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The mean life expectancy continues to increase world-wide. However, this
extended lifespan trend is not accompanied by health span, or years of
healthy life. Understanding the fundamental mechanisms responsible for the
switch from health to morbidity with ageing are key to identifying potential
therapeutic targets to decrease age-associated morbidity and increase years
spent in good health. The leading cause ofmorbidity in Europe are diseases of the
circulatory system and diseases of the nervous system and cognitive disorders are
among the top-ten. Cerebrovascular ageing is therefore of particular importance
as it links circulatory disease to brain functions, cognition, and behavior. Despite
major progress in brain research and related technologies, little is known on how
the cerebrovascular network changes its properties as ageing proceeds.
Importantly, we do not understand why this is different in different individuals
in what concerns rate of dysfunction and its downstream impact on brain
function. Here we explore how the zebrafish has evolved as an attractive
complementary ageing model and how it could provide key insights to
understanding the mechanisms underlying cerebrovascular ageing and
downstream consequences.
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1 Introduction

The mean life expectancy has and continues to increase world-wide. However, this
extended lifespan trend is not accompanied by health span or years of healthy life. Data
from Eurostat reveals that whereas the average life-expectancy at birth was 83.3 and
77.9 years for women andmen, respectively, only an average of ~63 of those years is spent in
health. This means that, with increased numbers of elderly and decreased birth rates, there is
an increasing burden of morbidity and healthcare costs in society which are predicted to
become unsustainable within the next 50 years, according to the European Commission’s
Ageing Reports (Commission, 2015; Commission, 2018). Understanding the fundamental
mechanisms behind the switch from health to morbidity with ageing are key to identifying
potential therapeutic targets to decrease age-associated morbidity and increase years spent
in good health.

A fundamental feature of ageing is its temporal dimension, as it is a process that unfolds
over time. Depending on the lifespan of the organism, this process can take weeks, months
or years, and current ageing models depict it as a series of gradual changes, rather than rapid
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abrupt variations, whereby ageing reflects the number of changes
that accumulate up to a given time point (Meyer and Schumacher,
2024). While there is an on-going debate on how to describe
biological ageing with respect to either calendar or chronological
ageing (Ikram, 2024), it is accepted that ageing per se entails
functional and structural changes that affect the physiology of
our tissues, organs and body, and much attention is devoted, in
fundamental research andmedicine, to understanding these changes
with the aim of promoting healthy ageing and treating ageing-
related pathologies. Different people age differently, at different
rates, and are impacted differently by the process. Moreover,
evidence suggests a more heterogenous nature of ageing than
previously thought, where different organs in the same individual
may exhibit different ageing rates (Oh et al., 2023). Our ability to
describe the ageing process by observing any changes in the
molecular, structural and functional properties, as they occur,
would contribute greatly to our understanding of this process.

The leading cause of morbidity in Europe are diseases of the
circulatory system and diseases of the nervous system and cognitive
disorders are among the top ten. Cerebrovascular ageing is therefore
of particular importance as it links circulatory disease to brain
functions, cognition, and behavior. The anatomical and
physiological changes that are hallmarks of ageing of the
cardiovascular network are a risk factor for cardiovascular (CV)
diseases (CVD), with a huge impact on health (Laina et al., 2018).
Much of what we know about CV ageing comes from
epidemiological studies, showing that ageing is a major non-
reversible risk factor for CVD. A major hallmark of vascular
ageing is the gradual change of vascular structure and function,
resulting in increased arterial stiffening, affecting arterial
hemodynamics. Molecular mechanisms that may serve as
potential targets to delay this phenomenon include telomere
shortening and endothelial ubiquitin proteasome system (Laina
et al., 2018). CVD is the leading cause of mortality and
morbidity in western societies (Townsend et al., 2015), thus the
question of how the cardiovascular network ages is of high relevance
for aged people. Of particular concern to CV ageing is
understanding the changes that happen in the cerebrovascular
network, since alterations in this network may result in
substantial impact on neural functions and behavior
(Zimmerman et al., 2021). Any reduction in the efficacy of the
cerebrovascular system will influence hemodynamics and tissue
irrigation, with a significant consequent impact on neural
functions, cognitive functions and behavior. Vascular
calcification, extracellular matrix alterations and synaptic protein
shedding were found to be linked to early cognitive decline (Oh
et al., 2023). At the morphological level, ageing of the brain itself is
associated with loss of brain volume, thinning of the cortex,
degradation of white matter, loss of gyrification and enlarged
ventricles. At the histological level, this may be accompanied by
shrinking and degeneration of neurons, dendrites and synapses,
demyelination, white matter lesions, glial cell activation and small
vessel disease (Blinkouskaya et al., 2021). Cerebrovascular ageing
may also entail loss of arterial elasticity (arteriosclerosis) and plaque
buildup (atherosclerosis), impacting tissue perfusion and
hemodynamics and leading to inflammation and consequent
ischemia. Some vessels increase their tortuosity, resulting in
perturbed hemodynamics, and weakening of the endothelial wall

of small vessels can in turn lead to aneurysms and hemorrhages,
while capillary density itself may decrease. Importantly, the
properties of the brain-unique barrier, the blood-brain-barrier
(BBB), may be impacted during ageing. The BBB can become
leakier, leading to impaired delivery of nutrients and energy to
brain tissue, or impaired clearance of cellular waste, and also via
altered and dysfunctional neural-vascular-glial signaling, leading to
perturbed cerebrovascular reactivity (Zimmerman et al., 2021).

