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Abstract

Background/Objectives: Aging is a universal biological process characterized by progres-
sive structural, cellular, and molecular alterations that contribute to functional decline and
increased susceptibility to disease. In recent years, the cerebral meninges have emerged
as an active regulatory interface between the central nervous system and peripheral tis-
sues, with growing evidence supporting their involvement in immune surveillance, fluid
homeostasis, and age-related neuropathology. Methods: This narrative review provides a
comprehensive overview of the current state of knowledge regarding anatomical, immuno-
logical, and molecular remodeling of the aging meninges, with particular emphasis on
features with potential diagnostic relevance for cerebral senescence. A systematic analysis
of the literature was performed to summarize established and emerging meningeal biomark-
ers, including inflammatory mediators, immune cell population dynamics, vascular and
lymphatic alterations, and extracellular matrix remodeling. Results: The available evidence
indicates that age-related changes in meningeal immunity, lymphatic drainage, and fibrotic
architecture are closely associated with impaired waste clearance, chronic low-grade neu-
roinflammation, and increased vulnerability to neurodegenerative processes. Importantly,
this review highlights existing knowledge gaps and unresolved questions in the field,
underscoring the need for integrated anatomical and molecular studies of meningeal aging.
Conclusions: As a summary, by delineating current evidence and limitations, this work
aims to provide a conceptual framework to guide future experimental and translational
research focused on identifying novel diagnostic biomarkers of cerebral senescence.

Keywords: meninges; aging; cerebral senescence; diagnostic biomarkers; meningeal immunity;
neuroimmunology; meningeal lymphatics; neurodegeneration; glymphatic system

1. Introduction
Aging is a complex and inevitable biological process characterized by progressive

structural, cellular, and molecular alterations that affect all organ systems and ultimately
contribute to functional decline and increased susceptibility to disease [1–3]. Over re-
cent decades, substantial research efforts have focused on elucidating the mechanisms
of biological aging and cellular senescence, leading to the identification of conserved
molecular hallmarks such as chronic low-grade inflammation, immune dysregulation,
extracellular matrix (ECM) remodeling, and impaired tissue repair [4–7]. These processes
operate in a highly interconnected manner and collectively shape age-related vulnerability
across tissues.
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Within this broader biological framework, the central nervous system (CNS) undergoes
profound age-related changes that include progressive neuroinflammation, altered immune
surveillance, impaired clearance of metabolic waste, and increased susceptibility to neu-
rodegenerative disorders [8–10]. For example, while the meningeal compartment typically
serves as an immunological reservoir that facilitates the infiltration of immune cells into the
brain parenchyma via lymphatic vessels during infection or inflammation, meningeal aging
progressively impairs this mechanism. Consequently, this functional decline compromises
the CNS ability to mount a coordinated immune response to pathological insults [11].

For many years, the CNS was considered an immunologically privileged site, largely
shielded from systemic immune interactions by specialized anatomical barriers [12–14].
However, this traditional view has been fundamentally revised. Accumulating evidence
now demonstrates that immune cells, cytokines, and vascular signaling pathways ac-
tively participate in CNS homeostasis, adaptation, and disease progression throughout the
lifespan [15,16].

In this revised paradigm, the cerebral meninges have emerged as a critical anatomical
and functional interface between the CNS and peripheral tissues. Far from being passive
protective membranes, the meninges play essential roles in immune surveillance, cere-
brospinal fluid (CSF) dynamics, neurovascular communication, and molecular exchange
between the brain and the systemic circulation [17–20]. Their strategic location and complex
cellular composition position them as a key regulatory compartment in both physiological
and pathological contexts.

Anatomically, the meninges consist of three distinct layers—dura mater, arachnoid
mater, and pia mater—each characterized by unique structural, vascular, and immunologi-
cal properties [21–23]. The dura mater is a collagen-rich, highly vascularized tissue that
hosts diverse immune cell populations and specialized vascular and lymphatic networks.
The arachnoid mater forms a selective barrier that regulates molecular trafficking between
the CSF and the dural compartment, while the pia mater closely follows the contours of
the brain and participates in neurovascular and immune interactions at the cortical sur-
face [24–27]. This layered organization underpins a high degree of functional specialization
within the meningeal compartment.

Recent murine studies have shown the importance of meningeal lymphatic vessels
in maintaining CNS homeostasis. These vessels contribute to CSF drainage, immune cell
trafficking, and clearance of metabolic waste products from the brain [28–31]. Together with
the glymphatic system, which facilitates fluid exchange between CSF and interstitial fluid
(ISF) along perivascular pathways, meningeal lymphatics form an integrated clearance net-
work essential for normal brain function [32–35]. Disruption of this glymphatic–meningeal
lymphatic axis has been increasingly linked to cognitive decline and the accumulation of
neurotoxic proteins during aging.

With advancing age, the meninges undergo significant anatomical, immunological,
and molecular remodeling. Documented age-related changes include shifts in immune cell
composition, increased expression of pro-inflammatory mediators, impaired lymphatic
drainage, vascular dysfunction, and progressive remodeling of the ECM, particularly within
the dura mater [36–40]. Fibrotic changes and altered collagen organization may reduce
tissue compliance and permeability, thereby compromising fluid dynamics and immune
cell trafficking. Importantly, these alterations do not occur uniformly across meningeal
layers, suggesting region-specific vulnerability and distinct regulatory mechanisms [41–43].

In a healthy aging brain, neuroinflammaging is characterized by a persistent, low-
grade, and sterile inflammatory state. This process is primarily mediated by the systemic
generation of reactive oxygen species (ROS), as well as the chronic release of proinflamma-
tory chemokines, cytokines, and secondary messengers [44]. Thus, these age-associated
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meningeal changes are increasingly recognized as contributors to persistent low-grade
neuroinflammation, driven by chronic interferon gamma (IFN-γ)– and TNF-mediated
signaling, impaired lymphatic clearance, and sustained activation of meningeal immune
cells. Moreover, emerging data indicate that meningeal aging exhibits specific cellular
and molecular signatures that distinguish it from generalized systemic senescence. Such
features raise the possibility that the meninges may serve not only as passive indicators of
CNS aging but also as active modulators of age-related brain dysfunction.

Despite rapid progress in the field, substantial gaps remain in our understanding of
meningeal aging. While numerous biomarkers of aging have been described in peripheral
tissues and within the brain parenchyma, their relevance, specificity, and diagnostic value
at the meningeal level remain incompletely characterized. In particular, the relationships
between meningeal immune remodeling, vascular and lymphatic dysfunction, ECM alter-
ations, and their combined impact on CNS aging require further integrated investigation.

The aim of this narrative review is to provide a comprehensive overview of the current
state of knowledge regarding anatomical, immunological, and molecular remodeling of the
aging meninges, with particular emphasis on features that may serve as diagnostic biomark-
ers of cerebral senescence. By synthesizing existing evidence and identifying unresolved
questions, this review was conceived as a foundational analysis to support ongoing and
future anatomical and molecular investigations into meningeal aging, including doctoral-
level research initiatives aimed at defining novel diagnostic and translational targets.

Where possible, this review prioritizes mechanistic insights derived from primary
experimental and translational studies, including single-cell profiling, functional imaging,
and interventional animal models, rather than relying solely on descriptive syntheses.

An overview of these interconnected processes and their diagnostic relevance is
provided in the graphical abstract.

2. The Meninges: Anatomy, Functional Importance, and Knowledge Gaps
The cerebral meninges represent a complex, multilayered system that plays a funda-

mental role in maintaining CNS homeostasis. Traditionally regarded as passive protective
membranes, the meninges are now recognized as dynamic structures involved in immune
surveillance, CSF circulation, vascular regulation, and molecular exchange between the
CNS and peripheral tissues. Their strategic anatomical position and cellular diversity place
them at the intersection of neurobiology, immunology, and vascular biology, making them
increasingly relevant in the context of brain aging and disease.

2.1. The Meninges as a Key Interface in Brain Health

The cerebral meninges consist of the dura mater and the leptomeninges, the latter
comprising the arachnoid mater and pia mater. Together, these three layers form a continu-
ous and highly specialized interface that surrounds the brain and spinal cord, providing
both mechanical protection and functional regulation of CNS homeostasis. Far from acting
as passive coverings, the meninges integrate structural, vascular, immunological, and
molecular functions that are essential for normal brain physiology.

The dura mater is a dense, collagen-rich membrane composed of an outer endosteal
layer adherent to the cranial bones and an inner meningeal layer closely associated with the
arachnoid mater [21]. Its fibrous architecture confers mechanical strength and resistance
to deformation, allowing it to protect the brain from external forces. Within the dural
compartment lie the venous sinuses, which serve as major conduits for cerebral venous
blood drainage and play a central role in CSF reabsorption through arachnoid granulations.
Through these mechanisms, the dura mater contributes to the regulation of intracranial
pressure and CSF homeostasis, processes that are critical for maintaining stable neural
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function [22]. In addition, the dura mater hosts an extensive vascular and lymphatic
network and represents the principal site of immune cell residence within the meningeal
system, positioning it as a key neuroimmune interface.

The arachnoid mater is a thin, primarily avascular membrane that separates the dura
mater from the subarachnoid space (SAS). It is characterized by a complex network of
trabeculae that span the SAS, anchoring the arachnoid to the pia mater and contributing
to mechanical stabilization of the brain within the cranial cavity. The SAS contains CSF
and large cerebral blood vessels, providing both cushioning and metabolic support to the
underlying neural tissues [23,24]. Structurally, the arachnoid mater forms a selective barrier
through tight and tricellular junctions, which restrict uncontrolled molecular and cellular
trafficking between the CSF and the dural compartment. This barrier function is essential
for maintaining the distinct biochemical environments of the CSF and meningeal tissues.

The pia mater constitutes the innermost meningeal layer and consists of a delicate
sheet of flattened fibroblast-like cells that closely follows the contours of the brain surface,
extending into sulci and fissures. Unlike the arachnoid mater, the pia mater is highly vascu-
larized and intimately associated with cortical blood vessels. It contributes to neurovascular
regulation, nutrient exchange, and immune surveillance at the cortical interface, thereby
linking meningeal function directly to parenchymal physiology [25]. The pia mater also
participates in regulating perivascular spaces, which are critical conduits for fluid exchange
and are central to glymphatic function.

Importantly, the three meningeal layers do not function in isolation but form a struc-
turally and functionally integrated system. Their coordinated interactions enable the
meninges to support CNS protection while permitting regulated communication with
the peripheral environment. This integration allows the meninges to serve as a dynamic
boundary that adapts to physiological demands, such as changes in intracranial pressure,
immune challenges, and metabolic load.

Recent advances in neurobiology have increasingly highlighted the meninges as an
active regulatory interface rather than a passive barrier. They are now recognized as key
participants in immune surveillance, CSF circulation, waste clearance, and neurovascular
signaling. The strategic location of the meninges at the intersection of the CNS, vasculature,
and immune system positions them as critical modulators of brain health across the lifespan.

From the perspective of aging and disease, the meningeal interface is particularly
vulnerable to cumulative structural and functional changes. Alterations in meningeal
integrity, vascular organization, and immune composition can disrupt CNS homeostasis
and amplify age-related pathological processes. As such, the meninges represent a crucial
anatomical substrate through which systemic factors, including immune aging and vascular
dysfunction, can influence brain function.

