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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the
selective loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and
the intracellular accumulation of alpha-synuclein («-syn) aggregates. Historically, research
has focused on neuronal mechanisms; however, growing evidence indicates that the pro-
gression of neurodegeneration is influenced by changes in the brain microenvironment,
particularly through the dynamic interplay between microglia and the extracellular matrix
(ECM). ECM in the central nervous system is an organized network of structural proteins,
glycoproteins, and proteoglycans that encases neurons and glial cells, regulating processes
such as synaptic stability, neural plasticity, and intercellular signaling. In PD, the aggrega-
tion of a-syn and neuronal damage induce sustained microglial activation, which can alter
ECM structure. Activated microglia release proteases, including matrix metalloproteinases
and cathepsins, which can degrade critical ECM components such as collagens, laminins,
and proteoglycans. This remodeling can modify synaptic architecture, regulate cellular
signaling, and disrupt neuron-glia interactions, fostering an environment conducive to
dopaminergic degeneration. Furthermore, ECM remodeling and microglial activation
exhibit regional variability within the brain. Regions notably prone to degeneration, such
as the SNpc and striatum, display significant alterations in matrix organization and inflam-
matory activity, while other dopaminergic regions, including the ventral tegmental area,

T —— show increased resilience. We suggest that microglia-mediated ECM remodeling serves

as a mechanistic link between neuroinflammation and neuronal susceptibility in PD. This
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1. Introduction

Parkinson’s disease (PD) ranks as the second most common neurodegenerative dis-
order globally, marked by the progressive degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNpc). This degeneration leads to diminished dopamine
levels in basal nuclei circuits and manifests as motor symptoms, including bradykinesia,
rigidity, and resting tremor [1]. The disease is marked by the intracellular accumulation
of alpha-synuclein(a-syn)-rich aggregates that form Lewy bodies, leading to neuronal
dysfunction and death [2,3]. Historically, PD research has concentrated on intrinsic neural
processes such as oxidative stress, mitochondrial dysfunction, increased iron content, defec-
tive protein degradation, and «-syn toxicity [4,5]. Nonetheless, mounting data suggests that
neurodegeneration is significantly affected by changes in the adjacent brain microenviron-
ment [6,7]. In this scenario, glial cells and extracellular components have become essential
regulators of neuronal homeostasis and disease advancement [8]. Importantly, ECM home-
ostasis and neuroinflammatory regulation are not exclusively microglia-dependent pro-
cesses; astrocytes, endothelial cells, and other neurovascular unit components also actively
contribute to the maintenance of the perineuronal and perivascular matrix, establishing a
multicellular regulatory network rather than a single-cell-type axis [9]. Microglia are the
intrinsic immune cells of the central nervous system (CNS), crucial for immune surveillance,
debris clearance, and the regulation of synaptic plasticity [10]. Under physiological con-
ditions, microglia perform essential homeostatic functions, including activity-dependent
synaptic pruning and trophic support, which are indispensable for normal neurodevel-
opment and CNS maintenance. In pathogenic situations like PD, prolonged microglial
activation can induce persistent neuroinflammation and lead to neuronal damage [6,11].
In addition to their immune roles, microglia are involved in the modulation of the brain’s
extracellular matrix (ECM), a sophisticated network of structural proteins, glycoproteins,
and proteoglycans that encases neurons and glial cells, governing cell adhesion, synaptic
plasticity, and intercellular communication [12-14]. Persistent microglial activation during
dementia may provoke substantial ECM remodeling, compromising synaptic integrity and
neuronal survival [15]. Recent research indicates that the interplay between microglia and
the ECM may considerably affect the selective susceptibility of dopaminergic neurons in
PD [16]. This review seeks to consolidate the existing evidence on microglial modulation of
ECM dynamics in neurodegenerative processes, investigate regional variations linked to
these mechanisms, and assess their potential role in selective dopaminergic degeneration
and therapeutic strategies.

