states, embedding neuromodulation within vascular and 
systemic physiology [19]. 

The implications of these converging findings are profound and demand systematic synthesis. 
Recasting astrocytes and microglia as central gatekeepers of dopaminergic tone provides a novel 
conceptual lens through which to understand the mechanisms of selective vulnerability across a 
spectrum of disorders, including Parkinson’s disease, depression, and schizophrenia. At the 
translational interface, the modulation of glial dopamine receptors, the fine-tuning of receptor 
subtype ratios, and the targeting of dopamine-sensitive inflammatory cascades emerge as promising 
therapeutic strategies. In this context, the present review seeks to advance an integrative framework 
encompassing molecular, cellular, and systems-level perspectives within an expanded quadripartite 
synapse model designed to orient future research trajectories and inform the rational development 
of next-generation dopaminergic interventions. 
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2. Astrocytic Control of Dopamine Signaling 

Astrocytes have increasingly been recognized as circuit-defining regulators of dopaminergic 
neurotransmission. Far from being passive support elements, they express functional dopamine 
receptors, release gliotransmitters that shape synaptic plasticity, and buffer neuromodulators such as 
adenosine and GABA with subsecond precision, particularly within striatal networks [20]. This 
dynamic control reframes dopaminergic function, positioning astrocytes as determinants of phasic 
versus tonic dopamine signaling and linking regional astrocytic heterogeneity to behavioral domains 
including movement, reward, affect, and nociception (Table 1) [9]. 

Table 1. Astrocytic Modulation of Dopaminergic Signaling. 

Focus Astrocytic 

Mechanisms 

Circuit Context Key Implications References 

Dopamine 

Receptors 

Expression of D1/D5, 

D2, D4; astrocytic 

D1/D5 required for 

non-Hebbian LTP; 

cortical laminar 

gradients (layer I > 

deep). 

Spinal 

nociceptive 

pathways; 

cortical apical 

dendritic zones. 

Establish 

astrocytic DA 

receptors as causal 

regulators of 

plasticity and 

cognition. 

[6,21] 

Receptor 

Heteromers 

D2–OTR and A2A–

D2–OTR complexes; 

regulate Ca²⁺ and 

glutamate release; 

integrate DA, 

adenosine, oxytocin. 

Striatal 

astrocytes. 

Provide 

multimodal 

integration; 

implicated in 

reward learning 

and habit 

pathology. 

 [22–25]  

Gliotransmission DA-induced 

glutamate release; 

lowered threshold for 

Ca²⁺ waves; DA–

glutamate–astrocyte 

loop. 

Spinal circuits 

(LTP induction); 

striatum 

(interneuron-

driven DA 

release). 

Astrocytes 

function upstream 

and downstream 

of DA, 

modulating 

plasticity and 

reinforcement. 

[6,10,26,27] 

Uptake & 

Clearance 

Buffering of 

adenosine/GABA; 

EAAT1/2-mediated 

glutamate clearance. 

Striatal DA 

terminals; 

cortico-thalamic 

inputs. 

Real-time gating 

of DA tone; 

substrate for 

glutamate–DA 

crosstalk. 

[10,28,29] 
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Regional 

Specificity 

Striatal astrocytes: 

soma-to-soma contacts 

with interneurons, 

enriched heteromers.  

Cortical astrocytes: 

D1R/D4R-rich in layer 

I. 

Striatum: phasic 

DA release, 

motor/reward 

control.  

Cortex: working 

memory, 

attention. 

Dysregulation 

linked to PD, 

addiction, 

compulsive 

habits; 

schizophrenia, 

ADHD. 

[10,21] 

2.1. Astrocytic Dopamine Receptors: Distribution, Signaling Consequences, and Heteromers 

Astrocytes express multiple subtypes of dopamine receptors, and their activation exerts direct 
consequences on neural circuit dynamics. Within nociceptive pathways of the dorsal horn, astrocytic 
D1/D5 receptor activity is indispensable for a form of non-Hebbian long-term potentiation (LTP), as 
astrocyte-specific receptor knockdown abolishes plasticity at primary afferent synapses whereas 
neuronal knockdown does not [6]. This establishes astrocytic dopamine receptors as causal 
determinants of synaptic gain and broadens the locus of dopaminergic influence beyond neurons. 

Cortical investigations reveal region- and layer-specific gradients of receptor expression, with 
superficial astrocytes in layer I exhibiting strong immunoreactivity for D1R and D4R, moderate levels 
of D5R, and lower expression of D2R, whereas deeper protoplasmic astrocytes display substantially 
reduced expression [21]. These laminar differences suggest that astrocytic networks located near 
pyramidal apical dendrites are positioned as hubs for top-down cortical modulation of dopaminergic 
tone. 

Beyond individual receptor subtypes, astrocytes form heteromeric receptor complexes that 
expand their computational repertoire. Assemblies such as D2–oxytocin receptor heteromers and 
higher-order A2A–D2–oxytocin receptor complexes have been identified in striatal astrocytic 
processes [22]. These complexes regulate intracellular Ca²⁺ signaling and glutamate release, creating 
receptor–receptor interactions (RRIs) that function as molecular logic gates for convergent 
neuromodulatory inputs. Through these RRIs, astrocytes integrate dopaminergic, adenosinergic, and 
oxytocinergic signals, highlighting their role as computational integrators of neuromodulation rather 
than passive relay stations [23,24]. 

2.2. Astrocytic Gliotransmission as an Upstream and Downstream Regulator of Dopamine 

Astrocytic gliotransmission operates both upstream of dopamine release and downstream at 
postsynaptic sites [27]. In nociceptive networks, D1/D5 receptor activation in astrocytes drives non-
Hebbian LTP at primary afferent synapses, even under conditions of minimal postsynaptic activity, 
indicating that astrocytes can independently set thresholds for synaptic potentiation [6]. This expands 
the classical framework of plasticity and positions astrocytes as active drivers of long-term 
information storage. 

In the striatum, astrocytes modulate dopamine release indirectly by regulating extracellular 
adenosine and GABA, which in turn shape the excitability of cholinergic interneurons. In vivo 
imaging demonstrates that astrocytic depolarization can rapidly shift interneuron firing and thus 
sculpt dopamine release dynamics on subsecond timescales [10]. This astrocyte–interneuron axis 
reframes astrocytes as fast regulators of dopaminergic output, functioning with temporal precision 
previously attributed exclusively to neurons. 

Astrocytes also act as cross-modal integrators at excitatory–dopaminergic interfaces. Dopamine 
lowers the threshold for glutamate-evoked Ca²⁺ waves in astrocytes, thereby amplifying and 
propagating intracellular signals [26]. This synergy creates a bidirectional dopamine–glutamate–
astrocyte loop, enabling fine-tuning of excitatory integration and circuit output. 
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2.3. Astrocytic Uptake and Clearance in Dopamine Regulation 

Astrocytes critically regulate neuromodulator tone through uptake and clearance mechanisms. 
In the striatum, astrocytic buffering of GABA and adenosine modulates the inhibitory control of 
dopaminergic terminals via GABAA/GABAB and A1 receptors. Transient depolarization or disruption 
of astrocytic buffering alters cholinergic interneuron excitability and dopamine release within 
hundreds of milliseconds, underscoring the role of astrocytes as real-time gatekeepers of 
dopaminergic signaling [10]. 

Although in vivo evidence for direct astrocytic involvement of EAAT1/2 transporters in 
dopamine regulation remains limited, single-cell and spatial transcriptomics reveal that astrocyte 
subtypes within dopamine-rich regions differentially express EAAT isoforms [28,29]. This suggests 
that glutamate clearance capacity indirectly modulates dopaminergic excitability, particularly where 
glutamate spillover from cortical or thalamic inputs could influence dopaminergic neurons or striatal 
projection neurons. By serving as buffers between excitatory drive and dopaminergic responsiveness, 
astrocytic EAATs provide a mechanistic substrate for glutamate–dopamine crosstalk [30,31]. 

Collectively, these insights establish astrocytic transporters and buffering systems as hidden 
regulators of dopamine tone, integrating GABAergic, adenosinergic, and glutamatergic dynamics 
into the dopaminergic system and expanding the framework of dopamine regulation beyond 
neuronal boundaries. 

2.4. Astrocytic Modulation of Dopamine: Circuit-Specific Mechanisms in Striatum and Cortex 

Astrocytic modulation of dopamine signaling displays striking regional specificity, reflecting the 
anatomical and computational demands of distinct circuits. In the striatum, astrocytes form 
specialized soma-to-soma “satellite” configurations with cholinergic interneurons, enabling direct 
influence over interneuron excitability. These structural interactions, combined with astrocytic 
buffering of adenosine and GABA, allow astrocytes to regulate dopamine release with remarkable 
temporal precision on subsecond timescales [10]. Striatal astrocytes are further enriched with 
heteromeric receptor complexes, including A2A–D2–oxytocin receptor assemblies, which couple to 
Ca²⁺ dynamics and glutamate gliotransmission [22,25]. This molecular machinery equips striatal 
astrocytes with multi-channel mechanisms for tuning phasic dopamine release, thereby shaping 
reinforcement learning, reward prediction error signaling, and motor control. Dysregulation of these 
astrocytic processes has been implicated in maladaptive dopaminergic states underlying Parkinson’s 
disease, substance use disorders, and compulsive habit formation. 

By contrast, astrocytic contributions in the prefrontal cortex are defined by the laminar 
organization of cortical circuits. Superficial astrocytes in the pial and layer I zones display strong 
expression of D1R and D4R, moderate levels of D5R, and weak D2R enrichment, placing them in 
strategic proximity to pyramidal neuron apical dendrites [21]. These astrocytes are positioned to 
shape the apical integration of long-range inputs and are thought to engage Ca²⁺-dominated signaling 
cascades rather than classical cAMP-mediated pathways [32]. This lamina-specific dopaminergic 
responsiveness implicates cortical astrocytes in regulating higher-order processes such as working 
memory, attentional control, and cognitive flexibility. Perturbation in these astrocytic mechanisms 
may contribute to psychiatric pathophysiology, including schizophrenia and attention-
deficit/hyperactivity disorder. Collectively, these findings underscore that astrocytic modulation of 
dopamine is spatially and functionally specialized, operating through distinct cellular principles in 
subcortical versus cortical territories. 

2.5. Technological Innovations for Causal and Temporally Precise Dissection of Astrocyte–Dopamine 
Signaling 

The recognition of astrocytes as active participants in dopaminergic signaling has been enabled 
by recent methodological advances that combine genetic precision, optical speed, and molecular 
resolution. 
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Genetic approaches such as conditional knockouts and astrocyte-specific receptor silencing have 
provided causal evidence that astrocytic dopamine receptors are indispensable for synaptic plasticity. 
The elimination of D1/D5 receptors selectively in astrocytes—but not neurons—abolishes non-
Hebbian LTP in nociceptive pathways, establishing the astrocytic necessity for circuit-level plasticity 
[6]. 

Fast optical reporters now allow real-time monitoring of dopamine fluctuations and astrocytic 
dynamics in vivo. Genetically encoded GRAB-DA sensors, in conjunction with calcium indicators 
such as GCaMP, reveal astrocyte–interneuron interactions that control dopamine release with 
millisecond precision. These findings overturn the traditional notion of astrocytes as slow 
modulators, instead of situating them as rapid, temporally precise regulators of neuromodulation 
[10]. 

Molecular mapping techniques, including proximity ligation assays, super-resolution 
microscopy, and spatial transcriptomics, have delineated the subcellular organization of receptor 
heteromers in astrocytes. Complexes such as A2A–D2–oxytocin receptor assemblies localize to 
striatal astrocytic membranes, where they govern Ca²⁺ signaling and gliotransmitter release [22]. 
These techniques provide a structural and biochemical framework that links receptor topography to 
astrocytic neuromodulatory functions. 

Together, these methodological innovations are transforming the field by enabling causal, 
temporally resolved, and molecularly precise dissection of astrocytic contributions to dopaminergic 
circuits. Such tools not only deepen mechanistic insight but also establish a foundation for 
translational strategies that target astrocytic pathways in dopamine-related disorders. 

Despite the transformative advances that have repositioned astrocytes as dynamic and 
temporally precise regulators of dopaminergic signaling, several critical gaps remain. The direct 
contribution of astrocytes to dopamine transporter function is still unresolved; while anatomical 
proximity suggests potential interactions, definitive in vivo evidence is lacking. The full repertoire of 
gliotransmitters released under dopaminergic influence remains incompletely characterized, and the 
intracellular signaling pathways engaged by astrocytic dopamine receptors display considerable 
regional and state-dependent variability. Moreover, the behavioral significance of astrocytic 
dopamine signaling in higher-order cognition and psychiatric disorders remains insufficiently 
explored. Addressing these knowledge gaps will require systematic application of real-time 
dopamine sensors in combination with astrocyte-specific perturbations during behavior, alongside 
causal testing to link prefrontal astrocytic dopamine signaling with psychiatric phenotypes such as 
schizophrenia, attention-deficit/hyperactivity disorder, and mood disorders. 

2.6. Therapeutic Horizons: Targeting Astrocytic Pathways in Dopaminergic Disorders 

The recognition of astrocytes as active and temporally precise regulators of dopaminergic signaling 
has opened new translational frontiers, repositioning glial pathways as promising therapeutic entry 
points. Unlike traditional neuron-centric models, astrocytic targets provide opportunities for more 
nuanced and circuit-specific modulation of dopaminergic tone (Figure 1). Selective targeting of 
astrocytic D1/D5 receptors represents one avenue of intervention, offering the ability to influence 
non-Hebbian plasticity within nociceptive pathways. By modulating these receptors, it may be 
possible to normalize maladaptive plasticity underlying chronic pain syndromes, thereby extending 
dopaminergic therapies beyond canonical neuronal targets [6]. 
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Figure 1. Astrocyte-Targeted Therapeutic Pathways for Modulating Dopamine Circuits in Health and Disease. 

