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Abstract figure legend Overview of cerebral small vessel disease (cSVD) pathophysiology and current modelling
challenges. Left: clinical burden and key unresolved research questions. Right: neurovascular unit (NVU) architecture
highlighting sites of cSVD pathology across arterioles, capillaries and venules, including interactions between end-
othelial cells, mural cells, astrocytes and neurons. The glymphatic system provides a mechanistic link between vascular
dysfunction, perivascular space enlargement and impaired interstitial fluid clearance, representing an underexplored
opportunity to enhance the physiological fidelity of cSVD models.

Abstract Cerebral small vessel disease (cSVD) is a chronic, progressive cerebrovascular disorder
and the second most common cause of dementia after Alzheimer’s disease. It accounts for
approximately 20% of strokes, including a quarter of ischaemic strokes and nearly half of vascular
dementias, representing a growing clinical and socio-economic burden in ageing populations.
Despite its prevalence, mechanistic understanding remains limited and disease-modifying
therapies are lacking. A major obstacle is the difficulty of interrogating disease progression in
vivo, as the small calibre and deep location of affected vessels restrict assessment. Experimental
modelling has therefore been central to advancing cSVD research. Rodent models have provided
insight into vascular dysfunction, whitematter injury and blood–brain barrier (BBB) impairment,
but differ from humans in cerebrovascular anatomy, cellular composition and disease trajectory.
Emerging in vitro approaches, including three-dimensional cultures and microfluidic systems
incorporating human vascular cells, offer improved experimental control and translational
relevance, yet struggle to capture the slow progression of cSVD and its comorbidities such
as hypertension and ageing. Most models therefore isolate pathological features rather than
reproducing the integrated physiology of disease. In this review, we critically evaluate current
in vivo, in vitro and in silico models of cSVD, highlighting their strengths and limitations. We
identify the glymphatic system and brain clearance as underexplored but potentially unifying
pathways linking vascular dysfunction, perivascular-space enlargement and impaired fluid
clearance. Incorporating glymphatic elements into advancedmodelsmay address keymechanistic
gaps. Improving physiological fidelity in cSVD modelling will be essential for robust target
identification and development of effective therapies.

(Received 22 February 2026; accepted after revision 19 May 2026; first published online 6 June 2026)
Corresponding authorM.M. Salman: Department of Physiology, Anatomy, andGenetics, University of Oxford, Oxford
OX1 3PT, UK. Email: Mootaz.salman@dpag.ox.ac.uk

Introduction

Cerebral small vessel disease (cSVD), also referred to
as cerebral microangiopathy, is a heterogeneous group
of chronic, progressive pathologies whose definition
remains contentious due to complex underlying
pathophysiological mechanisms. It is characterised by
dysfunction of the brain’s small penetrating arteries,
arterioles, capillaries and venules, with consequent
impairment of endothelial and blood–brain barrier (BBB)
integrity that ultimately drives injury to both white
and grey matter (Kremer et al., 2025). Pathological
consequences are generally accepted to stem from
secondary impacts on the brain parenchyma, rather
than diseased blood vessels themselves (Wardlaw et al.,
2013).
Despite being the second most common cause of

dementia after Alzheimer’s disease (AD), there are no
disease-modifying treatments that are currently available
(Chojdak-Łukasiewicz et al., 2021). In most cases, the
condition is sporadic, and its aetiopathogenesis frequently

involves comorbidities such as hypertension, AD and
diabetes mellitus, though additional risk factors include
sleep disruption, ageing, obesity, neuroinflammation and
smoking (Wardlaw et al., 2021). The interplay between
cSVD and its comorbidities is poorly studied and not fully
understood.
Magnetic resonance imaging (MRI) is the standard

diagnostic method, in which perivascular spaces around
perforating vessels often become enlarged, fluid-filled
and visible on scans. However, this detection method
can result in ‘invisible’ pathologies, such as micro-
infarcts, only seen microscopically, being overlooked.
Post-diagnosis, patients are advised to manage the
condition by modulating known risk factors for cardio-
vascular disease, given the shared pathology with
ischaemic stroke (Chojdak-Łukasiewicz et al., 2021).
As a major contributor to age-related cognitive decline,
cSVD is expected to impose an increasing socio-economic
burden as populations continue to age (Pantoni, 2010).
Experimental modelling has been indispensable in

advancing mechanistic understanding of cSVD. However,
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the intrinsic complexity of the disorder, characterised by
slow progression, vascular heterogeneity and frequent
systemic comorbidities, poses significant translational
challenges. Much of our current knowledge derives from
rodent models which, although highly informative,
cannot fully recapitulate the cellular, vascular and
molecular architecture of the human brain (Fig. 1).