2. The Microglia-Extracellular Matrix Axis in the Pathogenesis of
Parkinson’s Disease

PD is characterized by the gradual degeneration of dopaminergic neurons, aggre-
gation of a-syn, and persistent neuroinflammation [1,17,18]. Recent evidence suggests
that dopaminergic neurodegeneration is significantly affected by dynamic changes in the
interaction between microglia and ECM, which governs synaptic homeostasis, neuronal
plasticity, and inflammatory responses [12,19,20]. Rather than a unidirectional process in
which microglia solely act upon the ECM, this relationship is bidirectional: ECM composi-
tion and stiffness also modulate microglial phenotype, motility, and phagocytic capacity,
establishing a continuous feedback loop between the two compartments. Microglia are
the main innate immune cells of the CNS and play a dual role in Parkinson’s disease.
Initially, they facilitate the removal of misfolded proteins and cellular detritus; however,
prolonged activation induces chronic inflammatory responses that aggravate dopamin-
ergic damage [21,22]. Postmortem analyses of PD patients have demonstrated elevated
HLA-DR expression and altered microglial morphology in the SNpc, indicating ongoing
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immunological activation linked to neuronal loss [23,24]. Positron emission tomography
(PET) neuroimaging investigations utilizing translocator protein (TSPO) ligands have
corroborated the presence of active neuroinflammation in many brain regions of PD pa-
tients [25]. The cerebral ECM comprises glycoproteins, proteoglycans, collagens, laminins,
and hyaluronic acid, which governs tissue architecture, synaptic stability, and neuronal
communication [12,13]. Under healthy conditions, microglia facilitate ECM homeostasis
by engaging in synaptic remodeling and modulating extracellular proteases [26,27]. Key
molecular pathways mediate this interaction, including integrin signaling (particularly
B1-integrins and the microglial CD11b/CD18 complex), focal adhesion kinase (FAK) ac-
tivation, and CD44-hyaluronan binding, which collectively regulate microglial adhesion,
migration, and mechanosensing within the ECM. In PD, the buildup of x-syn and oxida-
tive stress disturb this equilibrium, fostering prolonged inflammatory activation [6,28].
Experimental investigations indicate that extracellular c-syn oligomers stimulate microglia
via TLR2, TLR4, and CD36 receptors [29-31]. This activation results in the secretion of
cytokines, reactive oxygen species (ROS), and proteolytic enzymes that modify ECM struc-
ture. Animal models utilizing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [32]
and 6-hydroxydopamine (6-OHDA) [33] exhibit heightened reactive microglia and atyp-
ical ECM remodeling in nigrostriatal areas, indicating that ECM disruption is a crucial
element of neurodegeneration [34-36]. Matrix metalloproteinases (MMP-2, MMP-3, and
MMP-9) serve as key mediators of the microglia-ECM axis, which is involved in ECM
degradation, inflammatory signaling, and disruption of the blood-brain barrier [37-39].
MMP-3, produced by compromised dopaminergic neurons, can activate microglia and
enhance the production of TNF-« and IL-1§3, perpetuating a cycle of inflammation and
neuronal destruction. Moreover, ECM degradation generates damage-associated molecular
patterns (DAMPs), which act on microglial cells and further exacerbate neuroinflammation
(Figure 1) [32,40,41]. Pharmacological suppression of MMPs in murine models of Parkin-
son’s disease decreases dopaminergic neuronal degeneration and attenuates inflammatory
responses [42,43]. In cerebrospinal fluid samples from patients with this disease, tissue
inhibitors of MMPs are elevated [44]. Transcriptomic and proteomic analyses of tissue from
PD patients and induced pluripotent stem cell models demonstrate substantial modifica-
tions in ECM-receptor interaction pathways, focal adhesion signaling, and cell adhesion
molecules, such as collagens, fibronectin, laminins, and tenascins [16,45,46]. While these
findings support a mechanistic association between MMP-mediated ECM remodeling
and PD pathology, notably, most evidence remains correlative, derived primarily from
experimental models and cross-sectional patient samples; causal directionality has not yet
been established.
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Microglia-ECM axis in PD pathogenesis
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Bidirectional crosstalk between microglia and ECM drives a feed-forward loop of inflammation and matrix remodeling,
contributing to dopaminergic neurodegeneration in PD