While ageing has vascular correlates that are apparent at the
anatomical and mechanical levels, how exactly these different
manifestations appear over time is mostly unknown. Some of the
open fundamental questions that need to be addressed are whether
there is a typical temporal order to the observed changes, if the time
of the onset of ageing is similar across different tissues and organs,
what are the molecular and cellular signals that underlie ageing,
what are their sources and what triggers their release, (activation or
deactivation?) Also, how are neural degradation and vascular
stiffening linked in time and space, and whether there are
reciprocal signals that serve as feedback in the degradation of
these systems? Contemporary research into ageing is hampered
to a large extent by the difficulty to study this long process at
different biological levels, from the molecular level all the way up to
physiology and behaviour. This is furthermore complicated in the
case of the brain, which is a complex organ that is difficult to access
and to repeatedly measure. The field would benefit from a model
that enables the observation of the gradual molecular, structural and
physiological changes over- time to help build a more holistic
picture of ageing in the brain.

2 Zebrafish: from a developmental to
adult and disease model

Due to the optical transparency of the zebrafish embryo, and the
relatively quick and robust development in its first days of life,
zebrafish is mostly used as a model for embryonic development.
Seventy percent of human genes have at least one zebrafish
orthologue, and vice versa (Howe et al., 2013), highlighting the
genetic pertinence of this model. Over the years, zebrafish mutant
lines and genetically-stable fluorescent reporter lines have
contributed greatly to the understanding of early embryonic
development of vertebrates, and specifically of various tissues and
organs, including the cardiovascular, nervous and immune systems
(Martins et al., 2019), to name a few. Zebrafish is a relevant and
useful model for studying human diseases, including osteoporosis,
atrial fibrillation, leukemia and autism spectrum disorders (Adhish
and Manjubala, 2023). Over the last few years, efforts are devoted to
using more advanced developmental stages, namely, juvenile and
adult fish. While these efforts are confronted with technical
challenges, they are also fruitful, and zebrafish adult fish are
successfully being used as disease models in several cases. The
ability to induce cell or tissue specific genetic modifications in
adult-stage fish, for example with recently developed state-of-the-
art UFLIP technologies (Liu et al., 2022), enables to model gene-
environment interactions, and to study with greater precision
pathologies such as cancer, cardiovascular diseases, infectious
conditions, toxicology and social behaviors (White and
Patton, 2023).
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2.1 The zebrafish brain and cerebrovascular
network as models

The zebrafish brain possesses different vascular features that
confer to it a high degree of similarity to the mammalian brain. It is
covered and protected by the cranial bones of the skull, and a recent
study demonstrates the existence of a functional lymphatic system
that runs in the ventral aspect of the skull, above the brain, similar to
mammals (Castranova et al., 2020). Anatomically, the zebrafish
brain is composed of the forebrain, midbrain and hindbrain
regions. It contains conserved specialized regions such as the
olfactory bulb, hypothalamus and cerebellum (Jurisch-Yaksi et al.,
2020) as well as ventricles, choroid-plexus and cerebrospinal-fluid
(CSF) (Korzh, 2023; Jeong et al., 2024). Its significantly smaller size
compared to brains of other models, such as rodents, is an important
advantage that facilitates high-resolution anatomical studies of
entire intact brains (Kirst et al., 2020a; Ji et al., 2021a; Wu et al.,
2022) and high-throughput molecular studies such as spatial
transcriptomics. While the anatomy of the arterial anastomotic
system that supplies blood to the zebrafish brain, namely, the
Circle of Willis, seems to resemble that of mammals (Cheng
et al., 2024), it is still not clear how the mature vascular network
is organized inside the adult fish brain, and a detailed description of
the vascular system of the zebrafish adult brain is still not available.
For example, how superficial and penetrating arteries and veins are
spatially organized, and whether the branching patterns that are
hallmark of the mammalian cerebrovascular network are paralleled
in zebrafish. Nevertheless, data from several studies suggest that this
cerebrovascular system is still developing in juvenile stages and
forms an elaborate network of blood vessels (BV) in the adult fish
(Bower et al., 2017; Venero Galanternik et al., 2017; Chen et al.,
2024a; van Lessen et al., 2017). At the vascular level, BV of the
zebrafish brain display a striking similarity to mammalian ones.
Genetically stable transgenic fish lines that express fluorescent
tissue-specific reporters have confirmed the presence of various
populations of perivascular cells, i.e., those that are found around
the endothelium. Perivascular macrophages and mural cells,
comprising Vascular Smooth Muscle Cells (VSMC) and pericytes,
all have been visualized around BV in zebrafish brains (Cheng et al.,
2024; Bower et al., 2017; Venero Galanternik et al., 2017; van Lessen
et al., 2017; Ando et al., 2021). One of the most striking features of
the mammalian brain is the presence of the BBB, that provides an
isolated environment for parenchymal neural tissue. In this respect,
zebrafish brains display barrier properties from three days-post-
fertilization (dpf) onwards (Xie et al., 2010; Quiñonez-Silvero et al.,
2020), further supported by the presence of hallmark cellular and
molecular elements that comprise the BBB (O’Brown et al., 2018).