In summary, the meninges constitute a multifunctional interface that integrates me-
chanical protection with vascular, immune, and metabolic regulation. Their layered orga-
nization and specialized properties enable precise control of CNS–periphery interactions.
Understanding the meningeal system as a key interface in brain health provides a founda-
tional framework for subsequent discussions on immune regulation, clearance mechanisms,
fibrosis, and vascular aging, all of which are central to the concept of cerebral senescence.

2.2. Re-Evaluating the “Immune Privilege” of the Brain

The concept of immune privilege was initially introduced to describe anatomical sites
capable of tolerating foreign antigens without eliciting classical immune responses, a phe-
nomenon first observed in tissues such as the eye, testis, and brain [26–28]. For decades, the
CNS was viewed through this conceptual framework, largely due to the presence of special-
ized anatomical barriers—most notably the blood–brain barrier (BBB)—and the apparent
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absence of conventional lymphatic drainage pathways. This interpretation fostered the
long-standing belief that the CNS was largely isolated from systemic immune surveillance.

However, this paradigm has been progressively revised as advances in neuroimmunol-
ogy, imaging, and molecular profiling have revealed active and highly regulated immune
surveillance mechanisms operating at CNS interfaces. Rather than existing in a state of
immune exclusion, the CNS is now recognized as maintaining a distinct immunological
environment characterized by selective immune access, tightly controlled signaling, and
context-dependent immune responses. In this updated framework, immune privilege is
better understood as immune specialization rather than immune silence.

Seminal studies demonstrated that immune cells—including macrophages, dendritic
cells (DCs), and lymphocytes—reside within the meningeal compartments and actively par-
ticipate in both homeostatic and pathological processes [29–31]. These immune populations
are not transient infiltrates but stable, functionally specialized residents that contribute
to antigen sampling, cytokine signaling, and regulation of neuroimmune communication.
Collectively, these findings established that immune privilege does not imply immune
isolation but instead reflects a spatially and functionally regulated immune ecosystem
adapted to the vulnerability and metabolic demands of neural tissue.

The meninges have consequently emerged as a central hub of CNS immune regulation.
Positioned at the boundary between the brain parenchyma and the peripheral circulation,
they serve as a primary site where immune cells interact with CNS-derived antigens,
CSF, and vascular and lymphatic structures. The meninges support immune surveillance,
defined here as the coordinated activity of border-associated macrophages, T lymphocytes,
and antigen-presenting cells that sample CSF- and blood-derived antigens and regulate
immune trafficking at the CNS borders.

Immune cell populations within the meninges display pronounced layer-specific distri-
bution. The dura mater exhibits the greatest immune cell diversity, containing macrophages,
B and T lymphocytes, DCs, mast cells, natural killer cells, and plasma cells [36–38]. These
cells are strategically positioned near meningeal blood vessels, venous sinuses, and lym-
phatic channels, enabling efficient sampling of circulating and CSF-derived antigens as
well as communication with peripheral lymphoid organs. Recent evidence has further
highlighted the presence of organized immune niches within the dura mater, supporting
local antigen presentation and humoral immune responses.

In contrast, the leptomeninges contain fewer immune cells, reflecting their distinct
structural organization and limited direct vascular access. The arachnoid mater forms a
selective barrier through tight and tricellular junctions that restrict uncontrolled molecular
and cellular trafficking between the CSF and the dural compartment. The pia mater,
while highly vascularized, maintains specialized interactions with the cortical surface
and supports immune surveillance in close proximity to neural tissue without promoting
widespread immune cell accumulation. The selective permeability of these layers ensures
that immune responses at the CNS borders remain tightly regulated [39].

This compartmentalization underscores the functional specialization of meningeal
layers in shaping CNS immune responses. By localizing immune activity primarily to
the dura mater and restricting access to the leptomeninges and parenchyma, the CNS
minimizes the risk of immune-mediated damage while preserving effective surveillance.
Importantly, this layered immune architecture is dynamic and responsive to physiological
and pathological cues, including aging, infection, and neurodegeneration.

Re-evaluating immune privilege through the lens of meningeal immunology has
important implications for understanding brain aging. Age-related changes in meningeal
immune cell composition, activation state, and trafficking patterns can shift the balance
from regulated surveillance toward chronic low-grade inflammation. Such alterations
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may compromise barrier integrity, impair lymphatic drainage, and facilitate the spread of
inflammatory signals into the brain parenchyma. Consequently, the meninges represent a
critical anatomical and immunological substrate through which systemic immune aging
can influence CNS function.

In summary, the modern concept of immune privilege recognizes the CNS as an
immunologically active organ protected by specialized regulatory mechanisms rather than
by isolation. The meninges occupy a central position in this system, orchestrating immune
surveillance, tolerance, and communication at the CNS borders. Understanding how
these finely tuned immune interactions change with age is essential for elucidating the
mechanisms of cerebral senescence and for identifying meningeal immune features with
potential diagnostic relevance.

2.3. The Glymphatic–Meningeal Lymphatic Axis

A major paradigm shift in neurobiology followed the identification of functional lym-
phatic vessels within the dura mater, overturning the long-standing view that the CNS lacks
conventional lymphatic drainage. The discovery of meningeal lymphatic vessels express-
ing canonical lymphatic endothelial markers, including LYVE-1, PROX1, and podoplanin,
provided direct anatomical and molecular evidence of a structured drainage system linking
the CNS to peripheral lymph nodes [40]. These vessels are primarily located along dural
sinuses and major meningeal arteries, forming an organized network that enables CSF
outflow, immune cell trafficking, and antigen drainage toward deep cervical lymph nodes.

Subsequent studies expanded these observations by identifying specialized lymphoid
and immune-associated structures within the dura mater. These findings revealed that the
meningeal lymphatic system is closely integrated with local immune niches, supporting
antigen presentation, immune surveillance, and communication between the CNS and the
peripheral immune system [41]. Together, these discoveries redefined the meninges as an
active immunological and clearance interface rather than a passive protective barrier.

In parallel with advances in meningeal lymphatic biology, the glymphatic system
was described as a glial-dependent pathway facilitating the exchange of CSF and ISF
along perivascular spaces within the brain parenchyma. This system relies on astrocytic
endfeet expressing aquaporin-4 water channels, which promote convective fluid flux
along arterial and venous pathways [42,43]. Through this mechanism, metabolic waste
products—including amyloid-β, tau, and other neurotoxic solutes—are cleared from the
brain interstitium and transported toward CSF compartments.

The functional integration of the glymphatic system with meningeal lymphatic vessels
constitutes a unified clearance axis essential for CNS metabolic homeostasis. Glymphatic
influx delivers CSF into the brain parenchyma, while meningeal lymphatics provide an
efflux route for cleared solutes and immune cells. This coordinated system ensures efficient
waste removal, regulation of interstitial composition, and immune surveillance under phys-
iological conditions. Disruption at any point along this axis can therefore have widespread
consequences for brain function.

Growing evidence indicates that aging profoundly impairs the efficiency of the
glymphatic–meningeal lymphatic axis. Experimental and clinical studies have demon-
strated that advancing age is associated with reduced CSF influx, diminished perivascular
transport, and decreased lymphatic drainage capacity. These changes result in impaired
clearance of metabolic waste and increased retention of neurotoxic proteins, processes
strongly implicated in cognitive decline and neurodegenerative disease [32–34]. Impor-
tantly, age-related clearance deficits may precede overt neurodegeneration, suggesting that
dysfunction of this axis represents an early event in cerebral aging.
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Several mechanisms have been proposed to underlie age-related impairment of the
glymphatic–meningeal lymphatic system. At the parenchymal level, altered astrocyte
polarization and mislocalization of aquaporin-4 channels reduce glymphatic efficiency. At
the meningeal level, lymphatic vessels exhibit reduced diameter, decreased contractility,
and altered endothelial gene expression with age, all of which compromise drainage
capacity. In addition, aging is associated with reduced responsiveness of lymphatic vessels
to mechanical and inflammatory stimuli, further limiting adaptive clearance responses.

Structural and molecular alterations of the meninges play a critical modulatory role in
this context. Age-related vascular dysfunction, immune remodeling, and ECM changes
within the dura mater can directly influence lymphatic vessel patency and function. Fibrotic
thickening and collagen accumulation may mechanically constrain lymphatic channels,
while chronic low-grade inflammation can impair lymphatic endothelial integrity and
signaling. These factors collectively weaken the coupling between glymphatic inflow and
meningeal lymphatic outflow, particularly during aging.

The glymphatic–meningeal lymphatic axis is also closely linked to immune aging.
Meningeal immune cells, including macrophages and T lymphocytes, regulate lymphatic
vessel function through cytokine signaling. Age-related shifts toward pro-inflammatory
immune profiles—characteristic of inflammaging—have been shown to impair lymphatic
drainage and exacerbate clearance deficits. This establishes a feed-forward loop in which
impaired clearance promotes inflammation, which in turn further disrupts lymphatic and
glymphatic function.

From a translational and diagnostic perspective, dysfunction of the glymphatic–
meningeal lymphatic axis represents a promising target for biomarker development. Ad-
vances in neuroimaging, including contrast-enhanced MRI and dynamic CSF tracer studies,
have enabled indirect assessment of glymphatic and meningeal lymphatic function in hu-
mans [35]. Age-related alterations in tracer distribution, clearance kinetics, and meningeal
signal intensity may provide measurable indicators of cerebral senescence and early neu-
rodegenerative risk.

Collectively, these findings establish the glymphatic–meningeal lymphatic axis as a
central regulator of CNS homeostasis whose integrity declines with age. Understanding
how structural, vascular, immune, and ECM-related changes in the meninges influence this
clearance system is essential for elucidating the mechanisms of cerebral aging. Moreover,
integrating functional assessments of glymphatic and meningeal lymphatic activity with
molecular and anatomical markers may support the development of novel diagnostic
strategies aimed at detecting and monitoring age-related brain dysfunction.

2.4. Meningeal Fibrosis and Aging

The meninges are predominantly composed of collagen-rich connective tissue, making
the organization and composition of their ECM critical determinants of structural integrity
and functional performance. With advancing age, the meningeal layers—particularly the
dura mater—undergo progressive ECM remodeling characterized by increased collagen
deposition, altered fiber organization, enhanced cross-linking, and changes in elastin
content. This process, commonly referred to as meningeal fibrosis, represents a hallmark of
structural aging at the CNS borders and has important implications for tissue compliance,
permeability, and cellular trafficking [45].

Comparative anatomical studies have demonstrated that the structural organization of
the dura mater differs substantially between cranial and spinal regions, reflecting functional
specialization and distinct mechanical demands. While the spinal dura mater exhibits a
multilayered architecture with clearly defined cellular and fibrous compartments, the
cranial dura mater consists of dense fibrous tissue interspersed with flattened fibroblast-
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like cells and abundant collagen fibers. Notably, collagen fibers within the cranial dura
mater are arranged in concentric, interwoven, and multidirectional patterns rather than
in parallel bundles, a configuration that confers mechanical resilience and resistance to
deformation under physiological conditions. These baseline structural differences are
important for interpreting age-related remodeling, as they influence how fibrotic processes
manifest regionally.