Another promising direction involves the manipulation of receptor heteromeric complexes. The 
identification of astrocytic A2A–D2–oxytocin receptor assemblies highlight novel druggable 
interfaces, with pharmacological ligands capable of stabilizing or disrupting these complexes to fine-
tune Ca²⁺ dynamics and gliotransmitter release. Such strategies may provide higher specificity than 
single-receptor agents, with particular relevance to Parkinson’s disease, where aberrant adenosine–
dopamine interactions drive motor fluctuations, and to compulsive or addictive disorders 
characterized by maladaptive reinforcement learning [16,22]. 

Astrocytic buffering of adenosine and GABA represents a further therapeutic axis. 
Pharmacological manipulation of these transporter systems may restore the phasic–tonic balance of 
dopamine release, with potential applications in conditions such as obsessive–compulsive disorder, 
habit pathology, and Parkinsonian dyskinesias [10]. Beyond pharmacology, astrocyte-directed 
neuromodulation technologies, including chemogenetic, optogenetic, and nanoparticle-based 
approaches—are emerging as powerful tools to achieve temporally precise and spatially selective 
control of astrocytic activity. These technologies provide both mechanistic insight and translational 
potential, enabling the development of targeted interventions within dopamine-related disorders. 

Collectively, these strategies mark a paradigm shift from neuron-exclusive interventions toward 
glia–neuron co-modulation, underscoring astrocytic mechanisms as tractable and highly specific 
therapeutic nodes within dopaminergic circuitry. By leveraging receptor- and transporter-based 
strategies alongside next-generation neuromodulation platforms, astrocyte-centered therapeutics 
hold the potential to redefine the treatment landscape for disorders rooted in dopaminergic 
dysfunction. 

3. Microglial–Dopamine Crosstalk and Neuroinflammation 

Microglia are increasingly recognized as critical modulators of dopaminergic physiology. 
Beyond their classical roles in surveillance and synaptic pruning, microglia sense dopamine through 
receptor-mediated pathways, translate these signals into metabolic and inflammasome programs, 
and release cytokines that shape dopaminergic neuronal viability (Table 2). These bidirectional 
interactions are now implicated in prodromal Parkinson’s disease, systemic immune comorbidities 
such as HIV, and stress-related psychiatric syndromes, positioning microglia as context-dependent 
amplifiers—or brakes—of dopamine biology [13,33]. 
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 October 2025 doi:10.20944/preprints202510.1233.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1233.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 46 

 

Table 2. Microglial Regulation of Dopamine Signaling and Neuroinflammation. 

Mechanistic 

Domain 

Mechanistic 

Description 

Representative 

Evidence 

Pathological Relevance 

Receptor-

mediated 

signaling 

Microglia express 

DRD1–DRD4 

(DRD2/DRD4 enriched). 

DRD2 signaling 

suppresses 

inflammasome activity; 

DRD1 enhances pro-

inflammatory cascades. 

Balance dictates 

outcome. 

Transcriptomic and 

proteomic validation 

[3–6]; functional 

suppression or 

activation of NLRP3 

inflammasome by DA 

[7,8]. 

Dopamine acts as 

context-dependent brake 

(via DRD2) or amplifier 

(via DRD1) of 

neuroinflammation. 

Inflammatory 

polarization 

Dopamine tunes 

microglial states: DRD2 

biases toward 

reparative, anti-

inflammatory programs; 

DRD1 predominance 

amplifies IL-1β and NF-

κB signaling. 

Transcriptomic 

induction of cytokine 

and inflammasome 

genes in DA-exposed 

microglia [1,9–11]. 

Determines switch 

between neuroprotection 

and neurotoxicity; central 

in chronic immune stress 

and HIV. 

Stress and 

metabolic 

priming 

Chronic stress alters 

lipid metabolism, 

mitochondrial 

respiration, and redox 

balance, lowering 

microglial activation 

thresholds. DA 

stimulation more readily 

triggers inflammasome 

activity. 

GRAB-DA recordings 

in stress paradigms 

[12,13]; PET studies in 

prodromal PD showing 

immune activation 

preceding DA decline 

[14,15]. 

Exaggerated immune 

reactivity; heightened 

vulnerability to 

depression, anhedonia, 

and neurodegenerative 

progression. 

Proteinopathy 

and toxic 

metabolites 

α-Synuclein activates 

TLR2/TLR4–NF-κB–

NLRP3 axis; DA-

derived metabolites 

(DOPAL, quinones) 

α-synucleinopathy 

models show cytokine 

release and pathology 

propagation [19–22]; 

DOPAL–α-synuclein 

Amplifies microglial pro-

inflammatory bias; 

accelerates dopaminergic 

degeneration in 

Parkinson’s disease. 
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induce oxidative stress 

and toxic adduct 

formation. 

adducts accelerate 

fibrillization [26–28]. 

Reciprocal 

immune–

dopamine 

loops 

Microglial cytokines (IL-

1β, TNF-α, IL-6) 

suppress TH, blunt DA 

release, and disrupt 

DAT trafficking. 

Systemic inflammation 

reprograms DA–

microglia interactions. 

Longitudinal PET 

studies in prodromal 

PD [29,30]; HIV and 

systemic immune 

models show 

maladaptive DA-driven 

inflammasome 

activation [1]. 

Self-reinforcing cycle 

where inflammation 

impairs DA signaling and 

DA dysregulation further 

activates microglia. 

3.1. Dopamine Receptor Expression and Signaling in Microglia 

Large-scale transcriptomic and proteomic studies confirm that microglia possess a selective 
repertoire of dopamine receptors. Across both human and rodent systems, DRD2 and DRD4 are 
consistently enriched, DRD1 and DRD3 are expressed at moderate levels, and DRD5 expression is 
minimal [34,35]. Crucially, these are not merely transcriptional traces but functional proteins capable 
of initiating intracellular cascades. DRD2 engagement couples to Gi/o signaling pathways, reducing 
cAMP levels and influencing downstream inflammasome activity, while DRD1 couples to Gs-cAMP-
PKA signaling, thereby promoting opposing effects [36,37]. 

Functional assays in human primary microglia and immortalized lines reveal that dopamine 
signaling through DRD1 and DRD2 can suppress NLRP3 inflammasome activation, reducing IL-1β 
release under canonical (LPS/ATP), non-canonical (caspase-11), and proteinopathy-associated (α-
synuclein) challenges [38,39]. This positions dopamine as an endogenous checkpoint regulator, 
constraining excessive immune activation and preventing runaway neuroinflammation. In this 
framework, dopamine emerges not only as a neuromodulator of synaptic transmission but also as an 
immunomodulatory signal critical for maintaining homeostatic balance. 

3.2. Dopamine Control of Microglial Polarization and Inflammatory Tone 

Microglia operate along a polarization spectrum spanning pro-inflammatory, M1-like states and 
reparative, M2-like states. Dopamine signaling exerts a powerful influence over this spectrum, but 
its effects are highly dependent on receptor balance, local immune context, and disease state. Under 
physiological conditions, DRD1/DRD2 activation promotes anti-inflammatory programs: attenuating 
NLRP3 activation, reducing IL-1β production, and upregulating reparative gene networks. Such 
actions are consistent with neuroprotective phenotypes observed in preclinical models of delirium 
and Parkinsonian pathology [40,41]. 

However, the ratio of DRD1-like to DRD2-like signaling appears to function as a regulatory 
switch. When DRD1 activity predominates, dopamine stimulation paradoxically amplifies IL-1β 
transcription, enhances inflammasome activity, and drives sustained pro-inflammatory responses, 
particularly under chronic immune challenge such as HIV infection [13]. By contrast, DRD2 signaling 
exerts counter-regulatory effects, restraining this pro-inflammatory cascade. Transcriptomic profiling 
of dopamine-exposed microglia further supports this duality, revealing coordinated induction of IL-
1β pathway genes, inflammasome adaptors, and NF-κB targets under conditions of receptor 
imbalance [12,13,41]. 

Together, these findings establish dopamine as a context-sensitive modulator of microglial state, 
capable of functioning either as an anti-inflammatory brake or a pro-inflammatory accelerator. The 
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outcome is determined not by dopamine alone, but by the dynamic balance of receptor subtype 
activation, immune context, and cellular state—a principle that has profound implications for 
neurodegeneration, neuroinflammation, and psychiatric disease. 

3.3. Stress, Trauma, and Depression: Priming the Microglial–Dopamine Axis 

Although direct investigations of dopamine–microglia interactions in stress-related and 
depressive disorders remain limited, converging mechanistic evidence implicates microglial 
metabolic priming as a central vulnerability factor. Chronic stress reshapes microglial physiology by 
altering lipid metabolism, mitochondrial respiration, and redox balance, thereby lowering the 
threshold for immune activation. Under these conditions, dopaminergic stimulation more readily 
engages inflammasome pathways, producing exaggerated pro-inflammatory responses in stressed 
neural circuits [42,43]. This metabolic reprogramming effectively converts dopamine from a 
homeostatic signal into a trigger for maladaptive immune amplification. 

Clinical neuroimaging provides convergent evidence. In idiopathic REM sleep behavior 
disorder, widely regarded as a prodromal stage of Parkinson’s disease, translocator protein- positron 
emission tomography (TSPO-PET) imaging reveals heightened microglial activation in the substantia 
nigra and basal ganglia. These immune changes correlate with reduced dopamine transporter 
binding and diminished tyrosine hydroxylase activity, suggesting that immune activation may 
precede, or at minimum parallel, dopaminergic decline [44,45]. Such findings lend support to a feed-
forward model in which microglial priming accelerates the trajectory from stress-linked vulnerability 
to neurodegenerative pathology. 

Experimental models further illuminate the heterogeneity of stress-responsive microglia. 
Distinct inflammatory microglial subtypes have been identified in α-synucleinopathy and tauopathy 
contexts, enriched for gene signatures linked to lipid metabolism, immune cell trafficking, and 
inflammasome activation [46,47]. While direct characterization of dopamine receptor expression 
within these subtypes is still lacking, their transcriptional profiles strongly suggest increased 
sensitivity to dopaminergic modulation. This framework provides a mechanistic bridge between 
stress-induced microglial priming and the heightened susceptibility to dopamine-driven 
inflammatory cascades, with implications extending across psychiatric and neurodegenerative 
disorders. 

3.4. Microglial Drivers of Dopaminergic Vulnerability in Parkinson’s Disease 

The contribution of microglia to dopaminergic degeneration in Parkinson’s disease is now 
recognized as the outcome of converging processes involving protein aggregation, mitochondrial 
dysfunction, and dysregulated dopamine catabolism [48]. Aggregated α-synuclein interacts with 
pattern recognition receptors such as TLR2 and TLR4 on microglia, initiating NF-κB–NLRP3 
inflammasome signaling and driving the release of pro-inflammatory cytokines including IL-1β, 
(tumor necrosis factor-α) TNF-α, and IL-6 [49,50]. This inflammatory cascade not only accelerates 
neuronal injury but also facilitates the cell-to-cell propagation of α-synuclein pathology. Post-mortem 
analyses consistently reveal microgliosis within the substantia nigra and striatum, while in vivo PET 
imaging with TSPO ligands demonstrates widespread microglial activation in Parkinson’s disease, 
closely correlating with both motor severity and dopaminergic loss [51,52]. 

Mitochondrial dysfunction further amplifies this inflammatory milieu. Damage to dopaminergic 
neurons and microglia generate excessive reactive oxygen species and releases mitochondrial DNA, 
cardiolipin, and other danger-associated molecular patterns, sustaining chronic inflammasome 
activity [53,54]. Transcriptomic profiling of inflammatory microglial states in α-synucleinopathy and 
tauopathy models highlights profound alterations in lipid metabolism and mitochondrial respiration, 
features that bias microglia toward pro-inflammatory polarization while diminishing their 
neuroprotective capacity [55]. 

In parallel, dopamine metabolism itself contributes toxic amplifiers of neurodegeneration. The 
reactive metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL) forms adducts with α-synuclein, 
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enhances fibrillization, and exerts direct cytotoxic effects on dopaminergic neurons [56] . 
Impairments in detoxification pathways, such as aldehyde dehydrogenase deficiency, allow 
accumulation of dopamine-derived quinones and aldehydes, which impose oxidative and 
electrophilic stress that further bias microglia toward pro-inflammatory states [57]. Integrative 
analyses now emphasize how this metabolite-driven toxicity intersects with genetic susceptibility 
loci, including LRRK2 and GBA, to potentiate microglial activation and accelerate the trajectory of 
neurodegeneration [58]. 

Taken together, these findings establish Parkinson’s disease as a multifactorial disorder of 
microglia–dopamine interaction, in which aggregated α-synuclein, mitochondrial distress, and 
reactive dopamine metabolites converge on shared inflammasome and oxidative pathways. This 
convergence not only heightens dopaminergic vulnerability but also perpetuates a self-reinforcing 
cycle of neuroinflammation and neuronal loss, underscoring the centrality of microglial mechanisms 
in the pathophysiology of the disease. 