3 Zebrafish as an ageing model

Zebrafish have emerged in the past c.10 years as a valuable
complementary model to study human-relevant ageing
mechanisms, such as telomerase-dependencies (Henriques et al.,
2013; Carneiro et al., 2016a). The zebrafish value as an ageing model
and fundamental guidelines on how to use both wild type and
premature ageing models such as the telomerase (tert−/−) mutant
have been extensively reviewed elsewhere (Henriques and Ferreira,

2024; Carneiro et al., 2016b; Pam et al., 2024; Kishi et al., 2003).
Briefly, zebrafish display a time-dependent accumulation of age-
associated phenotypes reminiscent of human ageing (Carneiro et al.,
2016b; Pam et al., 2024; Kishi et al., 2003; Kishi et al., 2009).
Zebrafish lifespan is 3 years on average and over 5 years in
laboratory conditions (Kishi et al., 2009). Different tissues were
shown to age at different rates, with highly proliferative tissues such
as the testis and gut displaying age-associated dysfunction in WT
fish from as early as 18 and 24 months, respectively. Specifically,
zebrafishmale fertility declines from 18months onwards and the gut
displays significantly increased DNA damage, senescence and
inflammation by 24 months of age, which precedes increased gut
leakiness in older ages (>30 months) (Ellis et al., 2022). Importantly,
telomere shortening was shown to precede increased DNA damage
response activation and a variety of phenotypes of old age (Carneiro
et al., 2016a). Examples of these are: retina degeneration (Carneiro
et al., 2016a), spine curvature, infections, loss of body mass and
cancer (Carneiro et al., 2016a; Gerhard et al., 2002; Anchelin et al.,
2013). Importantly, the cachectic/frail phenotype is underpinned by
a significant decrease in subcutaneous adipose tissue and muscle
fiber thickness (Carneiro et al., 2016a), as has been described in
human frailty (Trueland, 2013; Takahashi et al., 2017). For
simplicity, and to align with human phenotypes, we would
normally consider zebrafish “old” at the age at which most of the
fish present age-associated phenotypes, such as cachexia, loss of
body mass and curvature of the spine. These phenotypes develop
close to the time of death and are observed at >30 months of age in
WT, which can be considered late stages of ageing (Figure 1), and
at >12 months in tert−/−31, 41. Telomerase deficiency in zebrafish is
therefore reminiscent of the human scenario, where telomerase loss-
of-function mutations or mutations affecting telomere stability lead
to premature ageing syndromes (Alter et al., 2012; Hofer et al.,
2005). Zebrafish also display altered behavior with ageing and show
signs of neurodegeneration (Espigares et al., 2021; VanHoucke et al.,
2015; Kishi et al., 2008; Hudock and Kenney, 2024; Kacprzak et al.,
2017; Zambusi et al., 2020; Yu et al., 2006) (Figure 1), including
telomerase-dependent neuroinflammation, senescence markers and
increased blood brain barrier permeability with ageing (Raquel et al.,
2024). How cerebrovasculature may change with ageing and the
mechanisms involved remain, however, largely unexplored in
zebrafish. Below we highlight some properties that we believe
make zebrafish a valuable and exciting to study
cerebrovascular ageing.

3.1 Using zebrafish in cerebrovascular
ageing research

The zebrafish brain could be a valuable and useful model for
studying cerebrovascular ageing for at least two main reasons. The
first is that, as mentioned above, its cerebrovascular network
displays important elementary similarities to the mammalian
brain, at multiple levels. The second is related to the practical
advantages that this model offers. Zebrafish start displaying age-
associated phenotypes from c.18 months onwards, depending on the
tissue, which can be considered an early stage of ageing (Figure 1).
Recent advances in in-vivo optical microscopy of live adult fish
(Castranova et al., 2022), including non-invasive imaging of the
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brain (Mizoguchi et al., 2023; Hamilton et al., 2022), now make it
feasible to sample, at regular intervals, cerebral vessels of single fish
as they age. This would enable to compare the structure of the
vascular network over time, and to understand when and how it
changes, for example, to detect changes in vascular density or vessel
calibers throughout the lifecourse, all the way until old age. This can
be further complemented by imaging of the blood flow in real time,
adding a crucial functional aspect, thus linking structural and
hemodynamic changes. Indeed, such a study recently reported on
structural and functional changes in the ageing zebrafish
telencephalon (Mizoguchi et al., 2023), in-line with results
obtained in mice (Bennett et al., 2024). It will be interesting to
examine whether reconstructing the zebrafish cerebrovasculature,
using high-resolution three-dimensional imaging methods, will
reveal heterogeneities in vascular densities across different brain
regions as were found in the mouse brain (Kirst et al., 2020b; Ji et al.,
2021b; Wu et al., 2022). This is likely to be easier to achieve in
zebrafish due to their small size. Moreover, the wealth of available
vascular-specific fluorescent transgenic lines and mutants (Ando
et al., 2021; Choe et al., 2021) offers the possibility to examine what
happens also to the different vascular components, and especially
the BBB, throughout life and into ageing. Other advantages of
zebrafish that could be used in the context of ageing are
generation of novel transgenic reporter or mutant lines that
target specific age-related genes. In zebrafish this is now

performed more efficiently with Crispr/Cas9, and can be
corroborated with high-throughput screens for potential drugs or
molecules. Finally, a unique property of zebrafish is that even at
adult stages, damaged tissue or organs can regenerate following
injury (Marques et al., 2019). This is also the case for the zebrafish
brain, where damaged tissue regenerates with minimal or absent
scarring (Chen et al., 2024b). Little is currently known on how the
vascular system regenerates in the brain, and this property of
zebrafish can be used to examine if and how the regenerative
efficacy is affected by age. Importantly, regeneration studies so
far have relied on several damage paradigms, including
phototoxic (Ranski et al., 2018) and ouabain-induced lesions
(Mitchell et al., 2019), which induce rapid cell death post-insult.
While high-intensity acute damage models are suitable for exploring
the cellular and molecular mechanisms underpinning tissue
regenerative potential, they do not test whether this regenerative
response is also occurring with natural ageing, and so the use of a
suitable ageing model is essential. In fact, previous work highlights
how natural ageing does not elicit the same regenerative response as
high-intensity acute damage in the zebrafish retina (Martins
et al., 2022).