Fundamental interspecies differences exist in
cerebrovascular anatomy, cellular composition and
gene expression profiles. Rodents exhibit distinct vascular
branching patterns and microvascular organisation and
differ in the relative abundance and spatial distribution
of neural and glial cell populations. Importantly, trans-
criptomic analyses using single-nucleus RNA sequencing
(snRNA-seq) have revealed quantifiable divergence
in gene expression across homologous neural cell
types between mouse and human cortex. Hodge et al.
(2019) further demonstrated pronounced species-specific
differences in astrocyte morphology and transcriptional
signatures, underscoring the limitations of direct
extrapolation from rodent to human pathophysiology.
In humans, not only is the olfactory artery absent in

adults, but the anatomical origin of the posterior cerebral
artery in the circle of Willis also differs from that of
rodents, with important consequences for modelling
stroke (Schröder et al., 2020). The cellular and molecular
profile of brain vasculature has been investigated in
both species (Vanlandewijck et al., 2018; Wälchli et al.,
2024; Yang et al., 2022). Song et al. (2020) directly
compared transcriptomics of microdissected brain
vasculature of mouse and human. They found several
species-specific endothelial and pericyte-enriched
genes that are relevant for barrier transport and have
consequences for drug delivery research. Astrocytes,
which enwrap the vasculature with their endfeet, are
demonstrably larger in humans than in mice (Cruz et al.,
2026; Preman et al., 2021). Moreover, a recent study has
compared the proteome of isolated endfeet between the
two species finding that 75% of mouse receptors are also
expressed in humans, as well as 54% of ligand–receptor
pairs (Hill et al., 2025). These findings indicate the pre-
sence of murine-specific perivascular proteins and raise
the possibility that species-specific components may also
exist in humans.

Figure 1. Overview of experimental approaches currently used to study cerebral small vessel disease
(cSVD)
The schematic illustration compares four major modelling strategies: in vivo animal models, two-dimensional in
vitro transwell systems, three-dimensional scaffold-based in vitro platforms, and in silico computational models.
Each approach captures distinct aspects of cSVD pathophysiology while presenting specific limitations in physio-
logical relevance, experimental control and translational applicability. PVS, perivascular spaces; WMHs, white
matter hyperintensities.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Importantly, two hallmarks of cSVD, enlarged peri-
vascular spaces and white matter hyperintensities, have
not been robustly identified in rodent models (Stringer
et al., 2021). The lack of appropriate experimental models
has therefore been a major barrier to the identification
of robust drug targets and the development of effective
therapies for cSVD (Smith & Markus, 2020). In recent
years, in vitro approaches to studying cSVD, including
three-dimensional culture systems and microfluidic
platforms, have become increasingly accessible, alongside
growing interest in computational modelling strategies
(Fig. 1). Compared with traditional rodent models, these
new techniques have several advantages that enable
mechanistic insights at the level of cells and tissues.
Alongside existing animal models, they have potential to
improve efficiency of drug screening and translational
accuracy of preclinical research due to lower costs and
the inclusion of patient-derived cells (Pierre et al., 2025).
A parallel shift toward in vitro and human-relevant
modelling is also emerging at the regulatory level, with
the U.S. Food and Drug Administration (FDA) recently
signalling its intention to reduce reliance on animal testing
in favour of advanced platforms such as organ-on-a-chip
systems and other new-approach methodologies (Ingber,
2026). These developments reflect a broader recognition
that complex human pathophysiologymay require equally
sophisticated experimental frameworks. Nevertheless,
substantial challenges persist in modelling cSVD. A
central difficulty lies in reproducing the slow, progressive
and often subclinical evolution of the disease. The
temporal dimension of cSVD, characterised by cumulative
vascular stress, gradual endothelial dysfunction and
evolving neurovascular uncoupling, is inherently difficult
to capture in short-term experimental systems. Moreover,
the intertwined contributions of inflammation, end-
othelial dysfunction, extracellular matrix remodelling
and vascular rarefaction are challenging to model
simultaneously within reductionist platforms (Mustapha
et al., 2019). In this review, we critically evaluate recent
advances in experimental models of cSVD, outlining
their respective strengths and limitations. We further
examine the emerging role of brain clearance pathways
and glymphatic function as an underrepresented yet
potentially central component of cSVD pathophysiology.
Integrating glymphatic physiology into experimental
paradigms may provide new mechanistic insight into
disease initiation and progression and help bridge
persistent translational gaps in the field.

Modelling cSVD

Models of cSVD frequently analyse an isolated aspect
of the disease (e.g. hypertension). In doing so, they
have limited applicability as the vast web of associated

comorbidities is overlooked. Many models are also
insufficiently humanised and cannot replicate aspects of
human physiology including continuous unidirectional
blood flow, protein expression patterns, extracellular
matrix (ECM) mechanobiology and cylindrical
geometries typical of blood vessels (Fig. 1).

Rodent models

Rodent models remain central to experimental cSVD
research and have provided valuable mechanistic insight
through paradigms based on chronic hypoperfusion and
ischaemic injury, hypertension-driven vascular stress, or
direct vascular damage (Mustapha et al., 2019).
Initial work using the spontaneously hypertensive

rat–stroke prone (SHRSP) model revealed cSVD-like
features (Table 1), with evidence of cerebrovascular
dysfunction characterised by increased vascular
permeability and a predilection for haemorrhage and
cortical softening at arterial boundary zones, particularly
within the basal ganglia (Yamori et al., 1976). A later
study suggested that endothelial cell (EC) dysfunctionwas
intrinsic and independent of hypertension, challenging
the traditional primacy of hypertension as the initiating
driver of cSVD (Rajani et al., 2018).
More recently, the ATP11B knockout (ATP11BKO)