Figure 1. Overview of the microglia—extracellular matrix axis in Parkinson’s disease pathogenesis. In
the substantia nigra pars compacta (SNpc), dopaminergic neurons accumulate intracellular x-synuclein
(x-syn) aggregates, forming Lewy bodies, and release oligomeric «-syn into the extracellular space.
Extracellular «-syn activates microglia through TLR2, TLR4, and CD36 receptors, inducing a transition
from a surveilling (ramified) to an activated (amoeboid) phenotype. Activated microglia produce pro-
inflammatory cytokines (TNF-c, IL-13, IL-6), reactive oxygen species (ROS), and proteolytic enzymes,
including matrix metalloproteinases (MMP-2, MMP-3, MMP-9) and cathepsins (cathepsin B, cathepsin
S). These proteases degrade the main ECM components, including collagens, laminins, fibronectin,
and chondroitin sulfate proteoglycans, as well as perineuronal nets (PNNs), highly specialized ECM
structures that surround neuronal somas and regulate synaptic stability. Damaged dopaminergic
neurons also express MMP-3, which further activates microglia and enhances the production of
TNF-oc and IL-13. The degradation of the ECM leads to the generation of damage-associated
molecular patterns (DAMPs), which act via TLR2 and TLR4 on glial cells, further exacerbating
neuroinflammation. The resultant disruption of the brain microenvironment compromises synaptic
architecture, neuronal plasticity, and neuron—-glia communication, creating a favorable milieu for
dopaminergic degeneration. Note: This schematic integrates findings from multiple experimental
systems; the sequence and directionality of some interactions (e.g., the precise contribution of
individual proteases to specific ECM components) remain to be validated in vivo.

3. Microglia, Extracellular Matrix Reorganization, and Dissemination
of Neurodegeneration

The advancement of PD entails a dynamic neurodegenerative mechanism charac-
terized by the dissemination of x-syn pathology throughout interconnected neural cir-
cuits [47,48]. Experimental investigations indicate that «-syn aggregates can propagate by
prion-like mechanisms (Figure 2A), including extracellular release, transneuronal trans-
fer, and endocytosis-mediated uptake [49,50]. Animal models implanted with premade
a-syn fibrils demonstrate intrinsic aggregation, degeneration of nigrostriatal neurons, and
gradual anatomical spread of disease [51,52]. Clinical evidence corroborating this method
encompasses the identification of x-syn aggregates in fetal neural grafts implanted in PD
patients [53,54]. Chronic microglial activation considerably facilitates disease progression.
PET imaging and postmortem analyses reveal persistent inflammatory activation in the
SNpc, striatum, and other brain regions of PD patients, which correlated with elevated
cytokine production and oxidative stress [25,55,56]. Extracellular x-syn activates TLR2,
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TLR4, and CD36 receptors in microglia, promoting release of TNF-«, IL-1f3, IL-6, and
ROS [57-59]. Activated microglia expresses proteases that degrade ECM structural com-
ponents, including proteoglycans, tenascin-R, and hyaluronan [60,61]. Disruption of the
ECM may enhance the diffusion and intercellular transfer of o-syn aggregation (Figure 2B),
hence augmenting pathogenic connections within neuronal circuits [62]. The disruption of
perineuronal nets (PNNs) undermines synaptic stability and neuronal plasticity, leading to
the progressive decline of cortico-striatal and nigrostriatal connections [34,63]. Collectively,
these observations support a self-perpetuating feed-forward loop in which «-synuclein
aggregation triggers microglial activation, microglia-driven ECM remodeling facilitates
further a-synuclein propagation between neurons, and the resulting neurodegeneration in
turn amplifies local inflammatory signaling—establishing a cycle that may sustain disease
progression independently of the initial triggering event.
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Figure 2. Prion-like propagation of o-syn and its facilitation by ECM remodeling. (A) Mechanisms of
a-syn dissemination across synaptically connected neurons. x-Syn aggregates spread through three
described routes: extracellular release, transneuronal transfer, and endocytosis-mediated uptake.
Uptake of preformed fibrils by recipient neurons seeds intrinsic aggregation, initiating pathology
in previously unaffected cells. This model is supported by animal studies demonstrating progres-
sive anatomical spread of pathology following injection of preformed «-syn fibrils, and by clinical
evidence showing a-syn aggregates in fetal neural grafts transplanted into PD patients. (B) ECM
integrity as a regulator of «-syn propagation. Left: Intact ECM and well-formed perineuronal nets
restrict extracellular diffusion and maintain synaptic stability within corticostriatal and nigrostriatal
circuits. Right: Microglia-mediated degradation of proteoglycans, tenascin-R, and hyaluronan dis-
rupts perineuronal nets and loosens the extracellular meshwork, thereby enhancing the extracellular
diffusion and intercellular transfer of x-syn aggregates and contributes to progressive loss of circuit
connectivity. Note: The causal contribution of ECM/PNN degradation to accelerated «-syn propaga-
tion (panel (B)) is supported primarily by in vitro and ex vivo evidence; its relevance in vivo remains
to be fully established.