Zebrafish is therefore a unique model in that it allows the
identification of age-associated mechanisms underpinning
degeneration and regeneration in the same tissue, using different
techniques (Figure 2).

FIGURE 1
Zebrafish lifespan and known phenotypes pertinent to neurodegeneration. WT zebrafish have been shown to live up to at c.42months in the lab and
have a half-life of c. 30–31months (cartoon depiction of lifespan based on (Carneiro et al., 2016a; Carneiro et al., 2016b). Despite many mechanisms and
phenotypes pertinent to neurodegeneration remaining unknown, changes in behaviour, microgliamorphology and neurogenesis have been described at
early stages of zebrafish ageing (c.12–24 months), and ageing hallmarks such as senescence and inflammation, as well as increased blood brain
barrier permeability have been suggested to occur at later stages of ageing (Espigares et al., 2021; Van Houcke et al., 2015; Raquel et al., 2024; Kishi et al.,
2008; Hudock and Kenney, 2024; Kacprzak et al., 2017; Zambusi et al., 2020; Yu et al., 2006).
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4 Conclusion

A number of studies in recent years highlight the inter- and
intra-heterogenic nature of ageing, i.e., the differences between
individuals and within the same individual. This would suggest
that there are elements such as genetic variations, environmental
factors and inherent physiological determinants that come into play
in this lengthy process, and that a variety of interactions must be
considered in order to describe ageing and its underlying
mechanisms. This may seem surprising given that hallmark
molecular and cellular signatures to ageing have been identified,
which were suggested to underpin age-associated degeneration and
disease (López-Otín et al., 2023). Nevertheless, it is recognised that
an important hurdle in ageing research is the ability to link what is
known to occur at molecular and cellular levels to the tissue, organ
and entire organism levels. In the specific context of vascular ageing,
it will be important to understand some of the following questions,
such as if and howmolecular and genomic-level events (instabilities,
epigenetic and telomeric changes) and cellular-level events
(mitochondrial dysfunction, senescence, exhaustion of stem cells)
lead over time to changes in the structure and function of the
vascular system; what are the pathways that are involved; and do all
vascular beds and tissues age in the same manner, across different
organs. In order to tackle such questions, it is necessary to use an
appropriate model. What makes any model a suitable one for
studying ageing in general, and cerebrovascular ageing in
particular? The most basic requisite is that it has to display
signatures of ageing, where a gradual deterioration in the function
and structure of tissues and organs is the most obvious phenotypical

change. Ideally, it should also display a large set of common features
with other models, which would enable to draw conclusions across
species. Finally, pertaining to inherent features of the model itself, it
should enable to study ageing over time, at a relevant and meaningful
temporal resolution, which would enable to construct a chronological
“atlas” of the process, in the same animal. In this respect, the zebrafish
cerebrovascular network may be well suited to examine the changes
that are associated with ageing throughout the lifecourse, over time,
and to link molecular and cellular changes to an overall structural and
functional vascular decline (Figure 2). Using the advantages of this
model to complement existing models could open new research paths
and greatly enhance our understanding, at a higher temporal
resolution, of how the vascular network evolves over time, what
are the molecular and cellular that underlie these events, and if
and how these series of events can be modified or manipulated to
induce a beneficial outcome.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

GM: Writing–original draft, Writing–review and editing. CH:
Writing–original draft, Writing–review and editing.

FIGURE 2
Using zebrafish as amodel to understand cerebrovascular changes with ageing. The zebrafish offers unique characteristics that make it amenable to
study cerebrovascular ageing throughout life. Either using live imaging techniques or via ex-vivo imaging of isolated brains from cohorts of animals
throughout the life-course. Combinations of cell-specific fluorescent reporter lines combined with premature models of ageing should allow the
identification of key mechanisms underpinning degeneration. Created in BioRender. Henriques, C. (2025) https://BioRender.com/w52z573. Image
not to scale and cerebrovascular network depiction is not anatomically representative- for illustration purposes only.

Frontiers in Physiology frontiersin.org05

Malkinson and Henriques 10.3389/fphys.2025.1548242

https://BioRender.com/w52z573
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1548242


Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. GM and CH
received funding from Inserm FirstStep Tremplin International. CH is
funded by a Sir Henry Dale Fellowship by the Wellcome Trust and The
Royal Society (grant no: 206224/Z/17/Z/WT_/Welcome Trust/
UnitedKingdom) and theDunhillMedical Trust grantAISRPG2305\32.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adhish, M., and Manjubala, I. (2023). Effectiveness of zebrafish models in
understanding human diseases-A review of models. Heliyon 9 (3), e14557. doi:10.
1016/j.heliyon.2023.e14557

Alter, B. P., Rosenberg, P. S., Giri, N., Baerlocher, G. M., Lansdorp, P. M., and Savage,
S. A. (2012). Telomere length is associated with disease severity and declines with age in
dyskeratosis congenita. Haematologica 97 (3), 353–359. doi:10.3324/haematol.2011.
055269