rat model has provided direct evidence for intrinsic EC
dysfunction in cSVD, characterised by reduced end-
othelial nitric oxide synthase (eNOS) and Claudin-5
expression, alongside upregulation of intercellular
adhesion molecule 1 (ICAM-1). Notably, this model
recapitulates key pathological, neuroimaging and
behavioural features of cSVD in a normotensive
context, thereby challenging the traditional primacy
of hypertension and positioning EC dysfunction as a
primary pathogenic driver (Quick et al., 2022). While
extrinsic stressors such as hypertension can precipitate
or exacerbate endothelial dysfunction, they may not
be strictly required for the development of cSVD-like
pathology. These findings strengthen the rationale for
targeting endothelial integrity directly, rather than
focusing exclusively on systemic vascular risk factor
control. This has implications for diagnosis since studying
diseased ECs in the absence of hypertension could help
identify cSVD-specific biomarkers.
A complementary body of research highlights

the role of vascular smooth muscle cell (VSMC)
dysfunction in cSVD pathogenesis. Cerebral auto-
somal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL) is the most
common hereditary form of cSVD. It is caused by
a series of characteristic mutations in the NOTCH3
receptor, which is expressed predominantly in mural
cells of the brain vasculature, including VSMCs and

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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pericytes, rather than ECs. These mutations typically
result in a gain or loss of cysteine residues within the
NOTCH3 extracellular domain (NOTCH3ECD), which
disrupts its conserved disulphide bond pattern and
promotes protein aggregation. This aligns with the
observed accumulation of NOTCH3ECD in CADASIL
patients prior to clinical manifestation (Lee et al., 2023),
suggesting that VSMC-intrinsic signalling dysfunction
constitutes a distinct pathogenic mechanism contributing
to cSVD susceptibility. Consistent with this, recent
conditional knock-in models demonstrate that pericyte-
and VSMC-specific expression of the Notch3R170C variant
independently recapitulates key CADASIL features,
but through divergent pathways, with cell type-specific
vascular, neuroinflammatory and proteomic signatures
(Huang et al., 2026).
Despite significant progress, no single animal model

currently recapitulates the full spectrum of pathological,
physiological and clinical features of the disease
(Mustapha et al., 2019). Models commonly recapitulate
a single aspect of cSVD, such as white matter damage
or BBB dysfunction, though crossing existing strains
may provide a more holistic representation. Existing
models offer a system-based representation of cSVD and
combining strains could provide a clinically relevant route
to unravel the interplay between associated comorbidities.

In vitro models

There is a clear need for physiologically relevant in
vitro models of cSVD. As outlined above, existing in
vivo systems typically capture only discrete aspects of
the pathology and do not fully recapitulate key features
of human cerebrovascular physiology. In contrast, in
vitro platforms that enable systematic and independent
manipulation of disease-relevant variables provide a
powerful framework to interrogate causal mechanisms
driving cSVD progression. An optimal model would
incorporate physiologically relevant shear stress and
extracellular matrix interactions, support unidirectional
flow within a cylindrical microvascular geometry without
artificial barriers, and be compatible with advanced
imaging modalities and three-dimensional tracking of
labelled molecules (Salman et al., 2020).
Microfluidic modelling offers a promising approach to

recreate vascular biology at the microscale, enabling
precise manipulation of sub-millimetre volumes
under controlled conditions where physical and
biological variables can be interrogated in isolation.
Hydrogel-based cell-laden bioinks provide themechanical
and biomechanical cues required for 3D vascular growth
and have recently been applied to model cerebral
vasculature. ECs, thought to be key players in cSVD
(Quick et al., 2022), and VSMCs were co-cultured

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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into a cylindrical vessel using this bioink (Gold
et al., 2021). Sacrificial printing approaches overcome
difficulties associated with in vitro 3D cell co-culture
(e.g. lack of small vessel structures). The model also has
potential for humanisation. Introducing patient-relevant
cSVD mutations (e.g. COL4A1/2) into the endothelial
component would allow disease-relevant phenotyping in
a geometrically realistic vascular environment (Table 2).
However, the approach requires higher than relevant
cell densities and may yield an asymmetric channel
cross-section impacting cell–cell interactions and ECM
behaviour.

In vitro models offer a complementary approach to
studying cSVD mechanisms. The capacity to manipulate
individual variables while holding others constant allows
independent factors driving cSVD to be examined in a
controlled manner and helps pinpoint mechanisms that
contribute to disease progression. This level of causal
interrogation is difficult to achieve in animal models,
where multiple physiological processes are inherently
intertwined. The increased physiological complexity of
advanced in vitromodels relative to traditional cell culture
techniques should allow for improved target validation
and reduced development of drugs with off-target effects
(McCloskey et al., 2024). Further, monogenic cSVD
shows variable penetrance and expressivity (Ferguson
et al., 2022); not all carriers go on to develop the
disease and those that do show varied clinical severity.
Analysis of modifiable risk factors may help determine
how environmental and lifestyle factors interact with
underlying genetic mutations to drive disease. In vitro
models allow for risk factors such as diabetes, hyper-
tension, smoking and inflammation to be considered. In
the case of diabetes, for example, observing the effect
of increased glucose in cell culture media beyond the
normal 5.5 mM could be used to model the downstream
molecular consequences of hyperglycaemia on vascular
and glial function.