3.5. Reciprocal Immune–Dopamine Feedback Loops 

Microglia and dopaminergic neurons are engaged in reciprocal feedback circuits that, when 
dysregulated, amplify pathology across both neurodegenerative and psychiatric conditions. 
Activated microglia release cytokines such as IL-1β, TNF-α, and IL-6, which downregulate tyrosine 
hydroxylase expression, blunt dopamine release, and disrupt dopamine transporter trafficking [59]. 
These immune-mediated suppressive effects on dopamine synthesis are consistent with findings 
from preclinical toxin models as well as human neuroimaging. Longitudinal PET investigations in 
prodromal cohorts, such as idiopathic REM sleep behavior disorder, reveal that heightened 
microglial activation precedes measurable striatal dopaminergic decline, suggesting that immune 
activity is not a secondary consequence but an early driver of nigrostriatal dysfunction [60]. 

Peripheral immune comorbidities further recalibrate dopamine–microglia interactions. In states 
of chronic systemic inflammation or infection, such as HIV, dopamine signaling assumes a 
maladaptive profile. Human macrophage and microglial studies demonstrate that immune challenge 
amplifies dopamine-induced inflammasome activation and IL-1β release, an effect dependent on the 
relative balance of DRD1-like versus DRD2-like receptors [13]. This finding underscores how 
systemic immune states can reprogram microglial dopamine sensitivity, potentially explaining the 
heightened vulnerability to neuroinflammation in patients receiving dopaminergic therapies or 
psychostimulants in the context of comorbid infections. Thus, dopamine not only modulates 
microglial state but is itself reshaped by immune tone, creating a self-reinforcing loop wherein 
inflammation drives dopaminergic dysfunction and impaired dopamine signaling further 
potentiates microglial activation. 

Despite these advances, several critical uncertainties remain. Most in vitro studies expose 
microglia to supraphysiologic dopamine concentrations, leaving unresolved how cells respond to 
physiologically relevant tonic versus phasic release across striatal and mesocortical circuits [12]. 
Conflicting reports of dopamine’s anti-inflammatory versus pro-inflammatory roles likely reflect 
differences in receptor subtype balance, microglial activation state, and systemic immune 
comorbidities, highlighting the need for receptor-specific in vivo perturbations through conditional 
knockouts or chemogenetics [40]. The impact of dopamine metabolites, particularly reactive species 
such as DOPAL and dopamine quinones, remains underexplored: while clearly cytotoxic to neurons, 
their direct influence on microglial receptor signaling, redox balance, and inflammasome priming has 
not been systematically defined [61]. 

Defining whether microglia sense and respond differently to dopamine versus its metabolites 
will be critical to understanding disease-specific pathophysiology. Regional and temporal specificity 
further complicate interpretation. Microglial responses to dopamine likely differ between substantia 
nigra, ventral tegmental area, striatum, and prefrontal cortex, and these trajectories may shift across 
disease stages [10,12]. Determining when and where microglia transitions from protective to 
deleterious roles will require harmonized approaches that integrate longitudinal TSPO-PET imaging, 
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cerebrospinal fluid cytokine readouts, and single-cell transcriptomic profiling. Finally, stress and 
depression represent underexplored modulators of this axis. While chronic stress is known to prime 
microglia toward pro-inflammatory states, direct evidence linking dopamine receptor remodeling in 
microglia to stress-induced anhedonia or motivational deficits remains limited, underscoring the 
need for targeted molecular and imaging studies in affective disorders [12]. 

Collectively, these gaps highlight the urgent need for a mechanistic framework that accounts for 
dose, receptor balance, metabolite exposure, regional context, and systemic immune status. Only 
through such multidimensional integration can the field fully delineate how microglial–dopamine 
feedback loops shape vulnerability to neuroinflammation, neurodegeneration, and psychiatric 
disease. 

4. Astrocyte–Microglia Interactions in Dopamine Circuits 

4.1. From Tripartite to Network Synapses: Expanding the Framework of Dopaminergic Circuit Regulation 

The classical tripartite synapse, originally described as the interplay between pre- and 
postsynaptic neurons with perisynaptic astrocytic processes, has been substantially revised. 
Accumulating evidence supports an expanded quadripartite model in which microglia act as active 
and contact-competent partners that influence synapse formation, elimination, and efficacy. 
Complement-dependent microglial pruning, first identified in development, is now recognized as a 
lifelong mechanism that contributes to activity-dependent remodeling of dopaminergic circuits in the 
striatum and prefrontal cortex [62–64]. Extending beyond this framework, the concept of the 
“network synapse” has emerged, integrating astrocytic endfeet, perivascular microglia, endothelial 
cells, and pericytes. This expanded view underscores the role of vascular and immune influences 
ranging from metabolic alterations to systemic inflammatory states in modulating dopaminergic 
plasticity [65,66]. By situating dopamine synapses within a glial–vascular–immune ecosystem, the 
field now conceptualizes dopaminergic signaling as dynamically embedded in systemic physiology 
and inflammatory tone. 

4.2. Molecular Axes of Astrocyte–Microglia Crosstalk in Dopamine Regulation 

Astrocytes and microglia engage in reciprocal signaling loops that exert direct influence on 
dopaminergic circuits. Cytokine- and complement-mediated communication is a central axis of this 
dialogue: microglia-derived IL-1β, TNF-α, and complement proteins drive astrocytes toward 
phagocytic and pro-inflammatory states, while astrocytic secretion of IL-6 and TGF-β conditions 
microglial polarization and establishes thresholds for synaptic engulfment (Table 3) [67–70]. Recent 
single-cell and spatial transcriptomic analyses demonstrate that astrocytic reactivity cannot be 
reduced to a binary A1/A2 paradigm but instead reflects heterogeneous and region-specific states 
that variably shape dopaminergic vulnerability [71,72]. 

Table 3. Mechanistic and Translational Dimensions of Astrocyte–Microglia Interactions in Dopamine Circuits. 

Thematic Focus Core 

Concept 

Mechanistic 

Axes 

Dopamine 

Circuit Effects 

Clinical/Translation

al Relevance 

Molecular 

Crosstalk 

Reciprocal 

astrocyte–

microglia 

signaling 

- Cytokines: IL-

1β, TNF-α ↔ IL-

6, TGF-β  

- Complement: 

synaptic tagging 

& pruning  

- Sets thresholds 

for engulfment  

- Tunes release 

dynamics & 

receptor 

composition  

- Aberrant loops 

drive 

neuroinflammation 

& maladaptive 

pruning  

- EVs as biomarkers 
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- Purinergic: 

ATP/adenosine, 

P2Y12  

- Chemokine: 

CX3CL1–

CX3CR1  

- Extracellular 

vesicles: 

cytokines, 

miRNAs, α-syn 

cargo 

- Couples 

immune 

surveillance to 

dopamine 

signaling 

and therapeutic 

carriers 

Spatial & Single-

Cell Landscapes 

Glial 

heterogeneit

y in 

dopamine 

hubs 

- Oxidative–

metabolic 

astrocyte 

subtypes 

(antioxidant, 

mitochondrial)  

- Immune-

primed 

microglial 

clusters (ISGs, 

inflammasomes, 

lipid 

metabolism)  

- Pathological 

niches: 

astrocytes + 

microglia + 

infiltrating T 

cells 

- Defines “glial 

neighborhoods” 

embedded in 

D1/D2 

ensembles  

- Orchestrates 

reinforcement 

learning & 

motivational 

plasticity 

- PD: emergence of 

glial–immune niches  

- Astrocytic diversity 

in health vs. 

microglial expansion 

in pathology  

- Biomarkers for 

selective 

vulnerability 

Mechanisms of 

Plasticity 

Glia as 

regulators of 

dopaminergi

c rules 

- Astrocytic 

adenosine/GAB

A → cholinergic 

interneuron 

excitability  

- Astrocytic 

GPCR 

- Determines 

phasic/tonic 

dopamine 

balance  

- Defines 

thresholds of 

corticostriatal 

- Disrupted 

metabolic 

support/vascular 

surveillance drives 

degeneration  

- Aberrant pruning 

and heteromer logic 
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heteromers 

(A2A–D2, A2A–

OTR, D2–OTR)  

- Microglial 

complement-

mediated 

pruning  

- Vascular–

metabolic 

coupling (ROS 

buffering, BBB 

integrity) 

plasticity  

- Shapes 

reinforcement 

learning 

algorithms 

linked to PD, stress, 

addiction 

Disease 

Microenvironmen

ts 

Glia-centric 

niches of 

vulnerability 

- Lipid- and 

inflammasome-

enriched 

microglia + 

oxidative-stress 

astrocytes  

- Fractalkine 

signaling shift 

(neuronal → 

endothelial)  

- Glia-derived 

EVs propagate 

α-syn & 

inflammatory 

cargo 

- Maladaptive 

niches amplify 

dopaminergic 

vulnerability  

- Remodels 

mesocorticolimb

ic circuits under 

chronic stress 

- PD: 

neuroinflammation + 

metabolic collapse  

- Stress: impaired 

dopamine release, 

motivational deficits 

(anhedonia, apathy)  

- Engineered EVs as 

therapeutic vectors 

Humanized In 

Vitro Models 

iPSC-

derived tri-

cultures for 

mechanistic 

precision 

- Recapitulate 

IL-1β/TNF-α 

loops, 

complement, 

purinergic 

cascades  

- Readouts: 

synapse density, 

excitability, EV 

cargo 

- Enable 

controlled 

dissection of 

astrocyte–

microglia–

neuron 

interactions  

- Define causal 

modules in 

- Preclinical pipeline 

for drug discovery  

- Complement 

inhibition and 

purinergic 

modulation 

normalize 

excitability 
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dopamine 

regulation 

Other communication channels reinforce this interglial interplay. Purinergic signaling 
synchronizes dopamine release with immune surveillance, as astrocytic regulation of adenosine and 
GABA tunes cholinergic interneurons—the principal gatekeepers of striatal dopamine release—
while microglial purinergic receptor activity regulates motility and surveillance behaviors [73–75]. 

Chemokine-based signaling, particularly the CX3CL1–CX3CR1 axis, further coordinates 
astrocytic coverage with microglial process engagement, with shifts in fractalkine sources during 
pathology linked to maladaptive microglial activation and dopaminergic vulnerability [76,77]. 
Additionally, extracellular vesicles released by astrocytes, microglia, and neurons carry cytokines, 
miRNAs, and metabolic cargo that function both as biomarkers of glial state and as effectors of 
inflammatory propagation and synaptic remodeling [78–80]. 

Taken together, these reciprocal pathways form feed-forward and feedback networks in which 
astrocytic gliotransmission and microglial activation converge to regulate dopamine release 
dynamics, receptor composition, and long-term plasticity. In this framework, astrocyte–microglia 
interactions do not serve as a background modulatory system but constitute a computational layer 
of dopaminergic circuitry, integrating neuromodulatory, immune, and vascular signals to shape both 
resilience and disease vulnerability [81]. 

4.3. Spatial and Single-Cell Landscapes of Astrocytic and Microglial Heterogeneity in Dopaminergic Circuits 

Recent advances in single-cell and spatial multi-omics have provided unprecedented resolution 
of astrocytic and microglial diversity in dopaminergic hubs. In the human substantia nigra, single-
cell and single-nucleus atlases consistently identify oxidative–metabolic astrocyte subtypes enriched 
for genes involved in antioxidant defense, mitochondrial regulation, and lactate shuttle pathways 
(Table 3) [82]. In parallel, immune-primed microglial clusters have been mapped, characterized by 
interferon-stimulated genes, inflammasome components, and lipid metabolism programs, 
suggesting that local glial heterogeneity is a critical determinant of dopaminergic resilience versus 
vulnerability [83]. 

In Parkinson’s disease, integrated single-nucleus and spatial multi-omics analyses reveal the 
emergence of glial–immune niches defined by close apposition of reactive astrocytes, inflammatory 
microglia, and infiltrating T cells to degenerating dopamine neurons [84]. These niches exhibit 
coordinated transcriptomic programs involving antigen presentation, cytokine signaling, and 
oxidative stress responses, supporting the concept that selective dopamine neuron loss arises not 
from neuron-autonomous processes but from interglial–immune coupling within the 
microenvironment. 

Spatial mapping in experimental models has further delineated inflammatory gradients across 
the substantia nigra, showing that astrocytic and microglial activation states are spatially 
orchestrated around dopamine territories. These gradients correlate with mitochondrial dysfunction 
and synaptic attrition in nearby neurons, highlighting the regional coordination of glial–neural 
interactions during degeneration [85,86]. In the striatum, longitudinal single-cell analyses across 
development and aging demonstrate protracted, lineage-specific transcriptional programs in 
astrocytes and microglia that shape the rules of dopamine receptor–specific plasticity. These studies 
define dynamic “glial neighborhoods” that interact with D1- and D2-receptor ensembles, embedding 
reinforcement learning mechanisms within a glial context [87,88]. 

An emerging integrative theme across datasets is that astrocytic diversity predominates under 
homeostatic conditions, while microglial heterogeneity expands dramatically under disease or 
inflammatory stress. This reciprocal choreography; astrocytic specialization in health and microglial 
diversification in pathology; recalibrates dopaminergic microenvironments, with direct implications 
for neuronal resilience and selective vulnerability [84,89]. 
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4.4. Interglial Mechanisms as Architects of Dopaminergic Signaling and Plasticity 

The molecular and cellular heterogeneity revealed by single-cell approaches has direct 
consequences for the rules of dopamine signaling and plasticity. Astrocytic regulation of extracellular 
adenosine and GABA determines the excitability of striatal cholinergic interneurons, which in turn 
set the timing and amplitude of sub-second dopamine release. Perturbations of this axis can flip the 
polarity of dopamine receptor modulation, altering interneuron firing and dopamine availability 
[10,73]. In addition, astrocytic G-protein–coupled receptor heteromers, such as A2A–D2, A2A–
oxytocin receptor, and D2–oxytocin receptor complexes, act as molecular logic nodes that fine-tune 
release probability and plasticity thresholds, conferring context-dependent precision to dopamine 
signaling (Table 3) [25,90]. 