Anchelin, M., Alcaraz-Perez, F., Martinez, C. M., Bernabe-Garcia, M., Mulero, V., and
Cayuela, M. L. (2013). Premature aging in telomerase-deficient zebrafish. Dis. Model
Mech. 6 (5), 1101–1112. doi:10.1242/dmm.011635

Ando, K., Ishii, T., and Fukuhara, S. (2021). Zebrafish vascular mural cell biology:
recent advances, development, and functions. Life (Basel) 11 (10), 1041. doi:10.3390/
life11101041

Bennett, H. C., Zhang, Q., Wu, Y. T., Manjila, S. B., Chon, U., Shin, D., et al. (2024).
Aging drives cerebrovascular network remodeling and functional changes in the mouse
brain. Nat. Commun. 15 (1), 6398. doi:10.1038/s41467-024-50559-8

Blinkouskaya, Y., Caçoilo, A., Gollamudi, T., Jalalian, S., andWeickenmeier, J. (2021).
Brain aging mechanisms with mechanical manifestations. Mech. Ageing Dev. 200,
111575. doi:10.1016/j.mad.2021.111575

Bower, N. I., Koltowska, K., Pichol-Thievend, C., Virshup, I., Paterson, S., Lagendijk,
A. K., et al. (2017). Mural lymphatic endothelial cells regulate meningeal angiogenesis in
the zebrafish. Nat. Neurosci. 20 (6), 774–783. doi:10.1038/nn.4558

Carneiro, M. C., de Castro, I. P., and Ferreira, M. G. (2016b). Telomeres in aging and
disease: lessons from zebrafish. Dis. Model Mech. 9 (7), 737–748. doi:10.1242/dmm.
025130

Carneiro, M. C., Henriques, C. M., Nabais, J., Ferreira, T., Carvalho, T., and Ferreira,
M. G. (2016a). Short telomeres in key tissues initiate local and systemic aging in
zebrafish. PLoS Genet. 12, e1005798. doi:10.1371/journal.pgen.1005798

Castranova, D., Samasa, B., Venero Galanternik, M., Gore, A. V., Goldstein, A. E.,
Park, J. S., et al. (2022). Long-term imaging of living adult zebrafish. Development 149
(4), dev199667. doi:10.1242/dev.199667

Castranova, D., Samasa, B., Venero Galanternik, M., Jung, H. M., Pham, V. N., and
Weinstein, B. M. (2020). Live imaging of intracranial lymphatics in the zebrafish. Circ.
Res. 128, 42–58. doi:10.1161/CIRCRESAHA.120.317372

Chen, J., Ding, J., Li, Y., Feng, F., Xu, Y., Wang, T., et al. (2024a). Epidermal
growth factor-like domain 7 drives brain lymphatic endothelial cell development
through integrin αvβ3. Nat. Commun. 15 (1), 5986. doi:10.1038/s41467-024-
50389-8

Chen, J., Sanchez-Iranzo, H., Diotel, N., and Rastegar, S. (2024b). Comparative insight
into the regenerative mechanisms of the adult brain in zebrafish and mouse:
highlighting the importance of the immune system and inflammation in successful
regeneration. FEBS J. 291 (19), 4193–4205. doi:10.1111/febs.17231

Cheng, S., Xia, I. F., Wanner, R., Abello, J., Stratman, A. N., and Nicoli, S. (2024).
Hemodynamics regulate spatiotemporal artery muscularization in the developing circle
of Willis. Elife 13. doi:10.7554/eLife.94094

Choe, C. P., Choi, S. Y., Kee, Y., Kim,M. J., Kim, S. H., Lee, Y., et al. (2021). Transgenic
fluorescent zebrafish lines that have revolutionized biomedical research. Lab. Anim. Res.
37 (1), 26. doi:10.1186/s42826-021-00103-2

Commission, D. (2018). Ageing report: underlying assumptions and projection
methodologies. EU publications. doi:10.2765/286359 https://economy-finance.ec.

europa.eu/publications/2018-ageing-report-underlying-assumptions-and-projection-
methodologies_en

Commission, E. (2015). The 2015 ageing report: economic and budgetary projections
for the 28 EU member states (2013-2060), 3. European Commission Report:
EUROPEAN ECONOMY.

Ellis, P. S., Martins, R. R., Thompson, E. J., Farhat, A., Renshaw, S. A., and Henriques,
C. M. (2022). A subset of gut leukocytes has telomerase-dependent “hyper-long”
telomeres and require telomerase for function in zebrafish. Immun. Ageing 19 (1),
31. doi:10.1186/s12979-022-00287-8

Espigares, F., Abad-Tortosa, D., Varela, S. A. M., Ferreira, M. G., and Oliveira, R. F.
(2021). Short telomeres drive pessimistic judgement bias in zebrafish. Biol. Lett. 17 (3),
20200745. doi:10.1098/rsbl.2020.0745

Gerhard, G. S., Kauffman, E. J., Wang, X., Stewart, R., Moore, J. L., Kasales, C. J., et al.
(2002). Life spans and senescent phenotypes in two strains of Zebrafish (Danio rerio).
Exp. Gerontol. 37 (8-9), 1055–1068. doi:10.1016/s0531-5565(02)00088-8

Hamilton, N., Allen, C., and Reynolds, S. (2022). Longitudinal MRI brain studies in
live adult zebrafish. NMR in Biomed. 36 (7), e4891. doi:10.1002/nbm.4891