A range of induced pluripotent stem cell (iPSC)-derived
co-culture systems have been developed to model
the cellular complexity of the BBB in vitro, with
increasing levels of biological fidelity. At the structural
level, co-culture of brain microvascular endothelial
cells (BMECs), pericytes and astrocytes embedded
in a Matrigel-based 3D ECM can recapitulate the
anatomical and physiological properties of the human
BBB, approximating the cellular composition of the
neurovascular unit (NVU) (Ferguson et al., 2022). A
complementary transwell-based model uses a collagen
hydrogel containing encapsulated astrocytes layered
beneath iPSC-derived endothelium (Pinals & Tsai, 2022).
The increased concentration of collagen confers rigidity
and resistance to contraction as well as cell selection for
greater adherence, which prevents detachment during
use. Beyond structural recapitulation, these models can

also capture dynamic BBB functions. The μSiM tissue
chip platform, a microphysiological system enabled by
an ultrathin silicon nanomembrane, has been used to
demonstrate that pericyte inclusion influences leukocyte
transmigration across the BBB under inflammatory
conditions such as sepsis (Pinals & Tsai, 2022). Full
reconstruction of NVU architecture and signalling
dynamics nonetheless remains an outstanding challenge
across all these platforms.
A key advantage of iPSC technology is its ability to

incorporate patient-specific genetic variation, enabling
disease modelling beyond generic cellular co-culture.
For example, iPSCs derived from individuals carrying
COL4A1/2 mutations have been differentiated into brain
endothelial-like and mural cells and co-cultured in trans-
well systems, recapitulating disease-relevant phenotypes,
including extracellular matrix abnormalities (Domocos
et al., 2026; Marazzi et al., 2025). Pharmacological
inhibition of matrix metalloproteases (MMPs) partially
restored endothelial function, identifying MMP activity
as a potential therapeutic target and establishing the
platform as a viable tool for both mechanistic inter-
rogation and high-throughput drug screening (Al-Thani
et al., 2023).
The composition of the ECM is a key determinant

of how accurately in vitro models reproduce native
vascular structure and function; it should be selected
with the specific mutation under study in mind. For
COL4A1/2 mutations, incorporating collagen IV into
hydrogel matrices is particularly important as this is the
primary affected protein. Options range from Matrigel,
pure collagen IV hydrogels or custom bio-printed inks
with ECM proteins in defined ratios. For HTRA1
deficiency, matrix composition can be tailored to include
relevant proteolytic substrates, such as fibronectin and
decorin, to capture downstream effects on perivascular
ECM remodelling. The ability to systematically vary ECM
composition and directly compare mutant and isogenic
wild-type conditions provides a level of experimental
control that is difficult to achieve in vivo and represents
a key advantage of these emerging platforms (Table 3).
Despite these advances, conventional transwell systems

lack key physiological parameters, particularly shear
stress and haemodynamic forces, and often fail to fully
reproduce in vivo endothelial characteristics such as
robust junctional protein expression (e.g. occludin) and
transporter profiles (e.g. GLUT-1). To address these
limitations, microfluidic ‘brain microvessel-on-a-chip’
systems have been developed (Salman et al., 2020). These
3D platforms generate a perfusable endothelial-lined
lumen within an ECM scaffold, allowing controlled
unidirectional flow and real-time 3D imaging through
reagent access from the surrounding matrix. Integrating
patient-derived iPSC endothelial and mural cells into
such microfluidic architectures would represent a

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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significant advance, enabling more physiologically
relevant modelling of cSVD microvascular pathology
under flow conditions and facilitating high-resolution
structural and functional analyses.
Beyond model architecture, the genetic accuracy of

cells is equally critical to faithful cSVD recapitulation.
By controlling genetic background and allowing
direct comparison of mutant and corrected lines,
CRISPR/Cas9-based genome editing combined with
isogenic controls provides a rigorous framework for
analysing the causal effects of cSVD-associated variants,
particularly in iPSC-derived ECs and pericytes relevant
to BBB function (Hsu et al., 2014; Wardlaw et al., 2013).
This enables causal genetic inference by introducing
or correcting specific disease-associated variants (e.g.
NOTCH3, HTRA1, COL4A1/2). Isogenic controls
eliminate background genetic variability, increasing
sensitivity to detect subtle vascular or BBB phenotypes.
Although off-target editing, clonal selection artefacts, and
the limited capacity of iPSC models to replicate ageing
and the polygenic, environmental factors prevalent in
sporadic cSVD limit this technique (Kilpinen et al.,
2017), it increases sensitivity for minor molecular and
cellular abnormalities. Translational significance therefore
depends on ethical and scientific rigour, including careful
validation and suitable model selection.
Endothelial dysfunction, oxidative stress and impaired