Age-related structural changes in the dura mater have been documented in cadaveric,
histological, and imaging-based studies. Several investigations have reported an increase in
dural thickness associated with fibrotic degeneration and collagen accumulation, whereas
others have identified regional thinning, particularly at the skull base and areas adjacent
to venous sinuses. These seemingly divergent findings underscore the heterogeneity of
meningeal remodeling and highlight the influence of anatomical location, local mechanical
stress, and vascular proximity on age-related changes [46,47]. Rather than representing
contradictory observations, such variability likely reflects spatially distinct remodeling
trajectories within the meningeal compartment.

More recent histological and ultrastructural analyses have provided detailed insights
into the microstructural evolution of the dura mater across the lifespan. In younger in-
dividuals, the collagenous matrix appears dense and well organized, with elastic fibers
aligned in parallel with collagen bundles and a relatively uniform distribution of fibrob-
lastic cells. In contrast, aging is associated with progressive disorganization of collagen
fibers, reduced matrix coherence, fragmentation and loss of elastic fibers, and increased
collagen cross-linking. These alterations result in a mechanically stiffer, less compliant
meningeal tissue with altered viscoelastic properties. At the cellular level, age-related
changes in fibroblast phenotype and activity, including a shift toward pro-fibrotic signaling,
are thought to contribute to sustained ECM deposition and remodeling.

Beyond its structural consequences, meningeal fibrosis has important functional im-
plications. Increased tissue stiffness and reduced permeability may impair several key
processes, including CSF dynamics, immune cell trafficking, and lymphatic drainage. Fi-
brotic thickening of the dura mater may mechanically constrain meningeal blood and
lymphatic vessels, thereby altering local hemodynamics and reducing the efficiency of fluid
clearance pathways. Such effects are particularly relevant in the context of the glymphatic–
meningeal lymphatic axis, where coordinated movement of CSF and ISF depends on
compliant perivascular and meningeal environments.

Meningeal fibrosis may also influence the local immune microenvironment. The
meningeal ECM provides a structural scaffold that shapes immune cell localization, migra-
tion, and retention. Fibrotic remodeling can disrupt stromal–immune cell interactions, pro-
mote immune cell sequestration, and amplify local inflammatory signaling. These changes
may reinforce age-related immunosenescence and inflammaging within the meningeal
compartment, creating a feed-forward loop in which inflammation and fibrosis mutually
exacerbate one another [48].

Importantly, fibrotic remodeling of the meninges does not occur in isolation but is
closely intertwined with vascular and lymphatic aging. Age-related endothelial dysfunc-
tion, altered shear stress, and chronic inflammatory exposure may promote fibroblast
activation and ECM deposition, while fibrotic stiffening can, in turn, impair vascular and
lymphatic function. This reciprocal relationship suggests that meningeal fibrosis repre-
sents a central integrative process linking structural, vascular, and immune aspects of
cerebral aging.

Collectively, these observations indicate that meningeal fibrosis represents a promi-
nent and underappreciated feature of brain aging. Understanding its extent, regional
variability, and molecular drivers is essential for elucidating its contribution to cerebral
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senescence. Moreover, structural alterations of the meningeal ECM—such as changes in
dural thickness, collagen organization, and tissue stiffness—may represent measurable
features with potential diagnostic relevance. Advances in high-resolution imaging and
biomechanical assessment raise the possibility that meningeal fibrosis could be incorpo-
rated into future diagnostic frameworks aimed at identifying and monitoring age-related
neurological disorders.

2.5. Blood Circulation of the Cerebral Meninges: Vascular Organization, Neuroimmune Functions,
and Aging-Relevant Diagnostic Readouts

The cerebral meninges are supplied by a highly specialized vascular network that
differs substantially from the intraparenchymal cerebral microcirculation. Beyond nutrient
delivery and venous drainage, meningeal blood vessels provide a structural scaffold
for immune surveillance, regulate barrier properties at the CNS borders, and interact
functionally with CSF outflow pathways and dural lymphatics. Because many of these
processes undergo measurable remodeling with age, meningeal blood circulation has
increasing relevance for biomarker discovery in cerebral senescence.

Arterial supply and layer-specific vascular architecture. The dura mater is the most
richly vascularized meningeal layer. Its arterial supply arises predominantly from branches
of the external carotid system, particularly the middle meningeal artery (MMA), with
additional contributions from occipital and ascending pharyngeal branches; region-specific
anastomoses link dural arteries to adjacent cranial and orbital circulations. Contemporary
anatomical syntheses, driven in part by clinical interest in MMA embolization, have em-
phasized the complexity and heterogeneity of dural arterial territories and the proximity
of major branches to cranial nerves and skull base structures, highlighting that “dural
vasculature” is not a uniform entity but an anatomically compartmentalized system [49]. In
contrast, the leptomeninges (arachnoid and pia) host a more delicate vascular organization:
pial vessels accompany the cortical surface and bridge to penetrating vasculature, while
the arachnoid itself is largely avascular and functions primarily as a barrier that separates
the vascularized dura from the CSF-filled SAS [50,51].

Venous sinuses as more than passive drains. Meningeal venous circulation is domi-
nated by the dural venous sinuses, which collect blood from bridging veins and ultimately
drain to the internal jugular system. Importantly, the sinus walls are not inert conduits;
they constitute an endothelialized stromal niche embedded in dura that supports antigen
sampling and immune cell interactions. A key advance in the last five years has been
the functional characterization of dural sinuses as a neuroimmune interface in which
CSF-derived antigens accumulate near the sinus microenvironment and are captured by
antigen-presenting cells, enabling T cell surveillance and local immune programming [52].
Complementing this view, later work has described discrete perivascular lymphoid struc-
tures within dura that support local humoral responses, reinforcing the concept that
meningeal venous anatomy is tightly coupled to immune organization [53]. These findings
are directly relevant to aging because immunosenescence and “inflammaging” can reshape
the cellular composition and cytokine milieu of precisely these perivascular niches, with
downstream consequences for clearance and barrier function.

Barrier features and exchange properties of dural vessels. Compared with the
parenchymal BBB, meningeal vascular beds—especially within dura—exhibit distinct per-
meability features, and the dural compartment contains abundant fenestrated vasculature
that favors exchange between blood and the meningeal stroma [51,53]. This difference is
critical for understanding why inflammatory mediators and immune cells may be preferen-
tially recruited or retained in the dura during aging, and why vascular-derived signatures
in dura may diverge from BBB-centered biomarkers. Reviews focusing on BBB aging
emphasize endothelial senescence, oxidative stress, and junctional alterations as drivers
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of increased permeability and neurovascular dysfunction [54]. While these syntheses are
largely centered on brain microvessels, the same endothelial aging programs (reduced
vasoprotective signaling, heightened inflammatory responsiveness, impaired glycocalyx
function) provide a mechanistic framework for understanding age-related dysregulation of
meningeal endothelium and sinus-associated stromal niches, particularly under systemic
pro-inflammatory pressure.

Coupling to lymphatic and CSF clearance pathways—an aging-sensitive interaction.
Meningeal blood circulation does not operate independently from CSF outflow and du-
ral lymphatic function. Dural vessels and venous sinuses are spatially and functionally
integrated with meningeal lymphatic networks and skull–meninges interfaces that coor-
dinate immune trafficking and clearance [50,54]. Aging perturbs this integrated system
through immune-driven signaling and ECM remodeling. For example, elevated meningeal
interferon-gamma (IFN-γ) signaling in aged animals has been shown to impair meningeal
lymphatic drainage, linking immune activation near meningeal vasculature to functional
clearance deficits [55]. In parallel, recent evidence indicates that age-related dural ECM
remodeling (including peri-lymphatic collagen accumulation) compromises lymphatic
function and contributes to CSF clearance impairment, suggesting a mechanical and stro-
mal component that can secondarily influence vascular compliance and local hemody-
namics [56,57]. Taken together, these pathways support the idea that vascular aging in
meninges is best interpreted as a composite phenotype involving endothelial–immune–
stromal interactions rather than a purely hemodynamic change.

Diagnostic outlook: imaging-accessible readouts and candidate biomarker domains.
From a Diagnostics perspective, meningeal blood circulation is attractive because it can
be interrogated indirectly in vivo. High-resolution MRI sequences and contrast kinetics
can capture signal changes within dural and perisinus compartments that reflect vascular
permeability, stromal expansion, or altered fluid distribution. Notably, recent prospective
imaging work has investigated the temporal distribution of contrast agent signal across
dura mater, SAS, and perivascular regions—compartments implicated in glymphatic and
meningeal lymphatic function—supporting the feasibility of dynamic imaging paradigms
for meningeal assessment in humans [58–60]. Translationally, the most plausible biomarker
directions include: (i) vascular integrity markers (endothelial activation molecules, circulat-
ing endothelial microparticles, senescence-associated secretory signatures); (ii) immune–
vascular coupling markers (perisinus cytokine profiles, IFN-γ–linked panels, B cell/plasma
cell activity in venous-plexus hubs); and (iii) structure–function imaging composites in-
tegrating dural thickness/ECM features with vascular/perfusion readouts. Importantly,
these domains align with the broader premise of this review: meningeal aging may provide
diagnostically meaningful signatures that precede or accompany parenchymal neurode-
generative change, particularly when measured as integrated vascular–immune–stromal
phenotypes [61,62].

3. The Role of the Meninges in Age-Related Decline
Aging is accompanied by a progressive decline in immune system efficiency and the

emergence of a chronic, low-grade inflammatory state commonly referred to as inflammag-
ing. This systemic phenomenon is characterized by sustained elevation of pro-inflammatory
mediators, dysregulated innate and adaptive immune responses, and impaired resolution
of inflammation. Within the CNS, inflammaging contributes to persistent neuroinflamma-
tion, altered neuronal–glial communication, impaired tissue homeostasis, and increased
vulnerability to neurodegenerative disorders. As an anatomical and functional interface
between the CNS and the peripheral immune system, the meninges are particularly sensi-
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tive to these age-related immunological alterations and play a pivotal role in translating
systemic immune aging into CNS dysfunction [63].

The meningeal compartment occupies a strategic position at the CNS borders, where
immune, vascular, and CSF-associated signals converge. This location renders the meninges
uniquely responsive to age-related changes in circulating immune cells, cytokines, and
metabolic factors. Unlike the brain parenchyma, which is protected by the BBB, the
meninges—especially the dura mater—are directly exposed to systemic immune influences.
Consequently, age-related immune dysregulation is often first detected or amplified at the
meningeal level, positioning the meninges as an early responder and potential driver of
CNS aging.

Age-related changes in the meninges extend well beyond gross structural remodeling
and encompass complex shifts in immune cell composition, activation state, and functional
capacity. With advancing age, the balance between immune surveillance and immune
tolerance within the meningeal compartment becomes progressively disrupted. Resident
immune cells, including macrophages, T lymphocytes, and B cells, exhibit altered pheno-
types characterized by increased pro-inflammatory signaling, reduced regulatory function,
and diminished responsiveness to homeostatic cues. These changes collectively contribute
to a meningeal microenvironment that favors chronic inflammation over tightly regulated
immune monitoring.