Henriques, C. M., and Ferreira, M. G. (2024). Telomere length is an epigenetic trait -
implications for the use of telomerase-deficient organisms to model human disease.Dis.
Model Mech. 17 (3), dmm050581. doi:10.1242/dmm.050581

Henriques, C. M., Carneiro, M. C., Tenente, I. M., Jacinto, A., and Ferreira, M. G.
(2013). Telomerase is required for zebrafish lifespan. PLoS Genet. 9 (1), e1003214.
doi:10.1371/journal.pgen.1003214

Hofer, A. C., Tran, R. T., Aziz, O. Z., Wright, W., Novelli, G., Shay, J., et al. (2005).
Shared phenotypes among segmental progeroid syndromes suggest underlying
pathways of aging. J. Gerontol. A Biol. Sci. Med. Sci. 60 (1), 10–20. doi:10.1093/
gerona/60.1.10

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., et al.
(2013). The zebrafish reference genome sequence and its relationship to the human
genome. Nature 496 (7446), 498–503. doi:10.1038/nature12111

Hudock, J., and Kenney, J. W. (2024). Aging in zebrafish is associated with reduced
locomotor activity and strain dependent changes in bottom dwelling and thigmotaxis.
PLoS One 19 (5), e0300227. doi:10.1371/journal.pone.0300227

Ikram, M. A. (2024). The use and misuse of ’biological aging’ in health research. Nat.
Med. 30 (11), 3045. doi:10.1038/s41591-024-03297-9

Jeong, I., Andreassen, S. N., Hoang, L., Poulain, M., Seo, Y., Park, H. C., et al. (2024).
The evolutionarily conserved choroid plexus contributes to the homeostasis of brain
ventricles in zebrafish. Cell Rep. 43 (6), 114331. doi:10.1016/j.celrep.2024.114331

Ji, X., Ferreira, T., Friedman, B., Liu, R., Liechty, H., Bas, E., et al. (2021a). Brain
microvasculature has a common topology with local differences in geometry that match
metabolic load. Neuron 109 (7), 1168–1187.e13. doi:10.1016/j.neuron.2021.02.006

Ji, X., Ferreira, T., Friedman, B., Liu, R., Liechty, H., Bas, E., et al. (2021b). Brain
microvasculature has a common topology with local differences in geometry that match
metabolic load. Neuron 109 (7), 1168–1187.e13. doi:10.1016/j.neuron.2021.02.006

Jurisch-Yaksi, N., Yaksi, E., and Kizil, C. (2020). Radial glia in the zebrafish brain:
functional, structural, and physiological comparison with the mammalian glia. Glia 68
(12), 2451–2470. doi:10.1002/glia.23849

Kacprzak, V., Patel, N. A., Riley, E., Yu, L., Yeh, J. J., and Zhdanova, I. V. (2017).
Dopaminergic control of anxiety in young and aged zebrafish. Pharmacol. Biochem.
Behav. 157, 1–8. doi:10.1016/j.pbb.2017.01.005

Frontiers in Physiology frontiersin.org06

Malkinson and Henriques 10.3389/fphys.2025.1548242

https://doi.org/10.1016/j.heliyon.2023.e14557
https://doi.org/10.1016/j.heliyon.2023.e14557
https://doi.org/10.3324/haematol.2011.055269
https://doi.org/10.3324/haematol.2011.055269
https://doi.org/10.1242/dmm.011635
https://doi.org/10.3390/life11101041
https://doi.org/10.3390/life11101041
https://doi.org/10.1038/s41467-024-50559-8
https://doi.org/10.1016/j.mad.2021.111575
https://doi.org/10.1038/nn.4558
https://doi.org/10.1242/dmm.025130
https://doi.org/10.1242/dmm.025130
https://doi.org/10.1371/journal.pgen.1005798
https://doi.org/10.1242/dev.199667
https://doi.org/10.1161/CIRCRESAHA.120.317372
https://doi.org/10.1038/s41467-024-50389-8
https://doi.org/10.1038/s41467-024-50389-8
https://doi.org/10.1111/febs.17231
https://doi.org/10.7554/eLife.94094
https://doi.org/10.1186/s42826-021-00103-2
https://doi.org/10.2765/286359
https://economy-finance.ec.europa.eu/publications/2018-ageing-report-underlying-assumptions-and-projection-methodologies_en
https://economy-finance.ec.europa.eu/publications/2018-ageing-report-underlying-assumptions-and-projection-methodologies_en
https://economy-finance.ec.europa.eu/publications/2018-ageing-report-underlying-assumptions-and-projection-methodologies_en
https://doi.org/10.1186/s12979-022-00287-8
https://doi.org/10.1098/rsbl.2020.0745
https://doi.org/10.1016/s0531-5565(02)00088-8
https://doi.org/10.1002/nbm.4891
https://doi.org/10.1242/dmm.050581
https://doi.org/10.1371/journal.pgen.1003214
https://doi.org/10.1093/gerona/60.1.10
https://doi.org/10.1093/gerona/60.1.10
https://doi.org/10.1038/nature12111
https://doi.org/10.1371/journal.pone.0300227
https://doi.org/10.1038/s41591-024-03297-9
https://doi.org/10.1016/j.celrep.2024.114331
https://doi.org/10.1016/j.neuron.2021.02.006
https://doi.org/10.1016/j.neuron.2021.02.006
https://doi.org/10.1002/glia.23849
https://doi.org/10.1016/j.pbb.2017.01.005
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1548242