neurovascular unit signalling are all caused by ageing,
which is the single strongest risk factor for cSVD
(Pantoni, 2010; Wardlaw et al., 2019). Unfortunately,
these long-term systematic processes are challenging
to replicate with in vitro models since they typically
rely on young or immortalised cells. Although they
simplify vascular architecture and chronic disease
progression, in vitro BBB models (such as transwell,
microfluidic and 3D co-culture systems) are useful for
studying tight junction disruption, pericyte loss and
increased membrane permeability (Montagne et al.,
2015). Collectively, these in vitro approaches are ethically
consistent with the 3 Rs principle, minimising live
animal use while incorporating human-relevant biology.
However, they necessitate rigorous donor consent, data
protection and transparent acknowledgement of trans-
lational limits, particularly when employing iPSC-derived
or organoid-based systems.
Complementing these experimental approaches, in

silico modelling is becoming a powerful tool to under-
stand neurological pathology and has potential to enhance
in vitro models (e.g. molecular dynamics simulations of
BBB pathology (Campisi et al., 2018) or fractal geometry
models for cerebral blood flow (Shityakov & Förster,
2018)). However, accurately simulating cSVD using
vascular flow modelling still presents several unique
challenges, including highly complex vessel geometry,
rapid fluid–solid interactions, blood vessel pulsatility

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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and the non-Newtonian nature of blood. Computational
approaches are considered most useful in biomarker
identification since reliable diagnostic methods are
lacking due to the disease’s complex manifestation.
Emerging diagnostic tools commonly assess disease
severity using machine learning approaches applied to
image classification (Cuadrado-Godia et al., 2018; Hu
et al., 2024; Šutalo et al., 2015).
In vitro models offer precise, causal interrogation

of specific cell types, genetic variants and micro-
environmental conditions typically obscured by
biological complexity in vivo. However, many aspects
of cSVD pathophysiology are inherently systemic and
multicellular. Processes such as vascular remodelling,
chronic haemodynamic stress, neurovascular uncoupling
and the progressive accumulation of white matter injury
unfold over months. They involve coordinated inter-
actions between the vasculature, immune system and
brain parenchyma that cannot currently be reconstituted
in vitro. In vivo models therefore remain essential
for longitudinal studies of disease progression and
whole-organism therapeutic evaluation. The translational
relevance of each platform also differs systematically
across key pathological dimensions of cSVD. Evaluation
of cSVD models should consider pathological and
neuroimaging resemblance to human disease, including
recapitulation of white matter hyperintensities, enlarged
perivascular spaces and microinfarcts visible on MRI.
Models should also support therapeutic testing, enabling
longitudinal intervention, pharmacological manipulation
of disease-relevant targets and quantification of
functional outcomes (e.g. cognitive deficits). Trans-
lational fidelity would also be enhanced by incorporation
of disease-relevant comorbidities (including ageing,
hypertension, diabetes mellitus and chronic neuro-
inflammation) since these systemic factors shape cSVD
progression in humans but are frequently absent in
experimental systems. No single platform currently
addresses all dimensions (Table 3). Robust mechanistic
conclusions in cSVD research will therefore require
convergent evidence across complementary experimental
systems.

Interactions at the capillary level

cSVD is fundamentally a disorder of themicrovasculature,
yet most experimental models remain reductionist,
focusing on isolated cell types or discrete pathological
features. The small arterioles and capillaries affected in
cSVD constitute the anatomical and functional core of
the NVU, an integrated system comprising ECs, VSMCs,
pericytes, astrocytes and neurons that collectively regulate
cerebral blood flow, BBB integrity and interstitial fluid
dynamics. cSVD pathology is therefore unlikely to arise
from dysfunction within any single cellular compartment

but instead reflects disruption of coordinated signalling
across this multicellular network. Dissecting these cell
type-specific and, critically, intercellular mechanisms is
essential for the development of models that faithfully
capture disease biology and enable meaningful trans-
lational insight.
Capturing this multicellular complexity experimentally

remains a major challenge. Most in vivo rodent models
recapitulate only a subset of pathological features, rather
than the integrated NVU dysfunction characteristic
of human cSVD. Recent work has begun to address
this limitation. Tian et al. (2025) developed a mouse
model of focal ischaemia-induced vascular dementia
in which intracranial delivery of the vasoconstrictor
N5-(1-iminoethyl)-l-ornithine (L-NIO) generates
multiple small cortical infarcts. Using single-nucleus RNA
sequencing across ECs, pericytes, VSMCs, astrocytes,
microglia and neurons, they reconstructed the NVU
interactome at single-cell resolution. Their findings
demonstrate that vascular pathology cannot be attributed
to a single cellular compartment, but instead emerges from
the disruption of coordinated multicellular signalling
across the NVU.
Pericyte loss and dysfunction are increasingly

recognised as critical components of cSVD progression.
Beyond their structural role in microvascular stability and
basement membrane remodelling, pericytes are active
regulators of capillary diameter. In vivo two-photon
imaging has demonstrated that pericyte-bearing
capillaries dilate before penetrating arterioles following
sensory input (Hall et al., 2014). In ischaemia, this
contractile function becomes pathological: pericytes
first constrict capillaries and subsequently die in rigor,
contributing to persistent reduced blood flow and BBB
damage (Hall et al., 2014). In the context of cSVD, these
findings position pericyte dysfunction as a mechanistic
target. Quantitative single-vessel analysis of human
cortical microvasculature across increasing cSVD
severity has demonstrated that pericyte loss, assessed
by platelet-derived growth factor receptor β (PDGFRβ)
signal, precedes endothelial activation across increasing
disease severity (Chagnot A et al., 2026). The study
showed near-complete pericyte depletion observed in
severely affected cases before vascular adhesion molecule
upregulation becomes evident. This may indicate an early
window where pericyte function could be restored before
more widespread vascular damage becomes established.
At the molecular level, pericytes interact directly with
ECs to regulate BBB integrity and modulate perivascular
fluid dynamics through aquaporin-4 (AQP4) (Cao et al.,
2025).
In vitro, multicellular co-culture systems incorporating

iPSC-derived ECs, pericytes and astrocytes have
demonstrated that BBB integrity is an emergent property
of coordinated signalling across multiple cell types,