Alterations in meningeal immunity have important consequences for immune surveil-
lance and inflammatory signaling within the CNS. Under physiological conditions,
meningeal immune cells participate in antigen sampling, cytokine-mediated communica-
tion, and coordination of immune responses without provoking widespread inflammation.
During aging, however, sustained activation of these cells can lead to excessive production
of inflammatory mediators, such as interferon-γ, tumor necrosis factor, and interleukins,
which may diffuse into adjacent compartments or influence signaling across meningeal
barriers. Such changes can indirectly affect neuronal activity, synaptic plasticity, and glial
function, thereby linking meningeal immune aging to parenchymal dysfunction.

Communication between the meninges and peripheral lymphoid organs is also altered
with age. The meninges serve as a key relay station for immune cell trafficking and antigen
drainage via meningeal lymphatic vessels. Age-related impairment of lymphatic function,
combined with immune cell dysregulation, can disrupt this communication axis, leading
to reduced clearance of immune cells and inflammatory mediators from the CNS borders.
The resulting accumulation of immune-derived signals within the meningeal compartment
may further exacerbate local inflammation and impair CNS homeostasis.

Importantly, meningeal aging is a multifactorial process in which immune alterations
interact with vascular dysfunction, ECM remodeling, and impaired fluid clearance. Chronic
inflammation can promote fibrotic changes within the dura mater, alter vascular perme-
ability, and compromise lymphatic drainage, while structural and vascular changes can,
in turn, reinforce immune dysregulation. This bidirectional interplay suggests that the
meninges function as an integrative platform where multiple hallmarks of aging converge
and amplify one another.

The consequences of meningeal aging extend to the regulation of CSF dynamics and
waste clearance. Inflammatory and structural changes within the meninges can impair the
efficiency of the glymphatic–meningeal lymphatic axis, reducing the removal of metabolic
byproducts and neurotoxic proteins from the CNS. Impaired clearance, coupled with
persistent inflammatory signaling, creates a permissive environment for the accumulation
of pathological proteins and the initiation or acceleration of neurodegenerative processes.

From a systems-level perspective, the meninges can thus be viewed as both sensors and
effectors of age-related decline. They sense systemic immune aging through direct exposure
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to circulating factors and respond by remodeling their immune, vascular, and stromal
components. These responses, while initially adaptive, may become maladaptive over time,
contributing to a chronic state of meningeal dysfunction that undermines CNS resilience.

Collectively, these observations position the meninges as a critical mediator of age-
related CNS decline. Rather than serving solely as passive boundaries, the meninges
actively shape the trajectory of brain aging through their roles in immune regulation,
vascular signaling, and fluid homeostasis. Understanding how age-related alterations in
meningeal biology contribute to neuroinflammation, impaired clearance, and neurode-
generation is essential for elucidating the mechanisms of cerebral senescence. Moreover,
because many of these changes occur at accessible CNS interfaces, the meninges repre-
sent a promising target for the identification of early diagnostic markers and potential
intervention points in age-related neurological disorders. Understanding meningeal im-
munosenescence is therefore critical for elucidating the mechanisms linking aging to CNS
dysfunction (Table 1).

Table 1. The meningeal immune cell populations and their role in inflammation and, respectively,
in aging.

Meningeal
Layer

Immune Cell
Population

Physiological Role
(Steady State)

Age-Related Changes
(Immunosenescence)

Potential
Diagnostic
Relevance

References

Dura mater

Border-
associated
macrophages
(BAMs)/CNS-
associated
macrophages

Immune
surveillance;
phagocytosis of
pathogens and
cellular debris;
maintenance of
tissue homeostasis

Shift toward
monocyte-derived
inflammatory
macrophages;
increased cytokine
production; altered
antigen presentation

Indicators of
meningeal
inflammaging and
altered immune
surveillance

[64–66]

T lymphocytes
(CD4+, CD8+,
γδ, double-
negative)

Regulation of
immune
surveillance;
support of
cognitive and
behavioral
functions

Increased
accumulation and
retention; elevated
IFN-γ production

Cytokine profiling
as a marker of
impaired
meningeal
lymphatic
drainage

[30,55,67,68]

B cells and
plasma cells

Local antibody
production;
immune
modulation

Expansion of
antibody-secreting
populations; altered
humoral responses

Potential markers
of chronic
meningeal
immune activation

[29,69,70]

DCs

Antigen
presentation;
initiation of
adaptive immune
responses

Enhanced activation
and inflammatory
signaling

Reflect altered
antigen
presentation
dynamics in aging

[31]

ILCs
Cytokine secretion;
maintenance of
immune balance

Functional
dysregulation;
pro-inflammatory bias

Indicators of
innate immune
imbalance

[29,71,72]

https://doi.org/10.3390/diagnostics16030452

https://doi.org/10.3390/diagnostics16030452


Diagnostics 2026, 16, 452 13 of 22

Table 1. Cont.

Meningeal
Layer

Immune Cell
Population

Physiological Role
(Steady State)

Age-Related Changes
(Immunosenescence)

Potential
Diagnostic
Relevance

References

Arachnoid
mater —

Barrier function via
tight junctions;
restricted immune
cell trafficking

Barrier permeability
largely preserved;
indirect effects of
fibrosis and
inflammation

Structural integrity
relevant for CSF
dynamics

[73,74]

Subarachnoid
space

BAMs; T and B
lymphocytes;
DCs

Immune
surveillance;
phagocytosis; anti-
genpresentation

Reduced clearance due
to impaired lymphatic
drainage;
accumulation of
inflammatory
mediators

Markers of
impaired CSF
immune clearance

[75–77]

Pia mater
Pial
macrophages
(BAMs)

Neurovascular
regulation; immune
surveillance

Enhanced local
inflammatory
responses; altered
signaling with
microglia

Indicators of
neuroimmune
interface
dysfunction

[73,78]

BAMs: border-associated macrophages; CNS: central nervous system; DCs: dendritic cells; IFN-γ: interferon-beta;
ILCs: innate lymphoid cells.

To avoid ambiguity and to provide mechanistic clarity, the major meningeal immune
cell populations discussed throughout the manuscript, along with their age-related func-
tional changes and diagnostic relevance, are summarized in Table 1.

3.1. Immunosenescence of Meningeal Cells and Chronic Inflammation

Immunosenescence is characterized by a gradual deterioration of both innate and
adaptive immune responses, accompanied by persistent low-grade inflammation. In the
meninges, this process manifests as quantitative and qualitative changes in resident and
recruited immune cell populations, as well as altered cytokine and chemokine signaling.
Together, these changes contribute to a pro-inflammatory microenvironment that may
disrupt CNS homeostasis.

Macrophages represent the most abundant immune cell population within the
meningeal compartments. These cells, collectively referred to as border-associated
macrophages (BAMs) or CNS-associated macrophages, reside at CNS interfaces including
the meninges, perivascular spaces, and choroid plexus. Under homeostatic conditions,
BAMs contribute to immune surveillance, phagocytosis of cellular debris, and maintenance
of tissue integrity [79,80].

Aging is associated with marked alterations in meningeal macrophage populations.
Studies employing single-cell and transcriptomic approaches have demonstrated an in-
creased contribution of monocyte-derived macrophages with advancing age. These cells,
often referred to as disease inflammatory macrophages, exhibit a pro-inflammatory pheno-
type characterized by elevated cytokine production and reduced homeostatic function. In
contrast, embryonically derived macrophage populations may retain distinct, potentially
neuroprotective roles, highlighting functional heterogeneity within the aging meningeal
macrophage pool.

Adaptive immune cells also undergo significant age-related changes within the
meninges. T lymphocytes, including γδ T cells and αβ T cells, migrate to the meningeal
compartment via specialized vascular channels connecting the bone marrow to the dura
mater. Under physiological conditions, meningeal T cells play important roles in regulating
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cognitive function, behavior, and immune surveillance. With aging, however, alterations in
the stromal and vascular microenvironment promote the accumulation and retention of T
cells within the meninges [81].

Experimental studies have demonstrated that aging is associated with an expansion
of meningeal T cell populations and increased production of pro-inflammatory cytokines,
particularly interferon-γ. Elevated cytokine levels within the dural compartment have been
shown to impair meningeal lymphatic drainage and disrupt CSF outflow, thereby linking
immune dysregulation to functional impairment of CNS clearance mechanisms [82].

B cells and plasma cells also contribute to age-related meningeal immune remodeling.
The meninges represent a site of local antibody production and immune cell activation,
particularly within dural lymphatic-associated niches. Aging-related changes in B cell
composition and function may further amplify inflammatory signaling and influence CNS
immune responses, although these mechanisms remain incompletely characterized.

3.2. Consequences of Meningeal Immunosenescence for CNS Homeostasis

The cumulative effects of meningeal immunosenescence extend beyond local inflam-
mation and have systemic consequences for CNS function. Persistent inflammatory signal-
ing within the meningeal compartment can influence neuronal activity, synaptic plasticity,
and neurovascular regulation. Moreover, impaired meningeal lymphatic function resulting
from immune-mediated remodeling may reduce the clearance of immune cells, cytokines,
and metabolic waste from the CNS [83].

These processes collectively contribute to a feed-forward cycle in which inflammation,
impaired clearance, and tissue dysfunction reinforce one another during aging. Importantly,
emerging evidence suggests that meningeal immune alterations precede or accompany
early stages of neurodegenerative disease, raising the possibility that meningeal immunose-
nescence represents an early and accessible indicator of cerebral aging [81–84].

From a diagnostic perspective, age-related changes in meningeal immune cell pop-
ulations, cytokine profiles, and lymphatic function may serve as measurable biomarkers
of cerebral senescence. Characterizing these alterations in greater detail may provide
valuable insights into the timing, progression, and heterogeneity of brain aging, as well
as inform the development of novel diagnostic and monitoring strategies for age-related
neurological disorders.

3.3. A Dural Sinus–CSF Etiopathogenic Axis in Meningeal Senescence

Accumulating evidence supports the view that meningeal aging is not solely a diffuse
process of “inflammaging” and fibrosis, but also reflects dysfunction of anatomically
constrained neuroimmune and clearance hubs. Among these, the dural venous sinuses
represent a particularly plausible epicenter for age-related meningeal dysfunction because
they reside at the intersection of (i) venous outflow, (ii) CSF egress routes, (iii) dural stromal
remodeling, (iv) meningeal lymphatics, and (v) immune surveillance niches. Conceptually,
this supports a dural sinus–CSF etiopathogenic axis, in which age-related changes at the
sinus-adjacent microenvironment initiate and amplify a feed-forward cycle of impaired
clearance, chronic inflammation, and stromal remodeling that collectively define functional
meningeal senescence.

3.3.1. The Dural Sinus as a Neuroimmune Interface Exposed to CSF-Derived Signals

Rather than acting as inert venous conduits, dural sinuses constitute complex
endothelial–stromal structures embedded within dura mater and closely associated with
immune aggregates. Elegant mechanistic work has demonstrated that the dural sinuses
operate as a neuroimmune interface, where immune cells—especially T cells—survey
CNS- and CSF-derived antigens under steady-state conditions, supported by a specialized
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stromal niche comprising endothelial and mural components [85]. This positioning has im-
portant implications for aging: if antigen drainage and sampling occur preferentially at the
sinus-adjacent dura, then immune remodeling and stromal changes in this compartment
may have disproportionate effects on CNS border homeostasis.