Kirst, C., Skriabine, S., Vieites-Prado, A., Topilko, T., Bertin, P., Gerschenfeld, G., et al.
(2020a). Mapping the fine-scale organization and plasticity of the brain vasculature. Cell
180 (4), 780–795. doi:10.1016/j.cell.2020.01.028

Kirst, C., Skriabine, S., Vieites-Prado, A., Topilko, T., Bertin, P., Gerschenfeld, G., et al.
(2020b). Mapping the fine-scale organization and plasticity of the brain vasculature. Cell
180 (4), 780–795. doi:10.1016/j.cell.2020.01.028

Kishi, S., Bayliss, P. E., Uchiyama, J., Koshimizu, E., Qi, J., Nanjappa, P., et al. (2008).
The identification of zebrafish mutants showing alterations in senescence-associated
biomarkers. PLoS Genet. 4 (8), e1000152. doi:10.1371/journal.pgen.1000152

Kishi, S., Slack, B. E., Uchiyama, J., and Zhdanova, I. V. (2009). Zebrafish as a
genetic model in biological and behavioral gerontology: where development
meets aging in vertebrates--a mini-review. Gerontology 55 (4), 430–441.
doi:10.1159/000228892

Kishi, S., Uchiyama, J., Baughman, A. M., Goto, T., Lin, M. C., and Tsai, S. B. (2003).
The zebrafish as a vertebrate model of functional aging and very gradual senescence.
Exp. Gerontol. 38 (7), 777–786. doi:10.1016/s0531-5565(03)00108-6

Korzh, V. (2023). Development of the brain ventricular system from a comparative
perspective. Clin. Anat. 36 (2), 320–334. doi:10.1002/ca.23994

Laina, A., Stellos, K., and Stamatelopoulos, K. (2018). Vascular ageing: underlying
mechanisms and clinical implications. Exp. Gerontol. 109, 16–30. doi:10.1016/j.exger.
2017.06.007

Liu, F., Kambakam, S., Almeida, M. P., Ming, Z., Welker, J. M., Wierson, W. A., et al.
(2022). Cre/lox regulated conditional rescue and inactivation with zebrafish UFlip
alleles generated by CRISPR-Cas9 targeted integration. Elife 11, e71478. doi:10.7554/
eLife.71478

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2021).
Hallmarks of aging: an expanding universe. Cell 186 (2), 243–278. doi:10.1016/j.cell.
2022.11.001

Marques, I. J., Lupi, E., and Mercader, N. (2019). Model systems for regeneration:
zebrafish. Development 146 (18), dev167692. doi:10.1242/dev.167692

Martins, R. R., Ellis, P. S., MacDonald, R. B., Richardson, R. J., and Henriques, C. M.
(2019). Resident immunity in tissue repair and maintenance: the zebrafish model
coming of age. Front. Cell Dev. Biol. 7, 12. doi:10.3389/fcell.2019.00012

Martins, R. R., Zamzam, M., Tracey-White, D., Moosajee, M., Thummel, R.,
Henriques, C. M., et al. (2022). Müller Glia maintain theirregenerative potential
despite degeneration in the aged zebrafish retina. Aging cell 21, e13597. doi:10.1111/
acel.13597

Meyer, D. H., and Schumacher, B. (2024). Aging clocks based on accumulating
stochastic variation. Nat. Aging 4 (6), 871–885. doi:10.1038/s43587-024-00619-x

Mitchell, D. M., Sun, C., Hunter, S. S., New, D. D., and Stenkamp, D. L. (2019).
Regeneration associated transcriptional signature of retinal microglia and macrophages.
Sci. Rep. 9 (1), 4768. doi:10.1038/s41598-019-41298-8

Mizoguchi, T., Okita, M., Minami, Y., Fukunaga, M., Maki, A., and Itoh, M. (2023).
Age-dependent dysfunction of the cerebrovascular system in the zebrafish
telencephalon. Exp. Gerontol. 178, 112206. doi:10.1016/j.exger.2023.112206

O’Brown, N.M., Pfau, S. J., and Gu, C. (2018). Bridging barriers: a comparative look at
the blood-brain barrier across organisms. Genes Dev. 32 (7-8), 466–478. doi:10.1101/
gad.309823.117

Oh, H. S., Rutledge, J., Nachun, D., Pálovics, R., Abiose, O., Moran-Losada, P., et al.
(2023). Organ aging signatures in the plasma proteome track health and disease.Nature
624 (7990), 164–172. doi:10.1038/s41586-023-06802-1

Pam, S., and Ellis, R. R.M. a. C. M. H. (2024). “Adult zebrafish as a vertebrate model of
ageing,” in Zebrafish: a practical guide to husbandry, welfare and research methodology.
Editor C. A. a. J.-P. Mocho (CABI), 159–181. doi:10.1079/9781800629431.0000

Quiñonez-Silvero, C., Hübner, K., and Herzog, W. (2020). Development of the brain
vasculature and the blood-brain barrier in zebrafish. Dev. Biol. 457 (2), 181–190. doi:10.
1016/j.ydbio.2019.03.005

Ranski, A. H., Kramer, A. C., Morgan, G. W., Perez, J. L., and Thummel, R. (2018).
Characterization of retinal regeneration in adult zebrafish following multiple rounds of
phototoxic lesion. PeerJ 6, e5646. doi:10.7717/peerj.5646

Raquel, R., Martins, S. B., Ellis, P., Hartopp, N., Mughal, N., Evans, O., et al. (2024).
Telomerase-dependent ageing. Zebrafish Brain BioRxiv. doi:10.1101/2022.05.24.493215

Takahashi, T., Sugie, M., Nara, M., Koyama, T., Obuchi, S. P., Harada, K., et al. (2017).
Femoral muscle mass relates to physical frailty components in community-dwelling
older people. Geriatr. Gerontol. Int. 17, 1636–1641. doi:10.1111/ggi.12945

Townsend, N., Nichols, M., Scarborough, P., and Rayner, M. (2015). Cardiovascular
disease in Europe 2015: epidemiological update. Eur. Heart J. 36 (40), 2673–2674.
doi:10.1093/eurheartj/ehv428

Trueland, J. (2013). Older people: an index of frailty. Health Serv. J. 123 (6376),
Suppl 6–7.