Microglial complement-dependent pruning further contributes to circuit refinement by 
selectively sculpting dopaminergic synapses. In coordination with astrocytic “eat-me” and “keep-
me” signals, this process determines the balance between D1- and D2-biased ensembles and thereby 
the rules of corticostriatal plasticity and reinforcement learning [63,91]. Importantly, complement-
tagged pruning persists into adulthood, implying that adaptive and maladaptive remodeling of 
dopamine circuits under stress, drug exposure, or disease arises from ongoing glial surveillance 
[92,93]. 

Metabolic and vascular coupling provides a third axis of regulation. Astrocytic endfeet and 
perivascular microglia integrate glucose and lactate shuttling, reactive oxygen species buffering, and 
blood–brain barrier integrity. Under mitochondrial stress or α-synuclein accumulation, these glial–
vascular checkpoints become decisive determinants of dopamine neuron survival [84,94]. Disruption 
of astrocytic metabolic support or microglial vascular surveillance precipitates neuronal loss in both 
experimental models and human Parkinson’s disease tissue, underscoring the centrality of glial 
metabolism in dopaminergic neurodegeneration [44,95,96]. 

Together, these mechanisms demonstrate that astrocyte–microglia interactions not only 
modulate dopamine circuits but define the computational rules of plasticity. By setting the balance 
between phasic and tonic release, determining synaptic selection and remodeling, and calibrating 
metabolic resilience, interglial signaling emerges as a primary architect of dopaminergic circuit 
function. Recent evidence thus reframes plasticity as a glia-dependent property of the striatum and 
midbrain, with astrocytic and microglial crosstalk positioned upstream of dopaminergic computation 
itself. 

4.5. Interglial Microenvironments as Determinants of Dopaminergic Degeneration and Motivational 
Dysfunction 

Single-nucleus and spatial multi-omics have revealed that dopaminergic degeneration in PD 
unfolds within glia-centric niches of vulnerability. In the substantia nigra, microglial populations 
enriched in lipid metabolism, interferon-response, and inflammasome-related transcripts colocalize 
with astrocytic states characterized by oxidative stress, mitochondrial dysregulation, and disrupted 
glutamate handling (Table 3) [84]. These convergent programs suggest that dopaminergic cell loss is 
not solely the consequence of intrinsic neuronal fragility but reflects maladaptive microenvironments 
in which astrocytic and microglial states synergistically amplify vulnerability. 

Meta-analyses of single-nucleus RNA-seq datasets reinforce this perspective, consistently 
highlighting microglial neuroinflammation and astrocytic metabolic/trophic dysregulation as 
recurrent axes of disease progression [97]. A striking example of this interglial remodeling is the 
observed shift in fractalkine (CX3CL1) signaling. Neuronal CX3CL1 expression diminishes in PD, 
while endothelial expression increases, thereby disrupting CX3CR1-mediated homeostatic signaling 
and biasing microglia toward maladaptive surveillance and heightened inflammatory activity [77]. 

EVs have also emerged as central mediators of PD pathophysiology. Glia-derived EVs carry α-
synuclein, inflammatory factors, and microRNAs that propagate pathology across dopaminergic 
territories [80]. At the same time, engineered EVs are being investigated as therapeutic carriers for 
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anti-inflammatory or pro-metabolic cargo, offering a translational pathway for restoring 
dopaminergic resilience [98]. 

Chronic stress and motivational pathology reveal parallel themes of interglial remodeling. 
Sustained inflammatory states whether systemic or centrally generated retune astrocyte–microglia 
cytokine and purinergic signaling loops within mesocorticolimbic circuits. This remodeling reduces 
phasic dopamine signaling and contributes to motivational deficits, including anergia, anhedonia, 
and apathy [99,100]. Transcriptomic studies show that prolonged stress expands the repertoire of 
reactive astrocytic and microglial states, many of which impair dopamine release and receptor-
specific plasticity in the ventral striatum and prefrontal cortex [101]. These findings support a 
mechanistic framework in which glial heterogeneity mediates the link between inflammatory tone, 
dopaminergic dysfunction, and stress-related psychiatric comorbidities such as depression and 
apathy. 

4.6. In Vitro Humanized Models of Interglial Signaling in Dopamine Circuits: Toward Mechanistic Precision 
and Translation 

Recent progress in human iPSC-derived co-culture and tri-culture systems has enabled 
systematic dissection of astrocyte–microglia–neuron interactions under controlled conditions. These 
platforms faithfully recapitulate key inflammatory axes including IL-1β/TNF-α loops, complement 
signaling, and purinergic cascades while providing real-time readouts of dopaminergic endpoints 
such as synapse density, electrophysiological excitability, and extracellular vesicle cargo [102]. 
Critically, they bridge the gap between reductionist assays and in vivo complexity, offering scalable 
platforms for mechanistic perturbation and therapeutic discovery. 

Interventions in these models have already demonstrated translational promise. For example, 
inhibition of complement pathways or modulation of P2Y12 signaling in tri-cultures normalizes 
dopaminergic neuron excitability, underscoring the causal role of specific interglial modules (Table 
3) [103]. These advances highlight the utility of next-generation co-culture systems not only for 
mechanistic dissection but also as preclinical pipelines for identifying candidate therapies. 

4.7. Computational Neuroscience of Glial–Dopamine Interactions: From Molecular States to Circuit-Level 
Algorithms 

Theoretical neuroscience has begun to incorporate astrocytic and microglial states into models 
of dopamine circuits, reframing glia as computational rather than modulatory elements. 
Contemporary frameworks treat glial calcium dynamics, receptor occupancy, metabolic buffering, 
and gliotransmission as slow variables that define neuronal gain control, eligibility traces, and 
synaptic plasticity thresholds [104]. This reconceptualization positions interglial signaling as a 
“plasticity thermostat” that sets the computational boundaries within which dopaminergic teaching 
signals operate [19,105]. 

Embedding glial diversity into reinforcement-learning and network models now enables 
simulations that predict how inflammatory or metabolic perturbations bias behavioral strategies for 
example, shifting exploration–exploitation balance, altering habit consolidation, or impairing 
motivational drive. Such integrative approaches generate testable hypotheses linking molecular glial 
states to system-level dysfunction across PD, depression, and addiction. 

Advancing this agenda requires a set of clearly defined priorities. Foremost is the need for causal 
mapping, which will demand simultaneous resolution of dopaminergic dynamics and glial states in 
vivo. This will require the integration of fast-scan cyclic voltammetry or comparable dopamine 
sensors with glial-specific optical reporters and spatial transcriptomic approaches in behaving 
animals, thereby enabling direct linkage between interglial signaling modules and dopaminergic 
output. Equally critical is the delineation of region-specific motifs, achieved by systematically 
comparing interglial signatures across the substantia nigra, ventral tegmental area, striatum, and 
prefrontal cortex using integrated single-cell, spatial, and proteogenomic atlases. Parallel 
translational pipelines should focus on therapeutic logic, rigorously testing targeted ligands for 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 October 2025 doi:10.20944/preprints202510.1233.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1233.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 46 

 

astrocytic GPCR heteromers, modulators of purinergic cascades, and engineered extracellular 
vesicles in both human iPSC-derived tri-culture systems and in vivo models. Finally, computational 
integration will be indispensable. Embedding glial states into decision-theoretic and reinforcement-
learning models will provide a framework for predicting how inflammatory and metabolic set points 
reshape dopaminergic computations and downstream behavioral algorithms. By bridging molecular 
modules to system-level functions, these convergent strategies aim to construct a mechanistic 
continuum from interglial biology to the computational architecture of dopamine circuits. 

5. Dopamine–Glia Interfaces in Motivation and Stress 

Motivation and stress engage partially overlapping mesolimbic and mesocortical circuits, with 
DA signaling orchestrating key processes such as reward anticipation, effort allocation, 
reinforcement learning, and stress adaptation [106,107]. While neurons have traditionally been 
viewed as the primary drivers of these processes, recent evidence demonstrates that astrocytes and 
microglia exert active, phase-specific, and circuit-localized control over DA dynamics. These glial 
mechanisms shape cue encoding, regulate strategy selection between goal-directed and habitual 
actions, and contribute to susceptibility or resilience in stress-induced anhedonia (Table 4). 
Importantly, the convergence of causal manipulation tools (optogenetics, chemogenetics) with phase-
resolved monitoring approaches (GRAB-DA fibre photometry, calcium imaging) has enabled precise 
dissection of how glial activity governs anticipatory versus consummatory epochs of reward 
processing [108,109]. 

Table 4. Astrocytic and Microglial Modulation of Dopamine Circuits in Motivation and Stress. 

Glial Mechanism Circuit / Region Experimental Evidence Behavioral / 

Clinical Outcome 

Astrocytic 

ensembles 

encoding reward 

cues 

Nucleus 

accumbens (NAc, 

posterior–

ventral) 

Activity-defined astrocytic 

ensembles recruited during cue–

reward learning; optogenetic 

reactivation drives approach 

behavior [5,6] 

Astrocytes encode 

motivational 

salience; selective 

ensembles 

modulate cue-

driven reward 

pursuit 

Astrocytic 

regulation of 

strategy selection 

External globus 

pallidus (GPe, 

indirect 

pathway) 

Chemogenetic activation reduces 

habitual responding, enhances 

goal-directed actions; recruitment 

during action sequences [7,8] 

Balances 

motivational 

persistence with 

behavioral 

flexibility 

Stress-sensitive 

astrocytic 

modulation of DA 

NAc (chronic 

social stress 

model) 

GRAB-DA fibre photometry shows 

attenuated anticipatory DA under 

stress; astrocytic 

glutamate/ATP/adenosine/D-

serine implicated [9,10] 

Impaired effort 

allocation and 

reward learning; 

reduced 
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motivational 

vigor 

Microglial 

activation under 

chronic stress 

NAc, PFC, VTA Stress induces hypertrophy, 

immune gene upregulation, 

synaptic remodeling [11]; amplified 

with psychostimulants [12] 

Impaired reward 

learning; 

vulnerability to 

anhedonia and 

addiction-like 

behaviors 

Cytokine–

dopamine 

coupling 

Mesolimbic and 

mesocortical 

circuits 

uCMS models show elevated IL-1β, 

TNF-α linked to anhedonia [13,14]; 

clinical studies confirm microglial 

activation and inflammation in 

MDD [15,16] 

Cytokine-

mediated 

suppression of 

DA signaling → 

reduced 

motivation 

Microglial 

priming in early-

life stress 

Developmental 

NAc and 

mesolimbic 

circuits 

ELS increases pro-inflammatory 

cytokines, disrupts HPA axis, 

blunts anticipatory reward [17,18]; 

microglia regulate synaptogenesis 

during adolescence [19] 

Lasting 

motivational 

vulnerability; 

reduced resilience 

to later stressors 

Astrocytic 

gliotransmission 

and DA release 

control 

NAc, GPe Astrocytic glutamate, ATP, and D-

serine release regulate MSNs and 

DA terminal excitability [5,20]; GPe 

astrocytes bias flexible strategies [7] 

Fine-tunes 

motivational 

encoding; shifts 

balance from 

habits to adaptive 

behaviors 

Microglial 

cytokine release 

NAc, PFC, VTA IL-1β and TNF-α suppress DA 

synthesis, impair receptors, prune 

dendritic spines [21,22] 

Blunted reward 

anticipation; 

anhedonia 

Developmental 

trajectory of glial–

DA coupling 

NAc during 

adolescence 

Microglial regulation of 

synaptogenesis disrupted by ELS, 

immune stress, genetic risk [23] 

Long-term 

alterations in 

connectivity → 

chronic 

motivational 

deficits 
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Real-time DA 

monitoring with 

GRAB-DA 

sensors 

NAc, mesolimbic 

DA terminals 

Photometry distinguishes 

anticipatory vs. consummatory 

DA; stress selectively attenuates 

anticipatory responses [24,25] 

Identifies 

anticipatory 

phase as window 

of vulnerability 

and therapeutic 

intervention 

Behavioral assays 

linked to 

astrocytic 

manipulation 

Operant 

paradigms 

(progressive 

ratio, outcome 

devaluation) 

Chemogenetic GPe astrocyte 

activation biases goal-directed over 

habitual actions [7]; ensemble 

reactivation drives approach [5,27] 

Establishes causal 

role of astrocytes 

in motivational 

computation 

Integrated 

immune–DA–

behavior 

paradigms 

CSS, uCMS, ELS 

models 

Cytokine profiling + DA 

photometry map inflammation–

DA–behavior triads [28,29] 

Clarifies 

convergence of 

neuroimmune 

signaling and 

motivational 

pathology 

5.1. Astrocytic Modulation of Reward-Seeking Behavior and Motivational States 

A landmark advance has been the identification of activity-defined astrocytic ensembles within 
the posterior–ventral nucleus accumbens (NAc). Using a light-dependent transcriptional reporter, a 
sparsely distributed subset of astrocytes was shown to be selectively recruited during cue–reward 
learning [110]. Optogenetic reactivation of this ensemble alone without indiscriminate stimulation of 
the broader astrocytic population was sufficient to drive cue-motivated approach behavior, revealing 
an ensemble-level astrocytic code for motivational salience. These findings align with broader 
evidence that astrocytes exert input-specific, temporally precise neuromodulation rather than broad 
gain control, reframing them as active encoders of motivational signals [23]. 