A second line of evidence reinforcing this hub concept comes from the description of
dural-associated lymphoid organization around venous plexi. Venous-plexus-associated
lymphoid “hubs” in the dura have been shown to sample antigens and support local
humoral responses, indicating that the sinus/plexus neighborhood is a privileged site
for immune activation and memory formation [86]. Together, these findings motivate
the idea that aging-related immune shifts (e.g., altered T cell retention, skewed cytokine
production, increased B cell/plasma cell activity) can directly reshape the sinus-adjacent
immune microenvironment and thereby influence meningeal function.

3.3.2. CSF Egress Routes Converge at the Dura–Arachnoid–Sinus Interface

The axis also requires an anatomical logic for CSF–sinus coupling. Classical physiology
recognized that CSF outflow occurs through arachnoid villi and granulations projecting
into dural sinuses, enabling CSF passage from the SAS to venous circulation. Contemporary
work has refined this picture by demonstrating that arachnoid granulations are not simple
“valves,” but contain internal channel networks that communicate with perisinus spaces
and the dura–arachnoid stroma, supporting the idea of structured trans-arachnoidal flow
and neuroimmune roles [87]. This provides a modern substrate for a dural sinus–CSF axis:
CSF-derived solutes and antigens can reach sinus-adjacent spaces where immune cells and
stromal elements are positioned to sense, filter, and respond.

Importantly, the dural sinus region is also spatially aligned with meningeal lymphatics,
which are often concentrated along dural sinuses and major meningeal vessels. Thus, the
sinus neighborhood may function as a triangular junction connecting venous drainage,
CSF transit, and lymphatic efflux. In practical terms, any age-related disruption in this
neighborhood may simultaneously impair venous-associated immune surveillance, reduce
CSF outflow efficiency, and weaken lymphatic drainage—three processes that converge on
waste clearance and inflammatory tone.

3.3.3. CSF Aging Transforms the Sinus-Adjacent Niche Through Immune Remodeling and
Cytokine Signaling

A central mechanistic driver of this axis is age-related immune remodeling within the
dura. In aged organisms, meningeal immune composition shifts toward increased T cell
accumulation and a pro-inflammatory cytokine milieu. Critically, age-related impairment
of meningeal lymphatic drainage has been causally linked to immune changes: single-
cell profiling and functional experiments demonstrated that increased meningeal IFN-γ
signaling (associated with T cell accumulation) drives lymphatic endothelial responses
and impairs CSF drainage, while IFN-γ neutralization can alleviate age-related lymphatic
dysfunction [88]. This places cytokine signaling at the heart of the etiopathogenic loop:
immune aging → cytokine elevation → lymphatic/clearance impairment → retention of
inflammatory mediators → further immune activation.

From an axis perspective, the dural sinus neighborhood is an ideal site for such
a loop to develop because it hosts immune niches [84–86], receives CSF-derived anti-
gens/solutes [18], and lies near lymphatic pathways that can be suppressed by pro-
inflammatory signaling [87]. Therefore, aging can shift this region from regulated surveil-
lance into a state of chronic immune activation and reduced drainage capacity—an opera-
tional definition of meningeal senescence.
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3.3.4. Stromal Fibrosis and ECM Remodeling: A Mechanical Amplifier of Clearance Failure

Immune-driven changes are unlikely to be the sole contributor. Aging also remodels
dura mater through fibrosis and ECM alterations. Recent evidence identifies ECM remodel-
ing in aged dura as a key driver of CSF clearance deficits: peri-lymphatic collagen accumu-
lation disrupts lymphatic function, and mechanistic work implicates pro-fibrotic signaling
pathways (including transforming growth factor-beta (TGF-β)-linked regulation in dural
fibroblasts) as contributors to this remodeling [88]. These data strongly support a “mechan-
ical amplifier” concept within the axis: once fibrosis and collagen cross-linking progress
around sinus-adjacent lymphatic and perisinus spaces, compliance decreases and fluid
transit becomes less efficient, thereby worsening stagnation and inflammatory retention.

This is particularly relevant to the sinus-adjacent dura, where the geometry of perisinus
spaces, arachnoid granulations, and lymphatic channels may make the system sensitive to
small changes in stiffness and microanatomy. Thus, even modest fibrotic remodeling may
produce a disproportionate functional penalty at this anatomical bottleneck, magnifying
age-related clearance impairment.

3.3.5. A Feed-Forward Etiopathogenic Loop: From Impaired Drainage to Parenchymal Vulnerability

Integrating these findings, the dural sinus–CSF etiopathogenic axis can be summarized
as a feed-forward loop:

- Aging remodels the dural sinus neighborhood (immune composition shifts; cytokine
tone rises; stromal/ECM remodeling progresses) [88,89];

- CSF outflow and lymphatic drainage become less efficient, particularly in sinus-
adjacent pathways and perisinus compartments [88–90];

- Retention of CSF-derived solutes, antigens, and inflammatory mediators increases,
further stimulating local immune activation at the neuroimmune interface [85,86];

- Local inflammation and fibrosis reinforce each other, consolidating a senescent
meningeal phenotype with impaired barrier/clearance performance [89].

Over time, parenchymal vulnerability rises indirectly, because impaired waste clear-
ance and sustained border inflammation are linked to neuroinflammation and neurodegen-
erative risk (conceptually consistent with the broader glymphatic–meningeal lymphatic
framework) [90,91].

A key strength of this axis is that it unifies vascular/venous anatomy, CSF transit,
lymphatic outflow, immune niches, and fibrosis into one coherent pathogenic framework—
precisely the kind of integrative model that can guide biomarker development and
hypothesis-driven studies.

3.3.6. Diagnostic and Translational Implications: Imaging-Accessible Targets and
Biomarker Logic

From a diagnostic standpoint, the dural sinus–CSF axis represents a promising target
because it may be probed in vivo using imaging paradigms that capture dural/perisinus
enhancement patterns and clearance kinetics. Dynamic contrast-enhanced MRI has been
used to assess meningeal lymphatic vessels—particularly in parasagittal dural spaces where
lymphatics are prominent—supporting feasibility of quantifying meningeal drainage be-
havior [92]. In addition, dynamic intravenous contrast-enhanced MRI has been reported
to visually evaluate impaired drainage of the glymphatic–meningeal lymphatic system in
clinical populations (e.g., high-burden cerebral small vessel disease), suggesting transla-
tional relevance of contrast-based clearance phenotypes [91]. Although these approaches
do not measure “sinus–CSF coupling” directly, they provide practical readouts of the down-
stream functional consequence central to the axis: impaired clearance within sinus-adjacent
meningeal compartments.
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Mechanistically informed biomarkers could include composite signatures combining:
(i) perisinus structural markers (dural thickening, fibrosis proxies, parasagittal dural space
metrics); (ii) functional drainage markers (contrast enhancement timing/clearance curves
reflecting meningeal lymphatic and CSF transit); and (iii) immune activation signatures
(cytokines linked to drainage impairment such as IFN-γ–associated panels) [88,91]. Finally,
integrative conceptual reviews emphasize that glymphatic-driven mobilization of brain
“waste” toward immunologically active borders encodes neuroimmune communication,
supporting the plausibility of border-based biomarkers as early indicators of CNS aging [40].
In sum, framing meningeal senescence through a dural sinus–CSF axis yields testable
predictions for imaging and molecular profiling and provides a structured scaffold for
future translational studies.

3.4. Translational Considerations and Model Limitations

Much of the mechanistic insight into meningeal immune remodeling, lymphatic dys-
function, and stromal fibrosis during aging derives from experimental animal models,
predominantly mice. While these models have been instrumental in defining causal rela-
tionships and cellular mechanisms, important anatomical and physiological differences
between rodents and humans—particularly in meningeal thickness, immune organization,
and lifespan-related dynamics—must be considered when extrapolating findings. Human
data are currently more limited and rely largely on post-mortem analyses and advanced neu-
roimaging approaches, underscoring the need for carefully designed translational studies.

4. Future Perspectives and Diagnostic Outlook
The growing recognition of the cerebral meninges as an active regulatory interface

between the CNS and peripheral tissues has opened new avenues for understanding
brain aging and its associated disorders. Accumulating evidence reviewed in this article
indicates that meningeal aging is characterized by coordinated anatomical, immunological,
and molecular remodeling, affecting immune surveillance, fluid clearance, and ECM
organization. Importantly, many of these changes exhibit distinct spatial and cellular
patterns that differentiate meningeal aging from generalized systemic senescence.

From a diagnostic perspective, the meninges represent a promising and still under-
explored source of biomarkers for cerebral senescence. Alterations in meningeal immune
cell composition, cytokine profiles, lymphatic function, and fibrotic remodeling may serve
as measurable indicators of age-related CNS dysfunction. Advances in imaging tech-
niques, molecular profiling, and minimally invasive sampling approaches may facilitate
the detection and monitoring of these changes in clinical and research settings.

Future research efforts should prioritize integrated anatomical and molecular inves-
tigations of the meninges across the lifespan. In particular, combining high-resolution
structural analyses with immunohistochemical, transcriptomic, and proteomic approaches
may help delineate the temporal sequence and mechanistic drivers of meningeal aging.
Such studies are essential for distinguishing primary age-related alterations from secondary
changes associated with neurodegenerative pathology.

Moreover, a deeper understanding of the interactions between meningeal immune
cells, vascular and lymphatic networks, and ECM components may reveal novel targets for
diagnostic stratification and therapeutic intervention. Longitudinal and comparative stud-
ies will be especially valuable for identifying early meningeal alterations that precede overt
neurological decline, thereby enabling earlier detection and monitoring of cerebral aging.
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5. Conclusions
As a summary, the evidence synthesized in this narrative review underscores the

meninges as a dynamic and biologically active compartment that undergoes significant
remodeling during aging. Anatomical changes, immunosenescence, lymphatic dysfunction,
and ECM alterations collectively contribute to impaired CNS homeostasis and increased
vulnerability to neurodegenerative processes. By integrating current knowledge and high-
lighting critical gaps, this review provides a conceptual framework for future anatomical
and molecular studies of meningeal aging. Ultimately, advancing our understanding of
meningeal biology may support the development of novel diagnostic biomarkers and
improve the assessment of cerebral senescence and age-related neurological disorders.

Highlights and Unresolved Questions

• The precise temporal sequence of immune, lymphatic, and stromal remodeling events
in the aging meninges remains incompletely defined.

• The causal relationships between meningeal immunosenescence, impaired glymphatic–
meningeal lymphatic clearance, and parenchymal neurodegeneration require further
mechanistic validation.

• The extent to which meningeal aging signatures are disease-specific versus reflective
of generalized systemic aging remains unclear.

• Standardized, non-invasive biomarkers for assessing meningeal immune and clearance
dysfunction in humans are currently lacking.

• The translational potential of imaging-based and molecular meningeal biomarkers
for early diagnosis and longitudinal monitoring of cerebral senescence has yet to
be established.

• Interventional strategies targeting meningeal immune remodeling, fibrosis, or lym-
phatic dysfunction remain largely unexplored.