https://doi.org/10.3390/neuroglia7030027


https://doi.org/10.3390/neuroglia7030027

Neuroglia 2026, 7, 27

6 of 18

4. Alterations in Microglial Extracellular Matrix Interactions in
Parkinson’s Disease

Transcriptomic and proteomic analyses have revealed substantial modifications in
ECM architecture and ECM-receptor interaction pathways in brain regions impacted by
PD [16,45]. These changes include dysregulation of collagens, laminins, fibronectin, pro-
teoglycans, and metalloproteinases involved in extracellular architecture and neuroglial
signaling [62]. These alterations are particularly evident in regions with severe dopaminer-
gic degeneration, such as the SNpc and striatum, where reactive microgliosis and remodel-
ing of PNNs are also observed [63,64]. This bidirectional relationship extends to specific
molecular mediators: TGF-f3 and TIMP signaling, for instance, not only regulate ECM
turnover but are themselves modulated by ECM-derived cues, illustrating how matrix com-
position can feed back onto microglial functional states. The ECM regulates cell adhesion,
microglial migration, synaptic architecture, and inflammatory signaling, all of which are
disrupted during chronic neuroinflammation [65]. Experimental evidence indicates that
altered microglia-ECM interactions promote a pro-inflammatory microenvironment that
exacerbates dopaminergic degeneration through cytokine release, oxidative stress, and
extracellular proteolysis [40,66,67].

5. Microglial Remodeling of the Extracellular Matrix During
Pathological Processes

In PD, a-syn aggregation induces persistent microglial activation, one of the principal
neuroinflammatory mechanisms associated with dopaminergic degeneration. Activated
microglia release TNF-c, IL-13, IL-6, ROS, and proteolytic enzymes that disrupt brain mi-
croenvironment homeostasis [17,68]. Among these enzymes are MMP-2, MMP-3, MMP-9,
cathepsin B, and cathepsin S, which degrade laminin, fibronectin, collagen, and chondroitin
sulfate proteoglycans [69]. Experimental studies demonstrate that fibrillar «-syn induces
MMP-3 expression in both microglia and dopaminergic neurons, thereby promoting in-
flammatory and neurotoxic pathways [70]. Elevated levels of MMP-3 and MMP-9 have
also been detected in PD patients [71,72]. This implies that ECM degradation disrupts the
perineuronal environment and impairs communication between neurons and glial cells. It
is important to emphasize that ECM remodeling is not limited to structural degradation
via matrix metalloproteinases; it also entails functional reorganization of the extracellular
environment—altering the diffusion of signaling molecules, ion buffering capacity, and
synaptic stability—thereby directly influencing neuronal plasticity and glia-neuron com-
munication. Furthermore, fragmentation of matrix proteins generates DAMPs, which can
activate TLR2 and TLR4 signaling in glial cells and amplifying neuroinflammation [73].
Taken together, these findings suggest a potential positive feedback loop in which inflamma-
tion promotes ECM remodeling and ECM disruption perpetuates glial activation, although
this circular causality has been inferred largely from correlative and cross-sectional data
rather than longitudinal mechanistic evidence. ECM remodeling also affects synaptic
organization and neuronal plasticity (Figure 3). Alterations in PNNs and integrin-mediated
signaling may contribute to the progressive functional decline observed in PD [74,75].
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Figure 3. Positive feed-forward loop between neuroinflammation, ECM remodeling and dopaminer-
gic degeneration in Parkinson’s disease. The loop is initiated by x-syn aggregation and dopaminergic
neuronal damage that promote sustained microglial activation via TLR2, TLR4 and CD36 receptor
activation by extracellular «-syn oligomers. Activated microglia secrete TNF-«, IL-133, IL-6, ROS and
proteolytic enzymes (MMP-2, MMP-3, MMP-9, cathepsin B, cathepsin S) that degrade ECM structural
proteins including collagens, laminins, fibronectin, chondroitin sulfate proteoglycans, tenascin-R,
hyaluronan and perineuronal nets. Cleavage of these matrix proteins generates DAMPs that activate
TLR2 and TLR4 signaling in glial cells, thus perpetuating the inflammatory loop. In parallel, damaged
dopaminergic neurons express MMP-3, which directly activates microglia and amplifies TNF-a and
IL-1p production, constituting an additional entry point into the cycle. Downstream consequences
of sustained ECM remodeling include disruption of synaptic organization, impairment of neuronal
plasticity, and compromised neuron-glia communication, collectively increasing dopaminergic vul-
nerability and driving disease progression Arrows indicate the proposed direction of signaling,
secretion, or causal influence between the depicted components; the curved arrow denotes closure
of the feed-forward loop via DAMP-mediated TLR2/TLR4 reactivation. Note: This feed-forward
loop is inferred from convergent but largely correlative experimental findings; its self-perpetuating
dynamics have not been directly demonstrated through longitudinal or causal experimental designs.