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 0.0 Cerebral small vessel disease models 13

rather than an intrinsic feature of the endothelium
alone (Ferguson et al., 2022). Inclusion of pericytes in
microphysiological BBB models, for example, modulates
endothelial responses under inflammatory conditions,
including leukocyte transmigration, in ways that cannot
be predicted from endothelial monocultures (McCloskey
et al., 2024). Microfluidic organ-on-a-chip platforms
further extend this approach by enabling interrogation
of shear stress-dependent endothelial–pericyte crosstalk
under conditions that more closely approximate the
in vivo capillary environment, including controlled
unidirectional flow within cylindrical geometries
(Salman et al., 2020). Moving forward, experimental
platforms should aim to reconstruct the NVU as
an integrated system, capturing pericyte–endothelial,
astrocyte–endothelial and broader neurovascular inter-
faces central to cSVD pathophysiology. Coupling such
systems with single-cell transcriptomic resolution will be
critical to resolve cell type-specific contributions within
this multicellular network.

The glymphatic system as a candidate pathway
linking cSVD to comorbid disease

The continued lack of effective therapies for cSVD
highlights the limitations of existing experimental
models. Consequently, robust pharmacological targets
and scalable high-throughput screening platforms remain
scarce, making systematic lead identification challenging.
This situation is further compounded by an incomplete
mechanistic understanding of cSVD, which restricts the
translation of experimental findings into therapeutic
strategies.

Glymphatic dysfunction has been reported in
association with several neurological disorders, most
notably AD and Parkinson’s disease (Buccellato et al.,
2022). This concept arises from a fundamental feature
of the CNS: the absence of conventional lymphatic
vessels within the brain parenchyma. Instead, the brain
relies on specialised fluid transport pathways, operating
alongside the BBB, which tightly regulates molecular
exchange to protect neural tissue from pathogens and
systemic metabolic fluctuations (Rasmussen et al.,
2022). The BBB forms a series of tight junctions to
prevent fluid exchange between the CNS and the blood-
stream/peripheral extracellular fluid (Thomas, 2019).
In the absence of fluid influx, diffusion processes were
thought to be responsible for fluid distribution within the
CNS (Abbott, 2004; Abbott, 2005; Syková & Nicholson,
2008). The glymphatic hypothesis, first proposed in 2012
after the availability of dynamic contrast-enhanced MRI
(DCE-MRI) (Iliff et al., 2013; Iliff et al., 2012) offers
an alternative explanation based on advection (Fig. 2).
In early foundational studies, DCE-MRI enabled direct

visualisation and functional tracking of glymphatic trans-
port across the rodent brain by following the movement
of gadolinium-based contrast agents administered into
the cerebrospinal fluid. Critically, the study implicated
AQP4 in this process and demonstrated paravascular
transport of amyloid-β , establishing the first proposed
link between glymphatic drainage and Alzheimer’s
disease (Iliff et al., 2012). Since its initial description,
the glymphatic hypothesis has generated considerable
debate. In particular, the extent to which AQP4 directly
mediates cerebrospinal fluid transport and whether
glymphatic activity is substantially enhanced during
sleep remain areas of active discussion and ongoing
investigation (Abbott et al., 2018; Iliff et al., 2013; Markou
et al., 2022; Smith et al., 2017). Additionally, the relative
contribution of intramural periarterial drainage (IPAD)
to brain waste clearance remains unclear. IPAD involves
the elimination of interstitial fluid and soluble metabolites
along basement membranes in the walls of capillaries and
arteries, potentially driven by vasomotion rather than
arterial pulsations, and may represent a complementary
or alternative pathway to the glymphatic system (Aldea
et al., 2019; Carare et al., 2020).
In recent years, a hypothesis of ‘CNS interstitial