Astrocytes in the external globus pallidus (GPe) play a regulatory role in motivational flexibility. 
Chemogenetic activation of GPe astrocytes has been shown to reduce habitual responding and 
enhance goal-directed actions in operant tasks [111]. More recent work has extended these findings, 
showing that GPe astrocytes are selectively recruited during reward-seeking action sequences and 
contribute to action-sequence refinement and strategic updating under repetitive conditioning 
paradigms [112]. Together, these observations highlight a circuit-level mechanism by which 
astrocytes influence striato-pallidal computations to tune the balance between motivational 
persistence and behavioral flexibility. 

Stress paradigms emphasize the vulnerability of the anticipatory phase of DA signaling to glial 
modulation. In the chronic social stress (CSS) model, GRAB-DA fibre photometry recordings 
demonstrated selective attenuation of NAc DA activity during reward anticipation, while 
consummatory DA responses remained intact [113]. This anticipatory deficit was tightly correlated 
with impaired effort allocation in progressive-ratio tasks and delayed reward learning. Given their 
role in regulating cue encoding, extracellular glutamate/ATP/adenosine balance, and D-serine 
release, astrocytes are strong candidates for mediating this vulnerability. Failure of astrocytic support 
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during stress likely disrupts terminal excitability and DA release probability, weakening 
motivational vigor and reward pursuit [113,114]. 

5.2. Microglial Contributions to Motivational Deficits, Anhedonia, and Stress 

Microglia also play a critical role in shaping motivational circuits, particularly under chronic 
stress. Prolonged stress reliably activates microglia across mesocorticolimbic regions, inducing 
morphological hypertrophy, upregulation of immune-related genes, and remodeling of synaptic 
architecture in the NAc, PFC, and ventral tegmental area (VTA) [115]. These cellular and molecular 
changes correlate with impaired reward learning, diminished effort allocation, and increased 
vulnerability to stress-induced anhedonia. Moreover, psychostimulant exposure under prior stress 
conditions amplifies microglial reactivity, exacerbating motivational rigidity and addiction-like 
behaviors [116]. 

Inflammatory signaling provides a key mechanistic axis for these effects. In chronic 
unpredictable mild stress (uCMS) paradigms, animals exhibit elevated levels of IL-1β and TNF-α, 
changes that co-occur with anhedonic behaviors such as reduced sucrose preference [117,118]. These 
cytokine elevations are closely linked to dopaminergic pathway disruption, supporting a cytokine-
to-DA signaling axis through which neuroinflammation undermines motivation. Clinical studies of 
major depressive disorder (MDD) reinforce these findings, consistently reporting microglial 
overactivation and elevated inflammatory markers in affected individuals [119,120]. Collectively, 
these insights converge on the view that microglia represent a tractable therapeutic target for 
restoring motivational drive by modulating dopaminergic signaling and network excitability. 

Developmental perspectives further underscore the role of microglial priming in long-term 
motivational vulnerability. Early-life stress (ELS) is consistently associated with persistent elevations 
in pro-inflammatory cytokines, dysregulated hypothalamic–pituitary–adrenal (HPA) axis function, 
and blunted anticipatory reward responses, findings supported by both human neuroimaging and 
rodent models [121,122]. These data suggest that microglia undergo priming during sensitive 
developmental windows, lowering their threshold for inflammatory reactivity to later stressors. 
Complementary developmental studies demonstrate that microglia regulate NAc synaptogenesis 
during adolescence, sculpting excitatory–inhibitory balance in motivational circuits. Perturbations of 
this process through stress, immune activation, or genetic risk can durably reweight mesolimbic 
connectivity, biasing individuals toward long-term motivational deficits [123]. Together, these 
findings underscore the developmental origins of motivational pathology, with microglial priming 
serving as a key mechanistic link between early adversity and later impairments in reward 
processing. 

5.3. Glial Mechanisms Modulating Dopamine-Dependent Motivational Circuits 

Astrocytic gliotransmission and uptake exert a central influence on motivational encoding. 
Activity-defined astrocytic ensembles within the NAc, recruited during cue–reward associations, 
release gliotransmitters such as glutamate, ATP, and D-serine while simultaneously controlling their 
clearance from the extracellular space. These processes tune medium spiny neuron excitability and 
modulate dopamine terminal release probability, with particularly strong effects during anticipatory 
epochs of reward processing, thereby shaping motivational drive [81,110]. 

Within the external GPe, astrocytes regulate computations of the indirect pathway that 
determines strategy selection. Chemogenetic activation experiments demonstrate that astrocytic 
signaling in this region suppresses habitual action patterns and biases behavior toward flexible, 
outcome-sensitive strategies. This astrocytic influence represents a mechanism for balancing 
motivational persistence with adaptive flexibility under shifting reward contingencies [111]. 

Microglia likewise shape motivational states through cytokine–dopamine coupling. Reactive 
microglia release pro-inflammatory mediators such as IL-1β and TNF-α, which suppress dopamine 
synthesis in midbrain neurons, impair receptor expression in the NAc and PFC, and prune dendritic 
spines. These actions collectively blunt reward anticipation and promote anhedonia. Framing 
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cytokines as neuromodulators of motivational valence highlights their dual role as both immune 
effectors and circuit-level regulators [124,125]. 

Developmental factors further determine the sensitivity of glial–dopamine interactions. Early-
life stress and immune perturbations induce lasting microglial priming, biasing microglial states 
toward hyper-reactivity upon later stress exposure. This developmental priming alters the 
maturational trajectory of NAc connectivity and mesolimbic dopamine signaling, producing 
enduring phenotypes of reduced effort expenditure and diminished motivational resilience [12]. 

5.4. Behavioral Readouts and Experimental Toolchains for Dopamine–Glia Interactions 

Recent advances in behavioral neuroscience and recording technologies have provided precise 
readouts of dopamine–glia interactions across motivational and stress paradigms. One of the most 
transformative has been phase-specific dopamine monitoring using genetically encoded GRAB-DA 
sensors in combination with fibre photometry. This approach enables discrimination between 
anticipatory and consummatory dopamine signals, revealing that chronic stress selectively attenuates 
anticipatory activity while sparing consummatory responses, a dissociation that identifies a 
mechanistic window for glial intervention [126,127]. 

Operant behavioral assays complement neurochemical recordings by indexing motivational 
strategy with high resolution. Progressive ratio schedules quantify effort-based responding, while 
outcome devaluation paradigms distinguish habitual from goal-directed action control [128]. These 
measures are highly sensitive to astrocytic manipulations within the GPe, where chemogenetic 
activation shifts behavior away from rigid habit formation toward flexible, outcome-driven strategies 
[111]. 

Causal approaches extend this framework by directly manipulating astrocytic ensembles. 
Optogenetic and chemogenetic interventions in activity-defined astrocytic populations of the NAc 
demonstrate that selective reactivation of these ensembles is sufficient to bias cue-driven approach 
behavior. Such findings establish that astrocytic ensembles encode motivationally salient information 
and can directly influence behavioral output [110,129]. 

Stress paradigms, including CSS, uCMS, and ELS, provide translationally relevant models for 
probing the intersection of immune activation with dopaminergic signaling. When combined with 
cytokine profiling and phase-resolved dopamine photometry, these paradigms map immune–
dopamine–behavior triads, clarifying how systemic inflammation, glial reactivity, and motivational 
impairments converge [130,131]. 

Taking together, this expanding methodological toolchain integrates behavioral assays, real-
time neurochemical monitoring, and causal manipulations to generate mechanistically precise and 
clinically relevant insights into glial regulation of motivation. 

5.5. Glial–Dopamine Crosstalk Across Disorders: Shared Mechanisms of Motivation, Stress, and 
Neuroinflammation 

Across psychiatric and stress-related disorders, convergent evidence implicates glial–dopamine 
interfaces as central mediators of motivational pathology. In major depressive disorders, both human 
neuroimaging and preclinical models consistently demonstrate attenuated anticipatory dopamine 
responses during reward expectation tasks. These deficits are paralleled by heightened microglial 
activation and amplified cytokine signaling, suggesting that neuroinflammatory cascades act as 
critical drivers of anhedonia. Translational studies now indicate that interventions targeting glial 
pathways, including cytokine inhibitors and adenosine A2A receptor modulators, may restore 
anticipatory dopamine signaling and thereby alleviate motivational impairments (Figure 2) 
[23,132,133]. 
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Figure 2. Disorder-Specific Pathways of Glial–Dopamine Dysregulation and Motivational Dysfunction. 

In addiction and substance use disorders, psychostimulant exposure robustly engages 
microglial programs within the nucleus accumbens, disrupting the coupling between glutamate and 
dopamine and leading to maladaptive changes in synaptic plasticity and motivational salience. 
Under conditions of chronic stress, these drug-induced adaptations are exacerbated, creating a dual-
hit scenario in which stress-driven microglial activation converges with drug-induced neuroplasticity 
to reinforce compulsive drug-seeking behaviors. This interplay underscores immune–glial signaling 
as a central mechanism regulating addiction vulnerability at the nexus of stress reactivity and 
reinforcement learning [134]. 

Immune-mediated suppression of anticipatory dopamine signaling has also been observed in 
conditions characterized by pathological fatigue and effort intolerance, including chronic fatigue 
syndrome, fibromyalgia, and stress-related medical syndromes. Elevated cytokines and sustained 
microglial activation in these contexts appear to blunt reward anticipation and disrupt effort 
valuation. This integrative framework provides a unifying account of motivational fatigue that 
bridges psychiatric symptomatology with somatic illness [135,136]. 

Emerging insights further suggest a role for glial modulation in attention-deficit/hyperactivity 
disorder, though causal evidence remains limited. Astrocytic gating of anticipatory dopamine 
signaling and microglial regulation of motivational flexibility are hypothesized to contribute to 
deficits in sustained effort, altered reward sensitivity, and impulsiveness. While speculative, these 
hypotheses position glial biology as a novel frontier in the mechanistic understanding of ADHD 
[137,138]. 

Despite these advances, fundamental questions remain regarding the precise dynamics by 
which glial–dopamine interfaces regulate motivation across stress and disease states. Temporal 
specificity constitutes a major unresolved dimension: it is unclear which phases of stress exposure—
acute versus chronic, or anticipatory versus consummatory—are most susceptible to glial 
modulation. Closed-loop paradigms that integrate real-time dopamine monitoring with selective 
glial stimulation hold promise for resolving these dynamics with unprecedented precision. Another 
critical challenge involves subtype and state specificity. Single-cell and spatial multi-omics have 
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revealed striking heterogeneity between nucleus accumbens shell and core astrocytes, as well as 
diverse microglial states ranging from homeostatic to pro-inflammatory. Yet, causal links between 
these transcriptional programs and motivational behaviors remain to be established. 

Equally unresolved are the mechanisms by which gliotransmitters contribute to anticipatory 
gain control. The relative influence of adenosine, glutamate, and D-serine remains poorly defined, 
and advances will likely require transmitter-specific biosensors combined with astrocyte-restricted 
manipulations. From a translational standpoint, immune–dopamine bridges represent especially 
promising points of intervention. Strategies aimed at modulating IL-1β and TNF-α signaling or 
tuning adenosine A1/A2A pathways may restore anticipatory dopamine function and motivational 
vigor in stress-linked anhedonia, though rigorous clinical testing is still lacking. 

Finally, developmental factors must be considered as early-life stress has been shown to prime 
microglial reactivity and disrupt the maturation of mesocorticolimbic circuitry, establishing long-
term vulnerability to motivational pathology. Longitudinal studies integrating immune profiling, 
multimodal imaging, and behavioral phenotyping will be essential to identify critical preventive 
windows and to design strategies that recalibrate glial dopamine coupling before maladaptive 
trajectories become entrenched. 

6. Dopamine–Glia Crosstalk in Neurodegeneration and Disease 

Pathological states such as neurodegeneration, chronic infection, inflammation, psychological 
stress, and aging can progressively transform astrocytes and microglia from supportive partners into 
maladaptive phenotypes [139]. In the dopaminergic system, these shifts converge on mechanisms 
including redox imbalance, glutamate dysregulation, mitochondrial and ferroptotic vulnerability, 
extracellular matrix (ECM) remodeling, and the exosomal propagation of inflammatory signals, 
ultimately eroding neuronal resilience (Table 5) [140,141]. The advent of high-resolution multi-omics, 
in vivo imaging, and functional dissection has begun to delineate how these pathways collectively 
drive dopaminergic circuit fragility [142,143]. 

Table 5. Integrated Mechanisms of Dopamine–Glia Crosstalk in Neurodegeneration and Disease. 

Pathological 

Context 

Core Mechanisms Key Evidence Clinical/Pathological 

Relevance 

Parkinson’s 

disease: 

astrocytic and 

microglial 

reprogramming 

Astrocytic A1-like 

conversion (loss of 

glutamate clearance, 

trophic support, ↑ 

oxidative/inflammatory 

signaling) induced by 

microglial cytokines (IL-

1α, TNF-α, C1q). 

Postmortem SN and 

preclinical models. 

Microglia drive 

astrocytic 

maladaptation, 

weakening DA neuron 

resilience. 

Microglial 

transitions, 

ECM, and 

exosomes 

CSF1R inhibition 

(PLX5622) reduces 

microglia, protects DA 

neurons, remodels ECM; 

microglial exosomes carry 

α-syn models; CSF1R 

and Peli1 

manipulations. 