6. Regional Differences in Dopaminergic Vulnerability

One of the defining neuropathological features of PD is the selective vulnerability of
dopaminergic neurons in the SNpc, whereas neurons in the ventral tegmental area (VTA)
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exhibit relative resistance to degeneration [76,77]. This indicates that neurodegeneration
does not depend on intrinsic neuronal properties and regional microenvironmental charac-
teristics as independent mechanisms, but rather on their dynamic interaction, which jointly
determines the cumulative vulnerability threshold of dopaminergic neurons. SNpc neurons
exhibit high Cav1.3-dependent pacemaker activity, elevated oxidative metabolism, and
increased mitochondrial energy demand. These intrinsic factors are associated with greater
susceptibility to oxidative stress and «-syn accumulation [78,79]. In parallel, the ECM
regulates trophic signaling, synaptic stability, and inflammatory responses. Regional alter-
ations in proteoglycans, hyaluronan, tenascins, and PNNs may therefore influence neuronal
resistance to inflammatory injury [80,81]. Microglia also contribute to regional vulnera-
bility. Transcriptomic and single-cell sequencing studies reveal region-specific molecular
profiles that determine differential inflammatory responses to tissue injury and x-syn aggre-
gates [82,83]. Microglia in the substantia nigra display a more reactive basal phenotype and
elevated expression of inflammatory genes [84]. Additionally, the SNpc contains relatively
a high microglial density, potentially amplifying local cytokine release, oxidative stress,
and ECM remodeling through metalloproteinases and cathepsins [85,86]. In contrast, the
VTA appears to maintain a more stable extracellular organization and a less inflammatory
microglial profile. An important aspect that differentiates the two dopaminergic regions is
iron concentration. The VTA contains significantly less iron than the SNpc [87,88], which
coexists with large amounts of neuromelanin, making it much more prone to cellular
degeneration compared to the VTA [89,90]. To eliminate these high concentrations of this
metal, the ECM may act as an iron reservoir. It has been proposed to capture iron oxide,
potentially protecting dopaminergic neurons from iron-induced damage and promoting
cellular repair, based on findings in other neurodegenerative diseases [91-93]; however,
this iron-buffering role of the ECM remains an emerging hypothesis that warrants further
mechanistic validation. Cumulative evidence suggests that regional differences in ECM
composition and microglial states contribute substantially to the selective vulnerability of
dopaminergic neurons in PD (Figure 4).

Regional Differences in Dopaminergic Vulnerability: SNpc vs VTA
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Figure 4. Regional differences in dopaminergic vulnerability: SNpc versus VTA. SNpc (left) exhibits
specific neuronal features that contribute to increased vulnerability such as Cavl.3-dependent
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pacemaker activity, high oxidative metabolism, and mitochondrial energy demand, which collectively
foster oxidative stress and «-syn accumulation. Microglia in the SNpc displays a more reactive
baseline phenotype, characterized by the upregulation of inflammatory genes, a higher cell density,
and increased release of cytokines, ROS, and ECM-remodeling proteases (metalloproteinases and
cathepsins). ECM organization is significantly altered in this region, with the disruption of PNNs
and the breakdown of matrix architecture. Furthermore, the SNpc contains high levels of iron; the
ECM has potential as an iron reservoir, and microglia has been proposed to phagocytize iron oxide,
potentially protecting dopaminergic neurons from iron-related damage. The VTA (right) is relatively
resilient, with a more stable extracellular environment, intact PNNSs, a less inflammatory microglial
profile with a ramified morphology and lower cell density, and a significantly lower iron content.
Note: The proposed iron-buffering role of the ECM and its interaction with microglial iron handling
remain hypothetical and are based on indirect evidence from other neurodegenerative conditions.