fluidopathy’ has emerged to describe disorders that exhibit
impaired interstitial fluid dynamics (Singh et al., 2023;
Taoka & Naganawa, 2021). The hypothesis suggests that
many neurodegenerative and cerebrovascular diseases
share an underlying mechanism: dysfunction of the
brain’s fluid clearance systems. A mechanistic link
between the glymphatic system and cSVD remains
undetermined, though growing evidence suggests
glymphatic dysfunction is directly related to disease
progression. Using the diffusion tensor image analysis
along the perivascular space (DTI-ALPS) index as a
non-invasive marker of glymphatic function, Tang et al.
(2022) demonstrated that reduced glymphatic activity
is independently associated with executive, attention
and memory decline in cSVD patients, though not
with language or visuospatial function, representing
the first direct analysis of this relationship. It highlights
the ALPS index as a potentially valuable predictive
tool for cognitive decline in cSVD and supports the
incorporation of glymphatic elements into experimental
models. For example, COL4A1/2 may compromise
basement membrane permeability, directly affecting
fluid transit across vessel walls. HTRA1 deficiency
may lead to ECM protein accumulation in peri-
vascular spaces, obstructing drainage pathways. These
gene-specific mechanisms converge on a common
pathophysiological endpoint: disrupted interstitial fluid
dynamics. Indeed, several physiological changes are
shared between cSVD and glymphatic disturbance,
including increased visibility of perivascular spaces and
progressive deterioration of the cerebrovascular bed
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Figure 2. Graphical depiction of the glymphatic system and proposed impairment of glymphatic trans-
port during cerebral small vessel disease (cSVD)
(1) Cerebrospinal fluid (CSF) flows through perivascular spaces (PVS), created by vascular endfeet of astrocytes,
with less resistance than in the neuropil (Boster et al., 2024; Simard et al., 2003). (2) Astrocytic endfeet surround
the cerebral vascular bed to create a transport network that moves (CSF) from the subarachnoid space along
arterial vasculature, deep into the interstitium. The water channel, AQP4, has densely localised expression on
astrocytes at the PVS–parenchyma interface and facilitates CSF entry to the interstitium where it mixes with inter-
stitial fluid (ISF) (Nagelhus & Ottersen, 2013). (3) Propelled by cardiac rhythm-linked pulsations of the artery wall,
CSF containing interstitial waste products moves to PVS through the parenchyma (Mestre et al., 2018). (4) Fluid
containing glymphatic waste drains to dural lymphatic vessels via arachnoid cuff exit (ACE) points, which facilitate
communication between the dura and parenchyma. Some fluid also directly drains from the subarachnoid space
to the dura via arachnoid granulations surrounded by localised immune cells for surveillance. The CSF–ISF fluid is
finally exported to extracranial lymphatics (Aspelund et al., 2015; Mortensen et al., 2019). Six key pathological
changes that impair interstitial fluid dynamics and waste clearance from the brain parenchyma are shown in green
(Mortensen et al., 2019; Tang et al., 2022). (A) Thickened artery wall. In cSVD, progressive arteriopathy results in
thickening and stiffening of arterial walls. (B) Protein accumulation in the subarachnoid space. Impaired clearance
mechanisms observed in cSVD result in protein accumulation which may physically obstruct flow and impair
glymphatic function. (C) Reduced aquaporin-4 (AQP4) expression. In cSVD, AQP4 expression and polarisation are
frequently disrupted which reduces the efficiency of CSF-ISF exchange. (D) Reduced number of astrocytic end-
feet. Reduced coverage of cerebral vessels by astrocytic endfeet can result from chronic inflammation, membrane
abnormalities or astrocyte injury. This results in reduced surface area available for AQP4-mediated fluid transport. (E)
Reduced CSF influx. Combined arterial wall thickening and protein accumulation with reduced vascular pulsatility,
astrocytic endfeet and AQP4 expression impairs entry of CSF into periarterial spaces. (F) Enlarged perivenous spaces.
These are a radiological hallmark of cSVD and may represent chronic obstruction of drainage pathways, increased
vascular permeability with fluid accumulation or compensatory dilation in response to impaired clearance. Created
with BioRender.com.
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AQP4 as a therapeutic target for cSVD

The progressive nature of cSVD provides a comparatively broad therapeutic window, creating an
opportunity to delay disease onset or attenuate progression. Increasing evidence linking cSVD to
impaired brain clearance and glymphatic dysfunction has brought AQP4, the astroglial water channel
central to perivascular fluid exchange, into focus as a mechanistically grounded and potentially
tractable therapeutic target (Lee et al., 2024; Peng et al., 2023). Brain clearance and glymphatic
dysfunction may act both as a driver of cSVD progression and as a predisposing factor for disease
initiation, raising the possibility that restoration of perivascular fluid dynamics through modulation
of AQP4 could modify the disease trajectory.
Supporting this concept, fibrinogen depletion in a transgenic cerebral amyloid angiopathy mouse
model restored polarized AQP4 localisation and reduced amyloid burden (Singh et al., 2025),
suggesting that targeting upstream mediators of AQP4 depolarisation may represent an additional
and potentially more tractable therapeutic strategy. Together, these findings position AQP4 not
only as a biomarker of glymphatic disruption but also as a mechanistically grounded candidate for
disease-modifying intervention in cSVD (Singh et al., 2025).
Developing pharmacological modulators of AQP4 remains a considerable challenge. Therapeutic
delivery across the BBB is intrinsically constrained, and candidate compounds frequently exhibit
limited specificity and off-target activity. Recently, TGN-073 has been proposed as a potential
therapeutic agent to enhance glymphatic function, based on encouraging findings in a rat model
(Alghanimy et al., 2023). However, a recent study examining AER-270 and TGN-020, previously
assumed to be selective AQP4 inhibitors, has fundamentally challenged this view. Although these
compounds were originally identified through in silico screening and validated using Xenopus laevis
oocyte assays, Unger et al. (2024) demonstrated across multiple orthogonal systems that neither
directly inhibits AQP4 in recombinant proteoliposome assays or mammalian cell models. Binding
studies further revealed that AER-270 exhibits markedly lower affinity for AQP4 than expected
from reported IC50 values, suggesting that prior in vivo effects likely reflect off-target mechanisms.
These findings indicate that AER-270 and TGN-020 should not be used to infer AQP4-dependent
effects in the brain; by extension, similar caution may be warranted for TGN-073. More broadly,
this work underscores the necessity of rigorously validated in vitro platforms to accurately inter-
rogate glymphatic mechanisms and confirm target engagement before therapeutic translation (Unger
et al., 2024). This issue is particularly important given that no aquaporin-targeting drugs are currently
approved for human use, yet a prodrug of AER-270 has entered phase I clinical trials for the pre-
vention of brain oedema following stroke (Kitchen et al., 2020; Sun et al., 2022). The identification of
compounds that selectively and directly modulate AQP4 would provide essential tools to interrogate
glymphatic function in the context of cSVD and accelerate the rational development of therapies for
cSVD and related disorders of CNS interstitial fluid homeostasis (fluidopathies).