• The translational validity of meningeal aging mechanisms identified in animal models,
and their applicability to human cerebral senescence, remains incompletely established.
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DCs Dendritic Cells
ECM Extracellular Matrix
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IFN-γ Interferon-gamma
ILCs Innate Lymphoid Cells
ISF Interstitial Fluid
MMA Middle Meningeal Artery
ROS Reactive Oxygen Species
SAS Subarachnoid Space
TGF-β Transforming Growth Factor-beta

References
1. Guo, J.; Huang, X.; Dou, L.; Yan, M.; Shen, T.; Tang, W.; Li, J. Aging and aging-related diseases: From molecular mechanisms to

interventions and treatments. Signal Transduct. Target. Ther. 2022, 7, 391. [CrossRef]
2. Li, Z.; Zhang, Z.; Ren, Y.; Wang, Y.; Fang, J.; Yue, H.; Ma, S.; Guan, F. Aging and age-related diseases: From mechanisms to

therapeutic strategies. Biogerontology 2021, 22, 165–187. [CrossRef]
3. Li, Y.; Tian, X.; Luo, J.; Bao, T.; Wang, S.; Wu, X. Molecular mechanisms of aging and anti-aging strategies. Cell Commun. Signal.

2024, 22, 285. [CrossRef]
4. Tartiere, A.G.; Freije, J.M.P.; López-Otín, C. The hallmarks of aging as a conceptual framework for health and longevity research.

Front. Aging 2024, 5, 1334261. [CrossRef] [PubMed]
5. Jain, S.S.; Burton Sojo, G.; Sun, H.; Friedland, B.N.; McNamara, M.E.; Schmidt, M.O.; Wellstein, A. The role of aging and

senescence in immune checkpoint inhibitor response and toxicity. Int. J. Mol. Sci. 2024, 25, 7013. [CrossRef] [PubMed]
6. Melo Dos Santos, L.S.; Trombetta-Lima, M.; Eggen, B.; Demaria, M. Cellular senescence in brain aging and neurodegeneration.

Ageing Res. Rev. 2024, 93, 102141. [CrossRef] [PubMed]
7. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of aging: An expanding universe. Cell 2023, 186,

243–278. [CrossRef]
8. Zhang, W.; Sun, H.S.; Wang, X.; Dumont, A.S.; Liu, Q. Cellular senescence, DNA damage, and neuroinflammation in the aging

brain. Trends Neurosci. 2024, 47, 461–474. [CrossRef]
9. Carson, M.J.; Doose, J.M.; Melchior, B.; Schmid, C.D.; Ploix, C.C. CNS immune privilege: Hiding in plain sight. Immunol. Rev.

2006, 213, 48–65. [CrossRef]
10. Ho, G.; Lam, L.; Tran, T.; Wei, J.; Hashimoto, M. Innate neuroimmunity across aging and neurodegeneration. Front. Cell Dev. Biol.

2024, 12, 1430593. [CrossRef]
11. Mani, A.; Musayeva, N.; Salinas, I. Neuroanatomical profiling of the rainbow trout brain parenchyma and meninges reveals

specialized immune niches and region-specific hubs for bacterial immune surveillance. Dev. Comp. Immunol. 2025, 171, 105454.
[CrossRef] [PubMed]

12. Betsholtz, C.; Engelhardt, B.; Koh, G.Y.; McDonald, D.M.; Proulx, S.T.; Siegenthaler, J. Advances and controversies in meningeal
biology. Nat. Neurosci. 2024, 27, 2056–2072. [CrossRef] [PubMed]

13. Zhang, W.; Xiao, D.; Mao, Q.; Xia, H. Role of neuroinflammation in neurodegeneration development. Signal Transduct. Target.
Ther. 2023, 8, 267. [CrossRef] [PubMed]

14. Rebejac, J.; Eme-Scolan, E.; Rua, R. Role of meningeal immunity in brain function and protection against pathogens. J. Inflamm.
2024, 21, 3. [CrossRef]

15. Da Mesquita, S.; Louveau, A.; Vaccari, A.; Smirnov, I.; Cornelison, R.C.; Kingsmore, K.M.; Contarino, C.; Onengut-Gumuscu,
S.; Farber, E.; Raper, D.; et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. Nature 2018, 560,
185–191. [CrossRef]

16. Oliver, G.; Kipnis, J.; Randolph, G.J.; Harvey, N.L. The lymphatic vasculature in the 21st century: Novel functional roles in
homeostasis and disease. Cell 2020, 182, 270–296. [CrossRef]

17. Weller, R.O.; Sharp, M.M.; Christodoulides, M.; Carare, R.O.; Møllgård, K. The meninges as barriers and facilitators for the
movement of fluid, cells and pathogens related to the rodent and human CNS. Acta Neuropathol. 2018, 135, 363–385. [CrossRef]

18. Shah, T.; Leurgans, S.E.; Mehta, R.I.; Yang, J.; Galloway, C.A.; de Mesy Bentley, K.L.; Schneider, J.A.; Mehta, R.I. Arachnoid
granulations are lymphatic conduits that communicate with bone marrow and dura-arachnoid stroma. J. Exp. Med. 2023,
220, e20220618. [CrossRef]

19. Alves de Lima, K.; Rustenhoven, J.; Kipnis, J. Meningeal immunity and its function in maintenance of the central nervous system
in health and disease. Annu. Rev. Immunol. 2020, 38, 597–620. [CrossRef]

20. Adeeb, N.; Mortazavi, M.M.; Deep, A.; Griessenauer, C.J.; Watanabe, K.; Shoja, M.M.; Loukas, M.; Tubbs, R.S. The pia mater: A
comprehensive review of literature. Child’s Nerv. Syst. 2013, 29, 1803–1810. [CrossRef]

21. Medawar, P.B. Immunity to homologous grafted skin; the fate of skin homografts transplanted to the brain, to subcutaneous
tissue, and to the anterior chamber of the eye. Br. J. Exp. Pathol. 1948, 29, 58–69. [PubMed]

https://doi.org/10.3390/diagnostics16030452

https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1007/s10522-021-09910-5
https://doi.org/10.1186/s12964-024-01663-1
https://doi.org/10.3389/fragi.2024.1334261
https://www.ncbi.nlm.nih.gov/pubmed/38292053
https://doi.org/10.3390/ijms25137013
https://www.ncbi.nlm.nih.gov/pubmed/39000121
https://doi.org/10.1016/j.arr.2023.102141
https://www.ncbi.nlm.nih.gov/pubmed/38030088
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.tins.2024.04.003
https://doi.org/10.1111/j.1600-065X.2006.00441.x
https://doi.org/10.3389/fcell.2024.1430593
https://doi.org/10.1016/j.dci.2025.105454
https://www.ncbi.nlm.nih.gov/pubmed/40915333
https://doi.org/10.1038/s41593-024-01701-8
https://www.ncbi.nlm.nih.gov/pubmed/39333784
https://doi.org/10.1038/s41392-023-01486-5
https://www.ncbi.nlm.nih.gov/pubmed/37433768
https://doi.org/10.1186/s12950-023-00374-7
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1016/j.cell.2020.06.039
https://doi.org/10.1007/s00401-018-1809-z
https://doi.org/10.1084/jem.20220618
https://doi.org/10.1146/annurev-immunol-102319-103410
https://doi.org/10.1007/s00381-013-2044-5
https://www.ncbi.nlm.nih.gov/pubmed/18865105
https://doi.org/10.3390/diagnostics16030452


Diagnostics 2026, 16, 452 20 of 22

22. Billingham, R.E.; Brent, L.; Medawar, P.B. Actively acquired tolerance of foreign cells. Nature 1953, 172, 603–606. [CrossRef]
[PubMed]

23. Barker, C.F.; Billingham, R.E. Immunologically privileged sites. Adv. Immunol. 1977, 25, 1–54. [PubMed]
24. Engelhardt, B.; Ransohoff, R.M. The ins and outs of T-lymphocyte trafficking to the CNS: Anatomical sites and molecular

mechanisms. Trends Immunol. 2005, 26, 485–495. [CrossRef]
25. Buckley, M.W.; McGavern, D.B. Immune dynamics in the CNS and its barriers during homeostasis and disease. Immunol. Rev.

2022, 306, 58–75. [CrossRef]
26. Muzio, L.; Perego, J. CNS resident innate immune cells: Guardians of CNS homeostasis. Int. J. Mol. Sci. 2024, 25, 4865. [CrossRef]
27. Yuan, H.; Li, M.; Lei, Y.; Zhang, Q. Advances in the role of meningeal immunity in viral infectious diseases. Xi Bao Yu Fen Zi Mian

Yi Xue Za Zhi 2024, 40, 849–853.
28. Patel, P.U.; Regmi, A.; Dass, A.I.; Rojas, O.L. Immune conversations at the border: Meningeal immunity in health and disease.

Front. Immunol. 2025, 16, 1531068. [CrossRef]
29. Chen, Z.; Liu, P.; Xia, X.; Wang, L.; Li, X. Living on the border of the CNS: Dural immune cells in health and disease. Cell. Immunol.

2022, 377, 104545. [CrossRef]
30. Abbaoui, A.; Fatoba, O.; Yamashita, T. Meningeal T cells function in central nervous system homeostasis and neurodegenerative

diseases. Front. Cell. Neurosci. 2023, 17, 1181071. [CrossRef]
31. DeSisto, J.; O’Rourke, R.; Jones, H.E.; Pawlikowski, B.; Malek, A.D.; Bonney, S.; Guimiot, F.; Jones, K.L.; Siegenthaler, J.A.

Single-cell transcriptomic analyses of the developing meninges reveal meningeal fibroblast diversity and function. Dev. Cell 2020,
54, 43–59.e44. [CrossRef] [PubMed]

32. Hong, J.-Y.; Suh, S.-W.; Park, S.-Y.; Modi, H.N.; Rhyu, I.J.; Kwon, S.; Yu, H.; Byun, J. Analysis of dural sac thickness in human
spine: Cadaver study. Spine J. 2011, 11, 1121–1127. [CrossRef]

33. Fam, M.D.; Potash, A.; Potash, M.; Robinson, R.; Karnell, L.; O’Brien, E.; Greenlee, J.D. Skull base dural thickness and relationship
to demographic features. J. Neurol. Surg. B Skull Base 2018, 79, 614–620. [CrossRef] [PubMed]

34. Wang, J.; Cai, C.; Wan, L.; Liu, A.; Deng, K.; Fan, Y.; Zhang, J.; Huang, J.; Wan, C.; Zou, D.; et al. Uniaxial tensile material
properties of adult Chinese dura mater. Front. Bioeng. Biotechnol. 2025, 13, 1550228. [CrossRef] [PubMed]

35. Hînganu, M.V.; Hînganu, D.; Cozma, S.R.; Asimionoaiei-Simionescu, C.; Scutariu, I.A.; Ionesi, D.S.; Haba, D. Morphofunctional
evaluation of buccopharyngeal space using three-dimensional cone-beam computed tomography (3D-CBCT). Ann. Anat. 2018,
220, 1–8. [CrossRef]

36. Kearns, N.A.; Iatrou, A.; Flood, D.J.; De Tissera, S.; Mullaney, Z.M.; Xu, J.; Gaiteri, C.; Bennett, D.A.; Wang, Y. Dissecting the
human leptomeninges at single-cell resolution. Nat. Commun. 2023, 14, 7036. [CrossRef]