7. Therapeutic Implications of the Microglia-Extracellular Matrix Axis

Recognition of the role of the brain microenvironment in PD has generated a major
conceptual shift in therapeutic research. Traditionally, treatments focused primarily on
dopamine replacement or direct neuronal protection; however, increasing evidence indi-
cates that interactions among microglia, neuroinflammation, and ECM may be significantly
influencing disease progression [94,95]. One promising therapeutic strategy involves reg-
ulating microglial activation to reduce the release of inflammatory cytokines, ROS, and
proteolytic enzymes that contribute to ECM degradation and neuronal injury [96-98]. Ex-
perimental studies show that anti-inflammatory compounds, nuclear receptor agonists,
and immunomodulators can attenuate dopaminergic degeneration and limit o-syn propa-
gation in animal models [99,100]. Clinical trials evaluating nonsteroidal anti-inflammatory
drugs and TNF-« inhibitors have produced variable results and require further valida-
tion [101,102]. The inconsistent outcomes of anti-inflammatory clinical trials in PD likely
reflect several converging factors: disease heterogeneity, including variable degrees of neu-
roinflammation across patients and disease stages; treatment timing, since interventions
initiated after substantial neurodegeneration may fail to modify an already-established
disease trajectory; and the difficulty of selectively modulating detrimental microglial re-
sponses without compromising their neuroprotective and reparative functions. Another
important strategy focuses on the regulation of MMP activity, particularly MMP-3 and
MMP-9, which are associated with blood-brain barrier disruption, ECM remodeling, and
chronic inflammation [103,104]. Experimental inhibition of MMPs reduces microglial acti-
vation and preserves tissue integrity in preclinical models [40,105]. Preservation of PNNs
represents another emerging therapeutic approach. These ECM structures regulate synaptic
stability, neuronal plasticity, and resistance to oxidative stress. Their degradation during
neuroinflammation may increase dopaminergic vulnerability [13,106]. Recent studies have
also explored tissue-repair strategies, such as biomimetic hydrogels, artificial extracellu-
lar matrices, and mesenchymal stem cells, aimed at modulating inflammatory responses
and supporting tissue repair (Figure 5) [107]. Most of these strategies, including MMP
modulation, PNN preservation, and ECM-restorative biomaterials, remain at preclinical
or early experimental stages. Their translational potential is constrained by the difficulty
of achieving spatial and temporal specificity (e.g., inhibiting pathological MMP activity
without disrupting physiological ECM turnover), and by the risk of adverse effects aris-
ing from interference with microglial functions that are also required for normal tissue
homeostasis and repair. In sum, the current evidence supports an integrated view of PD in
which neurodegeneration arises from complex interactions among neurons, glia, and ECM
components. Targeting the microglia-ECM axis may therefore represent a complementary
strategy capable of slowing disease progression and preserving neuronal function.
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Figure 5. Therapeutic targets along the microglia—ECM axis in PD. The pathological cascade pro-
gresses from o-syn aggregation through chronic microglial activation, release of inflammatory me-
diators and proteases, and ECM and PNN degradation, to synaptic disruption and neuronal loss.
Therapeutic strategies are mapped to specific points of intervention. Modulation of microglial acti-
vation includes anti-inflammatory compounds, nuclear receptor agonists, and immunomodulators,
which have been shown experimentally to attenuate dopaminergic degeneration and limit x-syn
propagation in animal models; clinical trials with nonsteroidal anti-inflammatory drugs and TNF-«
inhibitors have yielded variable results that require further validation. Inhibition of metalloproteinase
activity targets MMP-3 and MMP-9, whose activity is associated with BBB disruption, ECM remodel-
ing, and chronic inflammation; experimental inhibition reduces microglial activation and preserves
tissue integrity in preclinical models. Preservation of PNNs addresses the loss of ECM structures
that regulate synaptic stability, neuronal plasticity, and resistance to oxidative stress. Tissue repair
strategies include biomimetic hydrogels, artificial extracellular matrices, and mesenchymal stem
cells as approaches to modulate inflammatory responses and support tissue repair. Note: Except for
MMP inhibition and anti-inflammatory approaches tested in clinical trials, the therapeutic strategies
depicted remain experimental, and their positioning in this schematic reflects proposed rather than
validated points of intervention.