(Singh et al., 2023; Taoka &Naganawa, 2021). In addition,
established comorbidities of cSVD progression coincide
with glymphatic dysfunction, such as hypertension. It has
been demonstrated that glymphatic clearance is impaired
in spontaneously hypertensive rats (SHR), highlighting
the potential importance of the glymphatic system in
cSVD development (Mortensen et al., 2019).

Despite the possible link, understanding of
the glymphatic system is limited by experimental
inaccessibility (Bohr et al., 2022; Taoka et al., 2017).
In 2017, the DTI-ALPS index was the first alternative
proposed to invasive gadolinium-enhanced MRI
from original studies (Taoka et al., 2017). Despite the
advancement, both methods are observational and lack
the experimental control possible with in vitro models.
There is, therefore, an urgent need for in vitro cSVD

models that incorporate glymphatic features. Refining
cSVD models by introducing aspects of glymphatic
(dys)function, namely interstitial fluid flow, would
allow a previously understudied but possibly central
aspect of disease progression to be investigated. In vitro
cSVD modelling is also useful for therapeutic screening
and could be used to investigate glymphatic targets
with a suspected role in cSVD, such as AQP4 (Peng
et al., 2023). In this case, activators and/or inhibitors
of the glymphatic system could be tested on a back-
ground model of cSVD to determine how changes in
glymphatic flow affect disease severity. For this approach
to progress, however, validation of targets with potential
to modulate glymphatic function remains necessary
(Box 1).
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Conclusions and future directions

Our current understanding of cSVD remains fragmented
and is shaped largely by experimental models that
capture only isolated features of this complex and slowly
progressive disorder. The limited physiological fidelity of
many existing systems has constrained identification of
causal mechanisms and likely contributed to the absence
of effective disease-modifying therapies. Translational
interpretation is further complicated by fundamental
differences between experimental systems and human
cerebrovascular physiology. Rodent models diverge in
white matter composition, vascular architecture and end-
othelial gene expression, whereas in vitro platforms
lack systemic context, haemodynamic pulsatility and
disease-relevant cellular ageing. Notably, the two principal
radiological hallmarks of human cSVD, enlarged peri-
vascular spaces and white matter hyperintensities, remain
inadequately reproduced in preclinical models. These
limitations emphasise the need for convergent evidence
across complementary platforms, rather than reliance on
any single system. Within this framework, rigorously
designed in vitromodels are particularly valuable, as they
enable precise control of disease-relevant variables and
direct interrogation of human cell-specific mechanisms
not accessible in vivo.
Recent advances in multicellular culture systems,

organ-on-chip platforms and computational modelling
provide a realistic opportunity to move beyond
descriptive pathology towards mechanism-driven target
identification and more efficient therapeutic evaluation.
Human-relevant systems, including patient-specific
iPSC-derived neurovascular models, combined with
multi-omics approaches integrating transcriptomic,
proteomic and epigenetic readouts, offer a level of
mechanistic resolution not previously achievable. Parallel
advances in high-resolution vascular imaging, including
7T MRI and two-photon microscopy, will be essential
to validate experimental findings and bridge the gap
between model systems and human disease.
Incorporating principles of brain clearance and

glymphatic physiology into experimental paradigms
represents a particularly compelling next step. These
systems sit at the intersection of vascular integrity,
astrocyte function, interstitial fluid dynamics and waste
clearance, processes consistently disrupted in cSVD
yet under-represented in current models. Refinement
of in vitro platforms to include controlled interstitial
flow, perivascular organisation and regulated astrocytic
water transport would substantially enhance physio-
logical relevance and enable interrogation of mechanisms
that remain inaccessible in traditional models. This
approach also provides a tractable framework for
identifying and validating targets that modulate fluid
clearance pathways. Ultimately, integrating vascular

biology, extracellular matrix remodelling, fluid-dynamic
principles and rigorously validated modulators of AQP4
into next-generation experimental systems will be
essential to define the mechanistic basis of cSVD and
translate these insights into effective preventive and
therapeutic strategies.
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