37. Louveau, A.; Smirnov, I.; Keyes, T.J.; Eccles, J.D.; Rouhani, S.J.; Peske, J.D.; Derecki, N.C.; Castle, D.; Mandell, J.W.; Lee, K.S.; et al.
Structural and functional features of central nervous system lymphatic vessels. Nature 2015, 523, 337–341. [CrossRef]

38. Posner, D.A.; Lee, C.Y.; Portet, A.; Clatworthy, M.R. Humoral immunity at the brain borders in homeostasis. Curr. Opin. Immunol.
2022, 76, 102188. [CrossRef]

39. Hablitz, L.M.; Nedergaard, M. The glymphatic system: A novel component of fundamental neurobiology. J. Neurosci. 2021, 41,
7698–7711. [CrossRef]

40. Kim, M.W.; Kipnis, J. Glymphatics and meningeal lymphatics unlock the brain–immune code. Immunity 2025, 58, 1040–1051.
[CrossRef]

41. Andica, C.; Kamagata, K.; Takabayashi, K.; Kikuta, J.; Kaga, H.; Someya, Y.; Tamura, Y.; Kawamori, R.; Watada, H.; Taoka, T.; et al.
Neuroimaging findings related to glymphatic system alterations in older adults with metabolic syndrome. Neurobiol. Dis. 2023,
177, 105990. [CrossRef] [PubMed]

42. Ünal, M.; Sezgin, A.B. Dura mater: Anatomy and clinical implication. J. Behav. Brain Sci. 2021, 11, 239–247. [CrossRef]
43. Reina, M.A.; Dittmann, M.; Garcia, A.L.; Van Zundert, A. New perspectives in the microscopic structure of human dura mater in

the dorsolumbar region. Reg. Anesth. 1997, 22, 161–166. [PubMed]
44. Alrouji, M.; Alshammari, M.S.; Alhajlah, S.; Tasqeeruddin, S.; Md Ashraf, G.; Dinislam, K.; Shahwan, M.; Shamsi, A. Neuroinflam-

maging and Sex-Specific Mechanisms: Biomarker Discovery and Emerging Technological Approaches in Aging Brain Disorders.
Engineering 2026, in press. [CrossRef]

45. Jin, R.; Chan, A.K.Y.; Wu, J.; Lee, T.M.C. Relationships between inflammation and age-related neurocognitive changes. Int. J. Mol.
Sci. 2022, 23, 12573. [CrossRef]

46. Di Benedetto, S.; Müller, L.; Wenger, E.; Düzel, S.; Pawelec, G. Contribution of neuroinflammation and immunity to brain aging.
Neurosci. Biobehav. Rev. 2017, 75, 114–128. [CrossRef]

47. Rego, S.; Sanchez, G.; Da Mesquita, S. Current views on meningeal lymphatics and immunity in aging and Alzheimer’s disease.
Mol. Neurodegener. 2023, 18, 55. [CrossRef]

48. Kierdorf, K.; Masuda, T.; Jordão, M.J.C.; Prinz, M. Macrophages at CNS interfaces. Nat. Rev. Neurosci. 2019, 20, 547–562. [CrossRef]

https://doi.org/10.3390/diagnostics16030452

https://doi.org/10.1038/172603a0
https://www.ncbi.nlm.nih.gov/pubmed/13099277
https://www.ncbi.nlm.nih.gov/pubmed/345773
https://doi.org/10.1016/j.it.2005.07.004
https://doi.org/10.1111/imr.13066
https://doi.org/10.3390/ijms25094865
https://doi.org/10.3389/fimmu.2025.1531068
https://doi.org/10.1016/j.cellimm.2022.104545
https://doi.org/10.3389/fncel.2023.1181071
https://doi.org/10.1016/j.devcel.2020.06.009
https://www.ncbi.nlm.nih.gov/pubmed/32634398
https://doi.org/10.1016/j.spinee.2011.11.001
https://doi.org/10.1055/s-0038-1651501
https://www.ncbi.nlm.nih.gov/pubmed/30456033
https://doi.org/10.3389/fbioe.2025.1550228
https://www.ncbi.nlm.nih.gov/pubmed/40799371
https://doi.org/10.1016/j.aanat.2018.06.008
https://doi.org/10.1038/s41467-023-42825-y
https://doi.org/10.1038/nature14432
https://doi.org/10.1016/j.coi.2022.102188
https://doi.org/10.1523/JNEUROSCI.0619-21.2021
https://doi.org/10.1016/j.immuni.2025.03.006
https://doi.org/10.1016/j.nbd.2023.105990
https://www.ncbi.nlm.nih.gov/pubmed/36621631
https://doi.org/10.4236/jbbs.2021.1110019
https://www.ncbi.nlm.nih.gov/pubmed/9089859
https://doi.org/10.1016/j.eng.2025.12.030
https://doi.org/10.3390/ijms232012573
https://doi.org/10.1016/j.neubiorev.2017.01.044
https://doi.org/10.1186/s13024-023-00645-0
https://doi.org/10.1038/s41583-019-0201-x
https://doi.org/10.3390/diagnostics16030452


Diagnostics 2026, 16, 452 21 of 22

49. Shapiro, M.; Walker, M.; Carroll, K.T.; Levitt, M.R.; Raz, E.; Nossek, E.; Delavari, N.; Mir, O.; Nelson, P.K. Neuroanatomy of cranial
dural vessels. J. Neurointerv. Surg. 2021, 13, 471–477. [CrossRef]

50. Zhang, X.; Liu, L.; Chai, Y.; Zhang, J.; Deng, Q.; Chen, X. Reimagining the meninges from a neuroimmune perspective. J.
Neuroinflamm. 2024, 21, 299. [CrossRef]

51. Derk, J.; Jones, H.E.; Como, C.; Pawlikowski, B.; Siegenthaler, J.A. Living on the edge of the CNS: Meninges cell diversity. Front.
Cell. Neurosci. 2021, 15, 703944. [PubMed]

52. Rustenhoven, J.; Drieu, A.; Mamuladze, T.; de Lima, K.A.; Dykstra, T.; Wall, M.; Papadopoulos, Z.; Kanamori, M.; Salvador,
A.F.; Baker, W.; et al. Functional characterization of the dural sinuses as a neuroimmune interface. Cell 2021, 184, 1000–1016.e27.
[CrossRef] [PubMed]

53. Cozzi, F.M.; Ampie, L.; Laws, M.T.; Brown, D.A. The role of the dura mater in cerebral metastases. Neurosurg. Focus 2023, 55, E17.
[CrossRef] [PubMed]

54. Knox, E.G.; Aburto, M.R.; Clarke, G.; Cryan, J.F.; O’Driscoll, C.M. The blood–brain barrier in aging and neurodegeneration. Mol.
Psychiatry 2022, 27, 2659–2673. [CrossRef]

55. Rustenhoven, J.; Pavlou, G.; Storck, S.E.; Dykstra, T.; Du, S.; Wan, Z.; Quintero, D.; Scallan, J.P.; Smirnov, I.; Kamm, R.D.; et al.
Age-related alterations in meningeal immunity drive impaired CNS lymphatic drainage. J. Exp. Med. 2023, 220, e20221929.
[CrossRef]

56. Hînganu, M.V.; Cucu, R.P.; Hînganu, D. Personalized research on the aging face. J. Pers. Med. 2024, 14, 343. [CrossRef]
57. Hitpass Romero, K.; Stevenson, T.J.; Smyth, L.C.D.; Watkin, B.; McCullough, S.J.C.; Vinnell, L.; Smith, A.M.; Schweder, P.;

Correia, J.A.; Kipnis, J.; et al. Age-related meningeal extracellular matrix remodeling compromises CNS lymphatic function. J.
Neuroinflamm. 2025, 22, 109. [CrossRef]

58. Cuciureanu, D.I.; Statescu, C.; Sascau, R.A.; Cuciureanu, T.; Constantinescu, V.A.; Hînganu, D.; Preda, C.; Hinganu, M.V.; Turliuc,
D. Particularities of using contrast agents in diagnosis of stroke. Rev. Chim. 2019, 70, 685–688. [CrossRef]

59. Umehana, M.; Fushimi, Y.; Okuchi, S.; Otani, S.; Yamamoto, T.; Sakata, A.; Nakajima, S.; Ikeda, S.; Ito, S.; Grinstead, J.; et al.
Evaluation of meningeal lymphatic vessels with delayed contrast-enhanced vessel-wall MRI in cerebral infarction. Jpn. J. Radiol.
2025, 1–12. [CrossRef]

60. Jacob, L.; de Brito Neto, J.; Lenck, S.; Corcy, C.; Benbelkacem, F.; Geraldo, L.H.; Xu, Y.; Thomas, J.-M.; El Kamouh, M.-R.; Spajer,
M.; et al. Conserved meningeal lymphatic drainage circuits in mice and humans. J. Exp. Med. 2022, 219, e20220035. [CrossRef]

61. Hînganu, M.V.; Salahoru, P.; Hînganu, D. Anal and perianal disorders management. Med.-Surg. J. 2018, 122, 522–527.
62. Toma, A.G.; Salahoru, P.; Hînganu, M.V.; Hînganu, D.; Cozma, L.C.D.; Patrascu, A.; Grigorescu, C. Reducing the duration and

improving hospitalisation time by using new surgical techniques and psychotherapy. Rev. Chim. 2019, 70, 143–146. [CrossRef]
63. Teissier, T.; Boulanger, E.; Cox, L.S. Interconnections between inflammageing and immunosenescence during ageing. Cells 2022,

11, 359. [CrossRef]
64. Eme-Scolan, E.; Gomes, M.; Bani, A.; Romano, A.; Kassem, O.; Roussel-Queval, A.; Casel, B.; Slimani, L.; Lawrence, T.; Rua, R.