8. Future Perspectives

Despite substantial progress in understanding the interaction between microglia and
the ECM in PD, several key mechanisms remain incompletely understood. One of the
principal unresolved questions concerns the precise molecular pathways through which
microglia regulate ECM composition and structural organization across distinct brain
regions. Clarifying these mechanisms will be essential to understanding how the brain
microenvironment contributes to the selective vulnerability of dopaminergic neurons.
An important area for future investigation is the functional heterogeneity of microglia
throughout CNS. Recent transcriptomic and single-cell studies demonstrate that microglia
exhibit region-specific molecular and metabolic profiles that vary according to anatomical
location and pathological context. These regional differences may influence both the
inflammatory response to a-syn accumulation and the capacity of microglia to remodel
the ECM. Beyond regional microglial heterogeneity, future work should also address
temporal shifts in microglial phenotype during disease progression and aging, as microglial
priming and senescence may differentially influence ECM remodeling capacity over time.
Another major challenge is to determine how ECM alterations affect the propagation of
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a-syn pathology. Because ECM regulates extracellular diffusion, synaptic connectivity,
and cell-cell communication, changes in its composition may influence the intercellular
transmission of aggregated proteins and the anatomical progression of neurodegeneration.
Understanding these mechanisms may provide novel insights into disease progression and
selective neuronal susceptibility. Emerging technologies, including spatial transcriptomics,
single-cell RNA sequencing, and ECM proteomics, offer unprecedented opportunities
to investigate the brain microenvironment with high spatial and molecular resolution.
These approaches may facilitate the identification of novel therapeutic targets and improve
our understanding of the complex interactions among microglia, ECM components, and
neuronal populations during neurodegeneration. Finally, greater integration between
experimental and clinical research will be necessary to translate mechanistic findings into
therapeutic applications. Although animal and cellular models have provided valuable
information regarding microglia-ECM interactions, many of these mechanisms still require
validation in human tissues and longitudinal clinical studies. Combining experimental
models, postmortem analyses, biomarker studies, and advanced neuroimaging techniques
will likely provide a more comprehensive understanding of PD pathophysiology.

9. Limitations of Current Evidence

Despite increasing evidence supporting the involvement of the ECM axis in PD, several
limitations currently restrict a complete understanding of its precise role in neurodegenera-
tion. First, a substantial proportion of the available evidence derives from experimental
animal models and in vitro systems, including MPTP, 6-OHDA, and «-syn fibril-based
models. Although these approaches have provided important mechanistic insights, they
do not fully reproduce the chronic and multifactorial nature of human PD. Consequently,
caution is required when extrapolating experimental findings to the clinical setting. An
additional limitation concerns the genetic models commonly used to study Parkinson’s
disease (e.g., SNCA, LRRK2, PARK2 mutants), which often fail to fully recapitulate the
ECM and microglial alterations observed in idiopathic disease. Human induced pluripotent
stem cell (iPSC)-derived microglia and midbrain organoid systems represent a comple-
mentary translational platform, allowing for the study of human-specific microglia-ECM
interactions in a genetically tractable context. Another important limitation is that much
of the current evidence remains correlative rather than directly causal. Numerous tran-
scriptomic, proteomic, and neuropathological studies demonstrate alterations in ECM
organization and microglial activation in PD; however, it remains difficult to determine
whether these changes constitute primary drivers of neurodegeneration or secondary con-
sequences of neuronal injury and chronic inflammation. Similarly, alterations in ECM
composition may vary substantially according to disease stage, anatomical region, and
methodological approach. The intrinsic complexity and heterogeneity of the brain ECM
also represent experimental and analytical methodological challenges. The ECM is a highly
dynamic structure composed of multiple proteins, glycoproteins, proteoglycans, and PNNs
that differ across brain regions and cellular microenvironments. Current molecular and
transcriptomic approaches may not fully capture the spatial organization, biomechanical
properties, or functional interactions of ECM components in vivo. In parallel, microglial
heterogeneity remains incompletely understood. Recent single-cell studies demonstrate
the existence of region-specific and disease-associated microglial phenotypes; however,
the precise functional relevance of these subpopulations during PD progression remains
under investigation. Finally, the translational application of the microglia-ECM axis is still
limited by the absence of robust and specific clinical biomarkers. Although neuroimaging
studies and inflammatory markers provide indirect evidence of microglial activation and
ECM remodeling, reliable biomarkers capable of monitoring these processes in patients
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remain insufficiently validated. Additional longitudinal studies integrating experimental
models, human tissue analysis, advanced imaging, and molecular profiling will therefore
be necessary to clarify the clinical relevance of microglia-mediated ECM remodeling in PD.