Microglia–ECM and 

vesicular signaling 

amplify 

synucleinopathy and 

degeneration. 
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inflammatory/α-syn cargo, 

induce A1 astrocytes. 

Ferroptotic 

stress 

DA neurons are highly 

vulnerable due to iron 

turnover, autoxidation, 

and mitochondrial load. 

Maladaptive glia 

exacerbates glutamate 

dysregulation, redox 

imbalance, lipid 

peroxidation. 

Ceftriaxone restores 

SLC7A11/GPX4; 

multi-omics link glia 

to ferroptosis. 

Identifies ferroptosis as 

glia-amplified death 

pathway; therapeutic 

targets include GPX4 

activators and cystine–

glutamate modulators. 

Post-viral (Long 

COVID) basal 

ganglia 

dysfunction 

Chronic inflammation 

disrupts corticostriatal DA 

loops: ↓ synthesis/release, 

↓ receptor sensitivity; BBB 

disruption, astrocytic 

endfoot injury sustain glial 

priming. 

Neuroimaging of 

basal ganglia; ↑ GFAP, 

IL-6, TNF-α in post-

COVID cohorts. 

Explains fatigue, effort 

intolerance, cognitive 

slowing via DA 

insufficiency and glial-

driven basal ganglia 

failure. 

Aging as 

amplifier 

Aged microglia adopt 

primed pro-inflammatory 

states; astrocytes show 

impaired glutamate 

clearance, reduced 

lactate/antioxidant 

support, ↑ ROS/lipid 

peroxidation. 

Microglial/astrocytic 

aging phenotypes; PD 

datasets show 

stronger 

inflammatory 

signatures in older 

cohorts. 

Aging synergizes with 

inflammation and 

metabolic stress, 

accelerating 

dopaminergic 

degeneration. 

6.1. Glial–Dopamine Interfaces in Parkinson’s Disease: Inflammatory Reprogramming and Ferroptotic Stress 

In PD, astrocytes undergo marked state transitions that critically influence dopaminergic neuron 
survival. Postmortem analyses and preclinical models consistently demonstrate the accumulation of 
A1-like, or “neurotoxic,” astrocytic programs within substantia nigra microenvironments [144–146]. 
These astrocytes exhibit heightened inflammatory and oxidative profiles, impaired EAAT2/GLT-1–
mediated glutamate clearance, and diminished trophic and metabolic support [147]. Scientometric 
analyses of the PD–astrocyte literature highlight the rapid rise of A1 conversion as a conceptual 
anchor, reflecting growing recognition that astrocytic phenotype switching is mechanistically linked 
to dopaminergic vulnerability [148]. 

Microglia are principal drivers of this maladaptive transition. Cytokines such as IL-1α, TNF-α, 
and C1q induce A1 polarization, causing astrocytes to lose essential homeostatic functions, including 
glutamate buffering, potassium regulation, and metabolic shuttling—while gaining complement- 
and cytokine-mediated neurotoxicity [149]. These changes are especially damaging in the substantia 
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nigra, where the oxidative burden of dopamine metabolism imposes intrinsic stress. Importantly, 
activated microglia is necessary for A1 induction, positioning microglial signaling upstream of 
astrocytic maladaptation [149,150]. 

Microglial state transitions themselves are central to PD progression. In α-synuclein 
overexpression models, inhibition of the colony-stimulating factor 1 receptor (CSF1R) with PLX5622 
reduces microglial numbers, attenuates dopaminergic neurodegeneration, improves motor 
outcomes, and remodels ECM-associated transcriptional networks [151,152]. These findings 
implicate microglia–ECM crosstalk as a determinant of synaptic and circuit integrity [153]. In 
addition, microglia-derived exosomes function as carriers of inflammatory and pathological cargo, 
including molecules that convert astrocytes into A1-like states. Disrupting this vesicular axis through 
targets such as Peli1 has been proposed as a strategy to interrupt glia-to-glia amplification loops 
[154,155]. 

Converging evidence from seeded α-synuclein models further indicates that microglial 
depletion via CSF1R blockade attenuates α-syn propagation and protects dopaminergic neurons, 
reinforcing the concept that microglia act as gatekeepers of synucleinopathy spread [152] . 

The intrinsic bioenergetic and metabolic architecture of dopaminergic neurons renders them 
acutely susceptible to ferroptotic death. Elevated iron turnover, catecholamine autoxidation, and the 
exceptionally high oxidative load of mitochondrial respiration collectively create a ferroptosis-
permissive milieu [156]. Within this context, maladaptive astrocytic and microglial states act as 
critical amplifiers of ferroptotic stress. Experimental pharmacology underscores this vulnerability: 
treatment with ceftriaxone attenuates glial activation while suppressing ferroptosis through 
restoration of SLC7A11/GPX4 antioxidant defenses [157]. These effects translate into robust 
preservation of dopaminergic viability in both in vitro and in vivo models of Parkinson’s disease, 
thereby linking astrocytic glutamate clearance, redox homeostasis, and iron–lipid peroxidation 
dynamics to actionable therapeutic targets [158]. 

Recent multi-omics and network-level studies have further mapped iron homeostasis and lipid 
peroxidation cascades onto astrocytic and microglial gene regulatory programs, identifying glial 
populations as arbiters of ferroptotic thresholds in dopaminergic circuits [159,160]. This emerging 
framework provides a compelling rationale for glia-directed anti-ferroptotic interventions. Strategies 
under investigation include GPX4 activators, modulators of cystine–glutamate exchange, and 
approaches aimed at stabilizing astrocytic antioxidant and metabolic defenses. Together, these 
insights delineate a promising therapeutic frontier in the modification of Parkinson’s disease 
progression. 

6.2. Immune–Glial Coupling and Dopamine Circuit Failure: Basal Ganglia Pathophysiology in Post-COVID 
States 

Accumulating evidence indicates that viral infections, particularly SARS-CoV-2, exert lasting 
impacts on basal ganglia circuits, with significant consequences for dopaminergic signaling [161]. 
Multimodal neuroimaging studies consistently identify structural and functional alterations in the 
putamen, pallidum, and caudate nucleus, including reduced gray matter volume, disrupted 
metabolic activity, and impaired functional connectivity [162]. These abnormalities correlate with 
clinical phenotypes of Long COVID—fatigue, effort intolerance, motivational deficits, and cognitive 
slowing—symptoms that map directly onto dopamine-dependent computations of reward valuation 
and cognitive vigor. 

Mechanistically, these outcomes converge on disruption of corticostriatal loops central to effort–
reward integration. Sustained neuroinflammation, driven by persistent immune activation, is 
proposed to impair dopaminergic function through multiple suppression of dopamine synthesis, 
reduction in release probability, and downregulation of receptor sensitivity [163,164]. Such immune-
driven imbalances establish a state of dopaminergic insufficiency under chronic inflammatory 
pressure. 
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Biomarker studies provide further support for this framework, consistently reporting elevated 
glial fibrillary acidic protein (GFAP), indicative of astrocytic injury, alongside pro-inflammatory 
cytokines including IL-6 and TNF-α in post-COVID cohorts [165,166]. Evidence of blood–brain 
barrier (BBB) disruption, mediated by inflammatory endothelial signaling and astrocytic endfoot 
dysfunction, reinforces the view of systemic–central immune coupling as a key driver of 
dopaminergic vulnerability. In this model, peripheral cytokine tone sustains central glial priming, 
which in turn alters basal ganglia homeostasis through tetrahydrobiopterin depletion, dysregulated 
dopamine transporter (DAT) kinetics, and reduced D1/D2 receptor availability. The outcome is a 
failure of neuromodulatory gain control within corticostriatal circuits, providing a mechanistic 
substrate for the motivational and cognitive deficits that characterize Long COVID [100,166]. 

6.3. Aging and the Glial–Dopamine Interface: Dynamic Amplification of Neuroinflammatory and Metabolic 
Stress 

Aging functions not merely as a background risk factor but as a biological amplifier of glial–
dopamine dysfunction. Microglia in aged brains adopt a “primed” phenotype, marked by lower 
activation thresholds and a pro-inflammatory bias. This state leads to exaggerated responses to 
secondary insults, such as viral infections or α-synuclein aggregates, and impairs resolution of 
inflammation, thereby prolonging dopaminergic stress exposure [43,167]. 

Astrocytic decline with age compounds this vulnerability. Aging astrocytes display impaired 
glutamate clearance, reduced lactate shuttling, diminished antioxidant buffering, and altered calcium 
signaling [96]. These deficits undermine metabolic and synaptic support for dopamine neurons, 
promoting excitotoxic and oxidative stress. Concurrently, age-related mitochondrial decline in glial 
populations enhances reactive oxygen species (ROS) accumulation and lipid peroxidation, 
amplifying damage to dopamine-rich circuits [168]. 

Recent scientometric analyses of Parkinson’s disease datasets emphasize the age–reactivity 
interaction, demonstrating that older cohorts exhibit more pronounced inflammatory astrocytic 
signatures and accelerated dopaminergic degeneration [169]. Together, these findings establish aging 
as a dynamic amplifier of maladaptive glial states, converging with neuroinflammation, 
mitochondrial stress, and systemic insults to erode dopaminergic resilience. 

6.4. Glial Reprogramming as a Convergent Amplifier of Dopaminergic Dysfunction 

Across Parkinson’s disease, viral insults such as Long COVID, and aging, several mechanistic 
axes converge to illustrate how glial reprogramming amplifies dopaminergic dysfunction. 

A central pathway is the microglia-to-astrocyte signaling cascade, in which activated microglia 
secrete IL-1α, TNF-α, and C1q, driving the conversion of astrocytes into A1 neurotoxic states. Once 
reprogrammed, these astrocytes lose essential homeostatic functions, including glutamate buffering, 
potassium regulation, and trophic/metabolic support while acquiring neurotoxic complement and 
cytokine activities. This switch establishes a feed-forward inflammatory loop that accelerates 
dopaminergic degeneration, particularly in oxidative-stress–vulnerable regions such as the 
substantia nigra [149]. 

Another recurrent theme is ECM remodeling as a disease amplifier. In α-synuclein models, 
pharmacological depletion of microglia through CSF1R inhibition not only attenuated dopaminergic 
neurodegeneration but also reprogrammed ECM networks. These findings highlight that ECM–
microglia crosstalk is a decisive determinant of synaptic stability and axonal survival, positioning 
ECM remodeling as a potential therapeutic axis to stabilize nigrostriatal architectures [170,171]. 

Glial communication is also propagated through exosomal transfer of pathological cargo. 
Microglia release extracellular vesicles enriched in pro-inflammatory proteins, miRNAs, and α-syn 
aggregates, which in turn induce astrocytic conversion toward A1-like states and propagate 
neuroinflammatory tone across local microenvironments. Targeting pathways of exosome 
biogenesis, trafficking, and uptake therefore offers a tractable opportunity to disrupt this glia–glia 
amplification loop and mitigate progressive dopaminergic vulnerability [172,173]. 
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A further point of convergence lies in ferroptosis coupling to glial metabolism. Dopaminergic 
neurons are intrinsically ferroptosis-prone due to their high oxidative load, iron turnover, and 
catecholamine autoxidation. Glia modulates this vulnerability through SLC7A11/GPX4 antioxidant 
pathways and astrocytic GLT-1–mediated glutamate clearance, both of which serve as critical buffers 
against iron-lipid peroxidation. Pharmacological interventions such as ceftriaxone provide proof-of-
concept that enhancing these pathways suppresses lipid peroxidation and ferroptotic stress, thereby 
conferring neuroprotection in dopaminergic circuits[174–177]. 

Finally, immune priming and BBB dysfunction emerge as unifying features in chronic 
inflammatory states. Biomarker studies in Long COVID consistently report elevated GFAP, increased 
systemic cytokine tone, and markers of BBB leak, collectively reflecting prolonged glial activation 
and impaired dopaminergic resilience [178,179]. BBB disruption thus represents both a mechanistic 
driver of central vulnerability and a measurable endpoint for risk stratification and therapeutic 
monitoring. 

Taken together, these convergent mechanisms position glia as active amplifiers of dopaminergic 
stress across neurodegeneration, viral sequelae, and aging. By integrating cytokine signaling, ECM 
remodeling, exosomal transfer, ferroptotic coupling, and barrier dysfunction, recent work reframes 
dopaminergic vulnerability as a systems-level phenomenon in which glial states orchestrate the 
trajectory from resilience to degeneration. 

6.5. Reframing Glial Therapeutics: Targeting Microglial and Astrocytic Programs in Parkinson’s Disease 
and Beyond 

Therapeutic efforts targeting dopamine–glia interactions are moving beyond broad 
immunosuppression toward approaches that emphasize state reprogramming, pathway modulation, 
and resilience promotion (Figure 3). Preclinical depletion of microglia using CSF1R inhibitors such 
as PLX5622 has demonstrated robust neuroprotection and attenuation of α-synuclein pathology 
[180]. Yet, complete ablation is neither feasible nor desirable in humans, as microglia are 
indispensable for immune surveillance, synaptic remodeling, and debris clearance. Consequently, 
translational strategies now prioritize microglial reprogramming, seeking to bias these cells toward 
reparative, phagocytic, and anti-inflammatory phenotypes while suppressing inflammasome-driven 
and neurotoxic states [43,83]. 
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Figure 3. Emerging Glial Therapeutic Pathways: Precision Modulation of Microglial and Astrocytic Programs in 
Parkinson’s Disease and Related Disorders. 