Remodeling of skull bone channels regulates immune infiltration into the meninges during neuroinflammation. Immunity 2026,
59, 116–128.e7. [CrossRef] [PubMed]

65. Utz, S.G.; See, P.; Mildenberger, W.; Thion, M.S.; Silvin, A.; Lutz, M.; Ingelfinger, F.; Rayan, N.A.; Lelios, I.; Buttgereit, A.; et al.
Early fate defines microglia and non-parenchymal brain macrophage development. Cell 2020, 181, 557–573.e18. [CrossRef]
[PubMed]

66. Croese, T.; Castellani, G.; Schwartz, M. Immune cell compartmentalization for brain surveillance and protection. Nat. Immunol.
2021, 22, 1083–1092. [CrossRef]

67. Bonnan, M. Organes lymphoïdes tertiaires méningés: Des acteurs majeurs de l’auto-immunité intrathécale [Meningeal tertiary
lymphoid organs: Major actors in intrathecal autoimmunity]. Rev. Neurol. 2015, 171, 65–74. [CrossRef]

68. Zhang, Y.; Chen, H.; Cao, J.; Gao, L.; Jing, Y. Maternal separation alters peripheral immune responses associated with IFN-γ and
OT in mice. Peptides 2024, 182, 171318. [CrossRef]

69. Tesfagiorgis, Y.; Kemal, E.A.; Craig, H.C.; Parham, K.A.; Kerfoot, S.M. Systemic administration of anti-CD20 indirectly reduces B
cells in the inflamed meninges in a chronic model of central nervous system autoimmunity. J. Neuroimmunol. 2024, 387, 578267.
[CrossRef]

70. Wang, Y.; Chen, D.; Xu, D.; Huang, C.; Xing, R.; He, D.; Xu, H. Early developing B cells undergo negative selection by central
nervous system-specific antigens in the meninges. Immunity 2021, 54, 2784–2794.e6. [CrossRef]

71. Dahlgren, M.W.; Jones, S.W.; Cautivo, K.M.; Dubinin, A.; Ortiz-Carpena, J.F.; Farhat, S.; Yu, K.S.; Lee, K.; Wang, C.; Molofsky, A.V.;
et al. Adventitial Stromal Cells Define Group 2 Innate Lymphoid Cell Tissue Niches. Immunity 2019, 50, 707–722.e6. [CrossRef]

72. Hatfield, J.K.; Brown, M.A. Group 3 innate lymphoid cells accumulate and exhibit disease-induced activation in the meninges in
EAE. Cell Immunol. 2015, 297, 69–79. [CrossRef] [PubMed]

73. Marin, L.; Dixon, T.J.; Shojaeianforoud, F.; Monson, K.L.; Coats, B. Microstructural damage progression in the pia-arachnoid
complex. Acta Biomater. 2025, 202, 317–324. [CrossRef] [PubMed]

https://doi.org/10.3390/diagnostics16030452

https://doi.org/10.1136/neurintsurg-2020-016798
https://doi.org/10.1186/s12974-024-03286-2
https://www.ncbi.nlm.nih.gov/pubmed/34276313
https://doi.org/10.1016/j.cell.2020.12.040
https://www.ncbi.nlm.nih.gov/pubmed/33508229
https://doi.org/10.3171/2023.5.FOCUS23229
https://www.ncbi.nlm.nih.gov/pubmed/37527680
https://doi.org/10.1038/s41380-022-01511-z
https://doi.org/10.1084/jem.20221929
https://doi.org/10.3390/jpm14040343
https://doi.org/10.1186/s12974-025-03436-0
https://doi.org/10.37358/RC.19.2.6985
https://doi.org/10.1007/s11604-025-01908-0
https://doi.org/10.1084/jem.20220035
https://doi.org/10.37358/RC.19.1.6869
https://doi.org/10.3390/cells11030359
https://doi.org/10.1016/j.immuni.2025.11.019
https://www.ncbi.nlm.nih.gov/pubmed/41468886
https://doi.org/10.1016/j.cell.2020.03.021
https://www.ncbi.nlm.nih.gov/pubmed/32259484
https://doi.org/10.1038/s41590-021-00994-2
https://doi.org/10.1016/j.neurol.2014.08.003
https://doi.org/10.1016/j.peptides.2024.171318
https://doi.org/10.1016/j.jneuroim.2023.578267
https://doi.org/10.1016/j.immuni.2021.09.016
https://doi.org/10.1016/j.immuni.2019.02.002
https://doi.org/10.1016/j.cellimm.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26163773
https://doi.org/10.1016/j.actbio.2025.06.054
https://www.ncbi.nlm.nih.gov/pubmed/40582538
https://doi.org/10.3390/diagnostics16030452


Diagnostics 2026, 16, 452 22 of 22

74. Rua, R.; McGavern, D.B. Advances in meningeal immunity. Trends Mol. Med. 2018, 24, 542–559. [CrossRef] [PubMed]
75. Jung, Y.; Park, S.H. Age-related brain-region-specific changes in diffusion anisotropy in subarachnoid space of young adults.

Neuroscience 2024, 560, 36–42. [CrossRef]
76. Chan, T.; Hosseini, S.A.; Macedo, A.C.; Trudel, L.; Gonçalves, M.P.; Rahmouni, N.; Hall, B.J.; Therriault, J.; Socualaya, K.M.Q.;

Servaes, S.; et al. Alzheimer’s Imaging Consortium. Alzheimers Dement. 2025, 21, e110073. [CrossRef]
77. Jiang, J.; Guo, W.; Wang, B. Effects of exergaming on executive function of older adults: A systematic review and meta-analysis.

PeerJ 2022, 10, e13194. [CrossRef]
78. Xiao, H.; Yang, K. Role of macrophages in neuroimmune regulation. Front. Immunol. 2025, 16, 1573174. [CrossRef]
79. De Maeyer, R.P.H.; Chambers, E.S. The impact of ageing on monocytes and macrophages. Immunol. Lett. 2021, 230, 1–10.

[CrossRef]
80. Van Hove, H.; Martens, L.; Scheyltjens, I.; De Vlaminck, K.; Pombo Antunes, A.R.; De Prijck, S.; Vandamme, N.; De Schepper,

S.; Van Isterdael, G.; Scott, C.L.; et al. A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities
shaped by ontogeny and tissue environment. Nat. Neurosci. 2019, 22, 1021–1035. [CrossRef]

81. Ruiz-Fernández, I.; Sánchez-Díaz, R.; Ortega-Sollero, E.; Martín, P. Update on the role of T cells in cognitive impairment. Br. J.
Pharmacol. 2024, 181, 799–815. [CrossRef]

82. Shen, H.; Zhu, B.; Qian, Y.; Jin, J.; Zhou, J.; Peng, G.; Mo, J. Advances in research on meningeal lymphatic vessels in central
nervous system diseases. J. Craniofac. Surg. 2025, 36, 1485–1496. [CrossRef] [PubMed]

83. Neutzner, M.; Kohler, C.; Frank, S.; Killer, H.E.; Neutzner, A. Impact of aging on meningeal gene expression. Fluids Barriers CNS
2023, 20, 12. [CrossRef] [PubMed]

84. Decimo, I.; Dolci, S.; Panuccio, G.; Riva, M.; Fumagalli, G.; Bifari, F. Meninges: A widespread niche of neural progenitors for the
brain. Neuroscientist 2021, 27, 506–528. [CrossRef] [PubMed]

85. Flores-Montoya, G.; Quintero, D.; Chatterjea, D.; Uttley, H.; Liphart, C.; Tian, Z.; Yim, E.; Hu, F. The C-C chemokine receptor 7:
An immune molecule that modulates central nervous system function in homeostasis and disease. Brain Behav. Immun. Health
2023, 29, 100610. [CrossRef]

86. Fitzpatrick, Z.; Ghabdan Zanluqui, N.; Rosenblum, J.S.; Tuong, Z.K.; Lee, C.Y.C.; Chandrashekhar, V.; Negro-Demontel, M.L.;
Stewart, A.P.; Posner, D.A.; Buckley, M.; et al. Venous-plexus-associated lymphoid hubs support meningeal humoral immunity.
Nature 2024, 628, 612–619. [CrossRef]

87. Salvador, A.F.M.; Abduljawad, N.; Kipnis, J. Meningeal lymphatics in central nervous system diseases. Annu. Rev. Neurosci. 2024,
47, 323–344. [CrossRef]

88. Fruitman Davidi, A.; Shirenova, S.; Michaelovich, D.; Benedetti, G.; Shtrasberg, H.; Shoval, I.; Hauschner, H.; Oz, G.; Vardy, K.;
Hirsh, T.; et al. Dural ectopic lymphatic structures accumulate during aging and exhibit dysregulation in neurodegenerative
diseases. Proc. Natl. Acad. Sci. USA 2025, 122, e2425081122. [CrossRef]

89. Santisteban, M.M.; Iadecola, C.; Carnevale, D. Hypertension, neurovascular dysfunction, and cognitive impairment. Hypertension
2023, 80, 22–34. [CrossRef]

90. Joo, B.; Park, M.; Ahn, S.J.; Suh, S.H. Assessment of meningeal lymphatics in the parasagittal dural space: A prospective feasibility
study using dynamic contrast-enhanced magnetic resonance imaging. Korean J. Radiol. 2023, 24, 444–453. [CrossRef]

91. Zhang, M.; Tang, J.; Xia, D.; Xue, Y.; Ren, X.; Huang, Q.; Shi, L.; Tang, W.; Fu, J. Evaluation of glymphatic-meningeal lymphatic
system with intravenous gadolinium-based contrast-enhancement in cerebral small-vessel disease. Eur. Radiol. 2023, 33, 6096–6106.
[CrossRef]

92. Grazzini, I. Is enhanced-MRI a way for non-invasive evaluation of the glymphatic-meningeal lymphatic system in patients with
cerebral small vessel disease? What we currently know. Eur. Radiol. 2023, 33, 6094–6095. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16030452

https://doi.org/10.1016/j.molmed.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/29731353
https://doi.org/10.1016/j.neuroscience.2024.09.023
https://doi.org/10.1002/alz70862_110073
https://doi.org/10.7717/peerj.13194
https://doi.org/10.3389/fimmu.2025.1573174
https://doi.org/10.1016/j.imlet.2020.12.003
https://doi.org/10.1038/s41593-019-0393-4
https://doi.org/10.1111/bph.16214
https://doi.org/10.1097/SCS.0000000000010872
https://www.ncbi.nlm.nih.gov/pubmed/39630968
https://doi.org/10.1186/s12987-023-00412-9
https://www.ncbi.nlm.nih.gov/pubmed/36747230
https://doi.org/10.1177/1073858420954826
https://www.ncbi.nlm.nih.gov/pubmed/32935634
https://doi.org/10.1016/j.bbih.2023.100610
https://doi.org/10.1038/s41586-024-07202-9
https://doi.org/10.1146/annurev-neuro-113023-103045
https://doi.org/10.1073/pnas.2425081122
https://doi.org/10.1161/HYPERTENSIONAHA.122.18085
https://doi.org/10.3348/kjr.2022.0980
https://doi.org/10.1007/s00330-023-09796-6
https://doi.org/10.1007/s00330-023-09870-z
https://doi.org/10.3390/diagnostics16030452

	Introduction 
	The Meninges: Anatomy, Functional Importance, and Knowledge Gaps 
	The Meninges as a Key Interface in Brain Health 
	Re-Evaluating the “Immune Privilege” of the Brain 
	The Glymphatic–Meningeal Lymphatic Axis 
	Meningeal Fibrosis and Aging 
	Blood Circulation of the Cerebral Meninges: Vascular Organization, Neuroimmune Functions, and Aging-Relevant Diagnostic Readouts 

	The Role of the Meninges in Age-Related Decline 
	Immunosenescence of Meningeal Cells and Chronic Inflammation 
	Consequences of Meningeal Immunosenescence for CNS Homeostasis 
	A Dural Sinus–CSF Etiopathogenic Axis in Meningeal Senescence 
	The Dural Sinus as a Neuroimmune Interface Exposed to CSF-Derived Signals 
	CSF Egress Routes Converge at the Dura–Arachnoid–Sinus Interface 
	CSF Aging Transforms the Sinus-Adjacent Niche Through Immune Remodeling and Cytokine Signaling 
	Stromal Fibrosis and ECM Remodeling: A Mechanical Amplifier of Clearance Failure 
	A Feed-Forward Etiopathogenic Loop: From Impaired Drainage to Parenchymal Vulnerability 
	Diagnostic and Translational Implications: Imaging-Accessible Targets and Biomarker Logic 

	Translational Considerations and Model Limitations 

	Future Perspectives and Diagnostic Outlook 
	Conclusions 
	References