10. Conclusions

Parkinson’s disease is a complex neurodegenerative disorder in which neuronal degen-
eration is strongly influenced by interactions within the brain microenvironment. Although
PD has traditionally been studied from a neuron-centered perspective, increasing evidence
indicates that microglia and ECM play fundamental roles in the regulation of neuroinflam-
mation, synaptic stability, and dopaminergic vulnerability. It is important to situate this
microglia-ECM axis within the broader multicellular neuroglial environment. Astrocytes
contribute substantially to ECM homeostasis through the synthesis of core matrix compo-
nents (e.g., tenascin-C, brevican), participate in neuroinflammatory regulation via cytokine
and chemokine release, maintain glutamate clearance through EAAT1/2 transporters, and
support neurovascular integrity—collectively shaping the microenvironment in which
microglia-ECM interactions unfold. Microglia, often described as the resident macrophages
of the CNS, support neuronal function under physiological conditions through several
homeostatic mechanisms, including the regulation of neurogenesis, activity-dependent
synaptic pruning, provision of trophic support, and recruitment of peripheral immune cells
during injury. However, chronic microglial activation promotes sustained inflammatory
responses and pathological ECM remodeling through the release of cytokines, ROS, and
extracellular proteases. These alterations may disrupt neuron—glia communication, impair
synaptic organization, and facilitate the progression of c-syn pathology. In parallel, regional
differences in ECM composition and microglial phenotypes appear to contribute to the
selective vulnerability of dopaminergic neurons observed in PD. Experimental and clinical
studies demonstrate that the microglia-ECM axis is closely related to disease progression;
however, further studies are needed to understand whether it is a cause of dopaminergic
damage or a consequence. Consequently, therapeutic strategies aimed at modulating neu-
roinflammation, preserving ECM integrity, or restoring microenvironmental homeostasis
may represent promising complementary approaches for slowing dopaminergic degener-
ation. A more comprehensive understanding of the interactions among microglia, ECM
components, and neuronal circuits will be essential for developing future therapies capable
not only of alleviating symptoms, but also of modifying disease progression in PD. Despite
increasing evidence indicating a role for the microglia-ECM axis in PD, much of the existing
research is correlational and predominantly sourced from experimental models rather than
direct mechanistic evidence in patients.
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Abbreviations

x-syn alpha-synuclein

Cavl.3 L-type calcium channel

CNS Central Nervous System

CSPGs Chondroitin Sulfate Proteoglycans
DAMPs  Damage-Associated Molecular Patterns

ECM Extracellular Matrix

EAAT1 excitatory amino acid transporter 1
EAAT2 excitatory amino acid transporter 2

FAK Focal adhesion kinase

HLA-DR Human Leukocyte Antigen—DR isotype
IL-1B3 Interleukin-1 Beta

IL-6 Interleukin-6

iPSC Human induced pluripotent stem cell

LRRK2 Leucine-rich repeat kinase 2

MMPs Matrix Metalloproteinases

MMP-2 Matrix Metalloproteinase-2

MMP-3 Matrix Metalloproteinase-3

MMP-9 Matrix Metalloproteinase-9

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PARK2 gene encoding the Parkin 2 protein

PD Parkinson’s Disease
PET Positron Emission Tomography
PNNs Perineuronal Nets
ROS Reactive Oxygen Species
SNCA gene encoding alpha-synuclein
SNpc Substantia Nigra Pars Compacta
TGEF-3 Transforming growth factor beta
TIMP Tissue Inhibitor of Metalloproteinases
TLR2 Toll-Like Receptor 2
TLR4 Toll-Like Receptor 4
TNF-« Tumor Necrosis Factor Alpha
TLR2 Toll type 2-like receptors
TLR4 Toll type 4-like receptors
TSPO Translocator Protein
VTA Ventral Tegmental Area
6-OHDA  6-hydroxydopamine
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