Parallel efforts focus on preventing astrocytic conversion into maladaptive A1-like states, a 
consistent feature across Parkinsonian models. This transition, driven by microglia-derived cytokines 
such as IL-1α, TNF-α, and C1q, deprives astrocytes of critical homeostatic functions and confers 
neurotoxic activity. Therapeutic avenues under development include cytokine neutralization, 
selective inhibition of astrocytic inflammatory pathways, and reinforcement of metabolic and trophic 
programs that preserve homeostatic astrocyte functions [181]. 

Interventions at the level of extracellular vesicle signaling are also gaining prominence. 
Microglia-derived vesicles transfer α-syn aggregates, pro-inflammatory proteins, and miRNAs that 
trigger astrocytic A1 conversion and propagate neuroinflammation across dopaminergic territories 
[155]. Strategies aimed at disrupting vesicle biogenesis, such as targeting ESCRT machinery or the 
Peli1 axis, or blocking vesicle uptake at recipient astrocytes, represent novel ways to interrupt glia-
to-glia amplification loops and contain the spread of pathology. 

A further therapeutic channel involves controlling ferroptosis, an iron-dependent form of cell 
death exacerbated in dopaminergic neurons by high oxidative stress and catecholamine autoxidation. 
Glial regulation of glutamate homeostasis through GLT-1 and antioxidant buffering via the 
SLC7A11/GPX4 pathway provides critical protection against this process. Ceftriaxone has been 
shown to enhance astrocytic glutamate clearance and antioxidant activity, thereby reducing 
excitotoxicity and ferroptosis [177,182]. Beyond this, next-generation anti-ferroptotic compounds 
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designed to stabilize glial redox capacity and iron handling are advancing as promising translational 
candidates [160]. 

Non-pharmacological interventions such as exercise add an important dimension, functioning 
as endogenous modulators of glial states. Aerobic and resistance training in experimental Parkinson’s 
models have been shown to downregulate pro-inflammatory astrocytic and microglial markers, 
enhance mitochondrial biogenesis, and improve motor outcomes [183,184]. Exercise thus acts as a 
physiological reprogrammer, shifting glia toward pro-homeostatic phenotypes and reinforcing 
dopaminergic resilience. 

Post-viral syndromes, including Long-COVID, highlight another translational frontier. Patients 
consistently exhibit elevated GFAP, pro-inflammatory cytokines, and BBB disruption [179,185]. 
Targeting cytokine signaling pathways, such as IL-6 and TNF-α, together with strategies to stabilize 
astrocytic endfeet and endothelial barrier integrity, provides a rational approach to mitigating 
chronic glial priming and dopaminergic fragility under conditions of sustained immune activation. 

Despite these promising advances, key challenges remain. A central priority is the identification 
of predictive biomarkers, including GFAP, neurofilament light chain (NfL), extracellular matrix 
fragments, and glia-derived vesicular cargo, capable of forecasting dopaminergic decline prior to 
irreversible nigrostriatal loss. Equally critical is the delineation of resilience programs, as astrocytic 
metabolic pathways such as lactate shuttling and antioxidant buffering and microglial phenotypes 
that preserve synaptic integrity without inflammasome activation may sustain long-term 
dopaminergic stability. Comparative multi-omics across Parkinson’s disease and Long-COVID 
cohorts are also required to determine whether a shared vulnerability transcriptome, spanning 
cytokine signaling, extracellular matrix remodeling, and vesicular pathways, underlies cross-
disorder risk. Finally, therapeutic precision must be optimized, with the timing, dosing, and safety 
of interventions such as CSF1R modulators, anti-A1 conversion agents, and anti-ferroptotic 
compounds rigorously defined in clinical settings and supported by biomarker evidence 
demonstrating on-target glial reprogramming in humans. 

Collectively, these emerging strategies redefine the therapeutic horizon for dopamine–glia 
biology. The field is shifting from indiscriminate suppression toward precision reprogramming, with 
the ultimate objective of stabilizing glial ecosystems that support dopaminergic resilience across 
stress, disease, and aging. 

7. Glia-Directed Therapeutic Paradigms in Dopaminergic Neurodegeneration 

Emerging evidence increasingly positions glial state transitions, rather than neuronal 
degeneration alone, as the primary inflection point for dopaminergic circuit vulnerability. This 
recognition is transforming therapeutic paradigms from neuron-centric rescue toward glia-directed 
interventions that normalize astrocytic metabolism, restrain maladaptive microglial reactivity, and 
enable longitudinal monitoring of glial dynamics through molecular imaging and fluid biomarkers 
(Figure 4) [12,186]. By reframing therapeutic entry points at the astrocyte–microglia interface, 
interventions can be positioned upstream of irreversible neuronal loss, thereby extending the 
window for disease modification. 
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Figure 4. Glia-Directed Therapeutic Paradigms in Dopaminergic Neurodegeneration. 

7.1. Astrocytic Interventions in Glial–Dopamine Interfaces 

Astrocytes occupy a central role in this therapeutic shift, given their regulation of synaptic 
glutamate concentrations via excitatory amino acid transporters (EAAT1/2) and their control of 
oxidative tone through monoamine oxidase-B (MAO-B) activity. In reactive states, MAO-B 
expression is markedly upregulated, functioning both as a driver of oxidative stress and as a tractable 
theranostic target [187,188]. Advances in astrocyte-selective PET imaging underscore this 
translational opportunity. The tracer [^18F]SMBT-1 exhibits highly selective and reversible binding 
to MAO-B with minimal nonspecific uptake, allowing longitudinal quantification of reactive 
astrogliosis [189]. Initial human studies confirmed favorable kinetic properties, and more recent 
preclinical applications extended their utility to amyloid and tau transgenic models, where tracer 
signals correlated strongly with histological indices of astrocytic reactivity [190]. Importantly, SMBT-
1 is now being integrated into multi-tracer paradigms, where astrocytic imaging is combined with 
TSPO-PET (for microglial activation) and FDG-PET (for metabolic flux), generating multidimensional 
“glial fingerprints” of disease trajectory and therapeutic response [191]. 

Therapeutic efforts are proceeding in parallel with next-generation MAO-B inhibitors. Unlike 
classical agents that act solely on enzymatic suppression, newer compounds incorporate antioxidant 
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scaffolds, iron-chelating groups, and mitochondrial-supportive motifs. These multifunctional 
designs simultaneously mitigate upstream enzymatic overactivity and downstream cascades of 
reactive oxygen species and lipid peroxidation [192,193]. Complementing pharmacologic inhibition, 
astrocytic metabolic reprogramming has emerged as a broader strategy, targeting mitochondrial 
dynamics, lipid metabolism, and glutathione-dependent antioxidant defenses. Modalities include 
viral vectors driving EAAT overexpression, small molecules enhancing GPX4 activity, and 
interventions that stabilize iron-handling proteins, collectively positioning astrocytes as pivotal hubs 
of dopaminergic neuroprotection [193]. 

Ferroptosis has become a particularly salient frontier, defined as an iron-dependent cell death 
pathway driven by glutathione depletion and phospholipid peroxidation. While dopaminergic 
neurons are intrinsically ferroptosis-prone due to their metabolic profile, maladaptive astrocytic and 
microglial states further amplify this vulnerability. Dysregulated iron sequestration and lipid 
metabolism within glia accelerate oxidative stress and destabilize nigrostriatal circuits [194]. Recent 
studies indicate that microglial cytokine signaling can disrupt astrocytic iron handling, leading to the 
accumulation of labile iron pools that precipitate peroxidative damage. This establishes a self-
reinforcing loop in which iron-driven lipid peroxidation fuels neuroinflammation, further 
compounding dopaminergic fragility [195,196]. 

As a result, therapeutic paradigms are shifting toward combinatorial approaches that jointly 
target oxidative and inflammatory axes. Ferroptosis inhibitors, such as liproxstatin-1 analogues, are 
being paired with anti-inflammatory modulators to simultaneously suppress lipid peroxidation and 
restrain cytokine-driven propagation of neuroinflammation [197]. Such dual targeting is increasingly 
recognized as essential to disrupting the glia–iron–inflammation cycle that underlies Parkinsonian 
progression. 

7.2. Microglial Reprogramming: Inhibitors, Modulators, and Immune Tuning 

Therapeutic strategies increasingly recognize that targeting microglial states rather than broadly 
suppressing neuroinflammation offers a more refined approach to preserving dopaminergic 
resilience. Among the most extensively studied interventions are CSF-1R inhibitors, including 
PLX5622 and PLX3397 [198]. Sustained administration of these agents in preclinical Parkinsonian 
models induces near-complete depletion of resident microglia, which in turn attenuates α-synuclein 
accumulation, dopaminergic neuron loss, and motor dysfunction [151]. Notably, dosing regimens 
critically shape outcomes: while chronic depletion reduces pathology, shorter pulse exposures 
reorganize α-synuclein inclusions into fewer but larger aggregates, thereby altering clearance 
demands and circuit remodeling trajectories [199]. Following drug withdrawal, microglial 
repopulation arises from central nervous system progenitors, generating a population with reduced 
inflammatory tone and enhanced trophic support [200]. This “reset” phenotype suggests that 
temporally controlled depletion–repopulation cycles may function as a reprogramming strategy with 
long-term therapeutic relevance. 

More recent combinatorial approaches have integrated CSF-1R inhibition with 
neuromodulatory interventions such as gamma entrainment using sensory stimulation (GENUS) and 
environmental enrichment. These paradigms demonstrate synergistic effects, restoring network 
synchrony, enhancing learning and memory, and accelerating recovery in preclinical models [201]. 
Such findings highlight the potential for immune modulation and circuit-level entrainment to act in 
concert, recalibrating dopaminergic networks through coordinated glial and neuronal plasticity. 

Beyond CSF-1R signaling, a growing repertoire of microglial pathways has emerged as 
therapeutic entry points. Receptors such as TREM2, progranulin (PGRN), SORT1, LILRB4, P2Y6R, 
and TAM family members regulate phagocytosis, lipid metabolism, apoptotic clearance, and 
cytokine release [202]. Modulation of these axes can bias microglia toward reparative states that 
support synaptic integrity and metabolic homeostasis, while simultaneously restraining feed-
forward astrocytic conversion into neurotoxic phenotypes. In parallel, pharmacological repurposing 
efforts have explored broad-spectrum agents such as minocycline, which reduces oxidative stress, 
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dampens pro-inflammatory cytokine release, and disrupts maladaptive astrocyte–microglia feedback 
loops [203]. Yet, despite extensive preclinical efficacy, clinical translation has been limited by concerns 
regarding specificity, blood–brain barrier penetrance, and sustained efficacy. These limitations 
underscore the need for next generation immunomodulators designed with state selectivity and 
precise temporal control. 

7.3. Next-Generation Glial Control: Gene Therapy, Optogenetics, and Chemogenetics 

The convergence of molecular engineering and circuit neuroscience is enabling direct 
manipulation of glial physiology with unprecedented precision. Advances in viral vector technology, 
particularly those leveraging astrocyte-selective promoters such as GFAP and ALDH1L1, allow for 
targeted delivery of therapeutic transgenes to glial populations [204]. This approach has been applied 
to augment glutamate clearance through EAAT overexpression, bolster antioxidant defenses via 
GPX4, and stabilize iron homeostasis by enhancing expression of iron-handling proteins, thereby 
restoring astrocytic buffering capacity against excitotoxic and oxidative stress. 

Complementing gene therapy, optogenetic and chemogenetic strategies provide causal control 
of glial contributions to dopaminergic circuitry. Manipulation of astrocytic Ca²⁺ dynamics can 
bidirectionally regulate synaptic plasticity, while DREADD-based modulation of microglia has been 
shown to reconfigure immune tone and alter dopaminergic responsiveness in vivo [205]. With the 
integration of genetically encoded dopamine sensors, calcium indicators, and closed-loop control 
systems, these tools are now capable of mapping and manipulating glial activity in temporally and 
spatially defined behavioral epochs [206]. Such approaches position astrocytic and microglial 
neuromodulation not only as experimental probes of causality but also as potential therapeutic 
modalities, capable of precision reprogramming of glial states in circuit-defined contexts relevant to 
Parkinson’s disease and related dopaminergic disorders. 

7.4. Glial Biomarkers and Translational Monitoring in Dopaminergic Circuit Pathophysiology 

Advances in molecular imaging and fluid biomarker development are redefining how glial 
dynamics in dopaminergic circuits are monitored and translated into clinical frameworks. Among 
these, astrocytic MAO-B PET tracers, particularly [^18F]SMBT-1, have emerged as highly selective 
and non-invasive tools for quantifying astrocyte reactivity in vivo. Clinical studies confirm favorable 
pharmacokinetics, binding specificity, and reversibility, supporting their integration into 
longitudinal interventional trials [189,207]. Preclinical investigations further validate SMBT-1 by 
demonstrating close correspondence between tracer uptake and histological burden in transgenic 
amyloid and tau models, establishing its face validity as a biomarker of glial engagement [208]. 

An increasingly powerful paradigm involves multimodal imaging, in which astrocytic MAO-B 
PET is combined with TSPO-PET for microglial activation and metabolic or connectivity measures 
such as FDG-PET and diffusion MRI. These integrated pipelines generate multicellular progression 
signatures that distinguish disease stages, identify vulnerable network nodes, and track therapeutic 
response [209,210]. Complementary neuropathological studies mapping GFAP and other astrocytic 
markers across Parkinsonian brains further anchor these imaging endpoints as validated measures 
of regional progression [211,212]. 