Van Houcke, J., De Groef, L., Dekeyster, E., and Moons, L. (2015). The zebrafish as a
gerontology model in nervous system aging, disease, and repair. Ageing Res. Rev. 24 (Pt
B), 358–368. doi:10.1016/j.arr.2015.10.004

van Lessen, M., Shibata-Germanos, S., van Impel, A., Hawkins, T. A., Rihel, J., and Schulte-
Merker, S. (2017). Intracellular uptake ofmacromolecules by brain lymphatic endothelial cells
during zebrafish embryonic development. Elife 6, e25932. doi:10.7554/eLife.25932

Venero Galanternik, M., Castranova, D., Gore, A. V., Blewett, N. H., Jung, H. M.,
Stratman, A. N., et al. (2017). A novel perivascular cell population in the zebrafish brain.
Elife 6, e24369. doi:10.7554/eLife.24369

White, R. M., and Patton, E. E. (2023). Adult zebrafish as advanced models of human
disease. Dis. Model Mech. 16 (8), dmm050351. doi:10.1242/dmm.050351

Wu, Y. T., Bennett, H. C., Chon, U., Vanselow, D. J., Zhang, Q., Munoz-Castaneda, R.,
et al. (2022). Quantitative relationship between cerebrovascular network and neuronal
cell types in mice. Cell Rep. 39 (12), 110978. doi:10.1016/j.celrep.2022.110978

Xie, J., Farage, E., Sugimoto, M., and Anand-Apte, B. (2010). A novel transgenic
zebrafish model for blood-brain and blood-retinal barrier development. BMC Dev. Biol.
10, 76. doi:10.1186/1471-213X-10-76

Yu, L., Tucci, V., Kishi, S., and Zhdanova, I. V. (2006). Cognitive aging in zebrafish.
PLoS One 1, e14. doi:10.1371/journal.pone.0000014

Zambusi, A., Pelin Burhan, O., Di Giaimo, R., Schmid, B., and Ninkovic, J. (2020).
Granulins regulate aging kinetics in the adult zebrafish telencephalon. Cells 9 (2), 350.
doi:10.3390/cells9020350

Zimmerman, B., Rypma, B., Gratton, G., and Fabiani, M. (2021). Age-related changes
in cerebrovascular health and their effects on neural function and cognition: a
comprehensive review. Psychophysiology 58 (7), e13796. doi:10.1111/psyp.13796

Frontiers in Physiology frontiersin.org07

Malkinson and Henriques 10.3389/fphys.2025.1548242

https://doi.org/10.1016/j.cell.2020.01.028
https://doi.org/10.1016/j.cell.2020.01.028
https://doi.org/10.1371/journal.pgen.1000152
https://doi.org/10.1159/000228892
https://doi.org/10.1016/s0531-5565(03)00108-6
https://doi.org/10.1002/ca.23994
https://doi.org/10.1016/j.exger.2017.06.007
https://doi.org/10.1016/j.exger.2017.06.007
https://doi.org/10.7554/eLife.71478
https://doi.org/10.7554/eLife.71478
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1242/dev.167692
https://doi.org/10.3389/fcell.2019.00012
https://doi.org/10.1111/acel.13597
https://doi.org/10.1111/acel.13597
https://doi.org/10.1038/s43587-024-00619-x
https://doi.org/10.1038/s41598-019-41298-8
https://doi.org/10.1016/j.exger.2023.112206
https://doi.org/10.1101/gad.309823.117
https://doi.org/10.1101/gad.309823.117
https://doi.org/10.1038/s41586-023-06802-1
https://doi.org/10.1079/9781800629431.0000
https://doi.org/10.1016/j.ydbio.2019.03.005
https://doi.org/10.1016/j.ydbio.2019.03.005
https://doi.org/10.7717/peerj.5646
https://doi.org/10.1101/2022.05.24.493215
https://doi.org/10.1111/ggi.12945
https://doi.org/10.1093/eurheartj/ehv428
https://doi.org/10.1016/j.arr.2015.10.004
https://doi.org/10.7554/eLife.25932
https://doi.org/10.7554/eLife.24369
https://doi.org/10.1242/dmm.050351
https://doi.org/10.1016/j.celrep.2022.110978
https://doi.org/10.1186/1471-213X-10-76
https://doi.org/10.1371/journal.pone.0000014
https://doi.org/10.3390/cells9020350
https://doi.org/10.1111/psyp.13796
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1548242

	Cerebrovascular ageing: how zebrafish can contribute to solving the puzzle
	1 Introduction
	2 Zebrafish: from a developmental to adult and disease model
	2.1 The zebrafish brain and cerebrovascular network as models

	3 Zebrafish as an ageing model
	3.1 Using zebrafish in cerebrovascular ageing research

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