Beyond imaging, biofluid assays represent an essential translational layer. Cerebrospinal fluid 
(CSF) and plasma studies increasingly support soluble TREM2, inflammatory cytokine panels, and 
metabolic microglial signatures as reproducible indicators of disease activity and treatment response 
[213,214]. Standardization of biomarker panels and longitudinal sampling protocols is critical to 
ensure reproducibility across cohorts and facilitate trial stratification. 

EVs have gained particular attention for their dual role as mechanistic mediators and 
biomarkers. Microglia-derived EVs carry α-synuclein seeds and pro-inflammatory cargo, directly 
inducing astrocytic conversion into neurotoxic phenotypes and amplifying dopaminergic stress. 
Recent findings identify Peli1-containing EV cargo as a driver of astrocytic reactivity, underscoring 
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exosomal pathways as both actionable therapeutic targets and minimally invasive biomarkers for 
clinical monitoring [215,216]. 

7.5. Repurposed Therapeutics and Precision Small-Molecule Modulators of Glial–Dopamine Pathophysiology 

The therapeutic landscape increasingly recognizes repurposed agents as glia-active 
neuromodulators capable of buffering dopaminergic vulnerability. Glucagon-like peptide-1 receptor 
agonists (GLP-1RAs), developed originally for diabetes, have shown striking promise in preclinical 
and early clinical studies. In experimental systems, GLP-1RAs suppress microglial cytokine release, 
reprogramming microglia toward homeostatic phenotypes, while simultaneously enhancing 
astrocytic metabolic support by stabilizing mitochondrial function, augmenting glucose uptake, and 
mitigating excitotoxic stress [217–219]. Clinical pilot data in Parkinson’s disease suggest 
improvements in motor and cognitive outcomes, spurring multiple Phase II/III trials aimed at 
clarifying efficacy and mechanistic underpinnings [220]. Mechanistically, GLP-1RAs reduce α-
synuclein aggregation and suppress downstream pro-inflammatory cascades, reinforcing their 
position within a glial-centric therapeutic framework [221]. 

Other agents, including minocycline, remain within the therapeutic repertoire due to their 
capacity to attenuate oxidative stress, inhibit microglial pro-inflammatory cascades, and disrupt 
astrocyte–microglia amplification loops [222,223]. However, their translation has been constrained 
by limited specificity, modest long-term tolerability, and concerns over systemic immune 
suppression. These limitations highlight the urgency of advancing precision small molecules capable 
of targeting discrete glial sub-states or signaling axes. 

Despite growing therapeutic momentum, several translational challenges persist. Timing is 
critical; both microglial modulation through CSF-1R targeting and astrocytic buffering of metabolic 
stress are most effective in prodromal or early disease phases, necessitating pre-symptomatic 
detection via PET imaging (MAO-B, TSPO) and fluid biomarkers (EV cargo, soluble TREM2, cytokine 
panels). Selectivity remains another hurdle, as broad microglial depletion suppresses pathogenic 
reactivity but risks compromising essential homeostatic functions such as synaptic refinement and 
debris clearance. Consequently, state-specific interventions and optimized dosing regimens are being 
prioritized to preserve beneficial roles while curbing maladaptive phenotypes. 

Heterogeneity of glial states further complicates therapeutic design. Single-cell and spatial 
transcriptomics reveal striking diversity between astrocytic and microglial sub-states across brain 
regions, disease stages, and demographic backgrounds, underscoring the need for cell-resolved 
targeting strategies guided by molecular classifiers and regional imaging markers. Finally, biomarker 
validation remains a pressing bottleneck. Candidate markers, including MAO-B PET, exosomal cargo 
signatures such as Peli1, soluble TREM2, and cfDNA fragments, require rigorous cross-platform 
validation, longitudinal reproducibility testing, and confirmation in ancestrally and clinically diverse 
populations. Without such harmonization, translation risks stagnation despite strong preclinical 
foundations. 

8. Future Directions: Emerging Priorities in Glial–Dopamine Biology 

Glial–dopamine interactions are now recognized as systems-level regulators of behavior, 
plasticity, and disease vulnerability, yet critical gaps remain. Regional heterogeneity, demographic 
moderators, computational formalization, and translational applications represent key frontiers. 
Systematically addressing these dimensions will establish a mechanistic foundation for targeted 
interventions in both psychiatric and neurodegenerative disorders. 

8.1. Regional Specificity: Striatum, PFC, Hippocampus, and Beyond 

Large-scale transcriptomic deconvolution of healthy human brain tissue reveals striking region- 
and sex-specific differences in glial composition. Analyses of GTEx datasets (>1,600 samples) indicate 
that astrocytic fractions increase with age in males across select cortical regions, whereas microglial 
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proportions rise in females, suggesting baseline gradients that shape DA–glia coupling. These 
patterns are particularly relevant to cortico-striatal and hippocampal loops, where DA dynamics are 
tuned by astrocytic buffering and microglial surveillance. 

The disproportionate vulnerability of SNc neurons in PD relative to VTA neurons is increasingly 
attributed to regional differences in astrocytic metabolic support, microglial inflammatory 
thresholds, and vascular–oxidative load. However, causal human evidence remains limited. 
Similarly, DA–glia interactions in the PFC and hippocampus remain underexplored, despite their 
established roles in executive control, working memory, and contextual learning. 

Future studies should combine region-resolved single-cell and spatial multi-omics with in vivo 
DA measurements to define glial receptor repertoires, metabolic programs, and inflammatory 
thresholds across nuclei. Behavioral paradigms selectively probing PFC (working memory), striatum 
(reward learning), and hippocampus (contextual encoding) could yield region-specific signatures, 
closing a major translational gap. 

8.2. Sex, Age, and Ancestry Effects in Glial–Dopamine Coupling 

Sex differences in glial biology are robust and multifaceted. Recent syntheses highlight sexually 
dimorphic microglial morphology and functional states across cortex, basal ganglia, and 
hippocampus, largely modulated by hormonal context. Astrocytic density and morphology also 
show sex-linked variation, with implications for synaptic support and neuromodulation. These 
cellular distinctions map onto DA dynamics: fast-scan cyclic voltammetry demonstrates greater DA 
release in the nucleus accumbens core of females, alongside differential regulation in the dorsolateral 
striatum, underscoring sex-dependent tuning of reward circuits. 

Aging further reshapes glial–DA interactions. Declines in astrocytic glutamate clearance and 
metabolic support, coupled with microglial priming toward pro-inflammatory states, progressively 
erode DA signal fidelity. Yet longitudinal human datasets linking glial aging trajectories to DA 
function remain absent, marking an urgent research priority. 

By contrast, ancestry-linked variability in glial–DA coupling is virtually unexplored. While 
population-level variation influences PD prevalence, drug response, and genetic architecture, no 
studies directly address ancestry-driven differences in astrocytic receptor expression, microglial 
activation thresholds, or DA–glia integration. Precision neuroscience must therefore prioritize 
integrative approaches that account for sex, age, and ancestry to improve generalizability and 
therapeutic equity. 

8.3. Computational and AI-Driven Models 

Computational neuroscience has only recently begun incorporating glial dynamics into 
normative frameworks. The 3M-Progress model, an embodied reinforcement learning paradigm, 
integrated neural–glial modules to reproduce neural and astrocytic signatures underlying futility-
induced passivity in zebrafish, representing the first whole-brain normative model of behavior 
grounded in neural–glial coupling. 

By contrast, most neuron–astrocyte models remain limited to Ca²⁺ dynamics, gliotransmitter 
buffering, or homeostatic regulation, with minimal consideration of reactive state transitions or DA-
specific modulation. Future frameworks should explicitly incorporate glial state variables; astrocytic 
Ca²⁺ flux, extracellular metabolite concentrations, and microglial inflammatory activity into 
reinforcement learning architectures using eligibility traces and distributional value functions. Such 
integration would capture the slow, spatially diffuse modulatory effects of glia that shape DA 
thresholds, plastic windows, and motivational drive under stress or immune challenge. 

Recent advances in large-scale neuron–astrocyte simulation platforms demonstrate the 
feasibility of embedding glia into whole-brain models. These tools could enable predictive 
simulations of DA decline across aging, PD, and stress-linked pathology, bridging mechanistic 
insights with clinical application. 
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8.4. Translational Roadmap: From Bench to Clinic 

The translation of glial–dopamine research into clinical practice requires a multipronged 
strategy spanning imaging technologies, peripheral biomarker discovery, pharmacological 
innovation, and behavioral assay development. Progress has been most notable in the imaging 
domain, where astrocyte-selective PET tracers such as [^18F]SMBT-1, targeting MAO-B, have 
demonstrated favorable kinetics and reproducibility in both PD and Alzheimer’s disease cohorts. 
These tools represent a significant advance in the ability to non-invasively monitor astrocytic states 
in vivo. For microglial imaging, TSPO PET remains the most widely used approach; however, its 
interpretability is constrained by the rs6971 polymorphism. Despite this limitation, post-mortem 
validation studies have confirmed TSPO binding in progressive supranuclear palsy and Alzheimer’s 
disease, supporting its conditional clinical utility. The development of next-generation ligands 
targeting receptors such as P2X7 offers the promise of more specific inflammatory readouts, though 
large-scale clinical validation is still required. 

Parallel to imaging efforts, the search for peripheral biomarkers of glial–dopamine coupling is 
accelerating. Brain-derived extracellular vesicles enriched in glial proteins and microRNAs, isolated 
from plasma, have shown diagnostic potential in PD, offering a minimally invasive window into 
central nervous system dynamics. Complementary approaches using cell-free DNA methylation 
signatures provide an additional means of inferring neural cell-type origins, enabling real-time 
monitoring of astrocytic and microglial turnover. The integration of peripheral assays with 
multimodal imaging platforms such as PET and MRI, anchored to single-cell and spatial 
transcriptomic datasets, represents a critical next step. Such convergence will allow for the precise 
mapping of glial states to dopaminergic vulnerability niches across the substantia nigra, ventral 
tegmental area, and striatal subdivisions, thereby refining both diagnostic accuracy and disease 
staging. 

Pharmacological interventions targeting glial pathways in dopamine-related disorders are also 
progressing, though challenges remain. GLP-1 receptor agonists have emerged as promising agents 
with central anti-inflammatory actions and preliminary evidence of motor and cognitive benefits in 
PD. Yet, heterogeneity in clinical outcomes underscores the necessity for biomarker-guided 
evaluation to identify responsive subgroups. Conversely, broad-spectrum agents such as 
minocycline reliably attenuate microglial activation in preclinical models but have failed to deliver 
consistent disease-modifying benefits in clinical trials, emphasizing the importance of developing 
more selective compounds and robust markers of target engagement. Future trials will need to 
incorporate multimodal biomarker panels to ensure mechanistic validation and to facilitate precision 
stratification of patients. 

Beyond pharmacology, behavioral paradigms are increasingly recognized as valuable 
translational tools for probing glial–dopamine interactions. Tasks indexing reward anticipation, 
effort-based decision-making, and fatigue provide ecologically relevant readouts that can be directly 
linked to underlying astrocytic and microglial modulation of dopaminergic tone. When integrated 
with glia-selective imaging or peripheral biomarker assays, these paradigms may serve as surrogate 
endpoints in clinical trials, enabling rigorous assessment of therapeutic effects on glial–dopamine 
coupling. Such approaches not only bridge mechanistic discovery with clinical application but also 
hold the potential to accelerate the development of targeted interventions aimed at restoring circuit-
level function and improving patient outcomes. 

9. Conclusions 

In recent years, converging evidence from cellular, genetic, imaging, and systems-level studies 
has repositioned glial–dopamine crosstalk as a central regulator of behavior, plasticity, and disease, 
rather than a secondary adjunct to neuronal signaling. Astrocytes and microglia actively sense, gate, 
and sculpt dopaminergic circuits through receptor signaling, metabolic support, gliotransmission, 
and immunometabolic coupling. Mechanistic insights—such as astrocytic MAO-B expression 
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visualized via [^18F]SMBT-1 PET imaging, microglial manipulation with CSF-1R inhibitors, and glial 
regulation of ferroptosis—demonstrate that glia directly calibrate dopaminergic tone, neuronal 
vulnerability, and resilience. These findings collectively redefine dopamine not as a purely neuronal 
signal but as a glia-conditioned output, shaped by local inflammatory states, metabolic buffering, and 
extracellular matrix dynamics. 

This reframing underscores that the efficacy of dopamine signaling is not fixed but dynamically 
shaped by glial modulation. The selective vulnerability of dopaminergic populations, such as 
substantia nigra versus ventral tegmental area neurons, reflects regionally distinct glial phenotypes 
that determine differential resilience or susceptibility. Likewise, behavioral outcomes including 
motivation, anhedonia, and stress resilience are increasingly recognized as contingent on the 
functional state of glia rather than neuronal activity alone. Consequently, therapeutic strategies that 
focus exclusively on dopaminergic neurons are unlikely to be sufficient without parallel interventions 
addressing glial dysfunction. More integrative approaches that modulate glial inflammation, redox 
capacity, and receptor signaling hold greater promise for producing durable benefits across 
movement disorders, psychiatric conditions, and neurodegenerative disease. 

Taken together, glial–dopamine crosstalk has matured from speculative hypothesis into a 
paradigm-shifting axis in neuroscience, reframing dopamine as a signal conditioned by astrocytic 
and microglial dynamics. The next frontier lies in harnessing this framework to devise glia-targeted 
or glia-informed interventions that restore the cellular milieu in which dopamine operates thereby 
promoting resilience, slowing degeneration, and advancing treatment of motivational and cognitive 
dysfunction across psychiatry and neurology. 
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