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eLife Assessment

This important study examines the role of pericytes in patterning the zebrafish
blood-brain barrier (BBB) and controlling its permeability. Using pdgfrb mutant
zebrafish models lacking brain pericytes, the authors report that pericyte-deficient
cerebrovasculatures are ill-patterned, yet display unaltered restrictive BBB
permeability properties at larval and juvenile stages. More severe phenotypes are
detected in adults, with focal leakage sites associated with hemorrhages and
aneurysms. Using solid and beautifully documented imaging, the authors suggest
that, contrary to the situation described in rodent models, pdgfrb-dependent
pericytes are not required to maintain the BBB in the zebrafish brain; these
unexpected and intriguing findings reshape our understanding of BBB permeability
regulation in vertebrates.

https://doi.org/10.7554/eLife.104061.1.sa3

Abstract

The blood-brain barrier (BBB) protects the brain from circulating metabolites and plays
central roles in neurological diseases. Endothelial cells (ECs) of the BBB are enwrapped by
mural cells including pericytes and vascular smooth muscle cells (vSMCs) that regulate
angiogenesis, vessel stability and barrier function. To explore mural cell control of the BBB,
we investigated neurovascular phenotypes in zebrafish pdgfrb mutants that lack brain
pericytes and vSMCs. As expected, mutants showed an altered cerebrovascular network with
mis-patterned capillaries. Unexpectedly, mutants displayed no BBB leakage from larval
through to young adult stages. This demonstrates that pericytes and vSMCs do not control
BBB function in young zebrafish. Instead, we observed adult BBB disruption occurring at
"hotspot"” focal haemorrhages at major vessel aneurysms. ECs at leakage hotspots showed
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induction of caveolae on abluminal surfaces and major structural defects including basement
membrane thickening and disruption. Our work suggests that capillary pericytes regulate
cerebrovascular patterning in development and vSMCs of major arteries protect from
haemorrhage and BBB breakdown in older zebrafish. The fact that young zebrafish can have
a conserved BBB with intact barrier function in the absence of mural cells, warrants renewed
interrogation of the paradigm of mural cell control of the BBB.

Main text

Neurovascular endothelial cells (ECs) have unique functional and structural properties to regulate
substance exchange between blood and brain, establishing the blood-brain barrier (BBB). 2252
Loss of normal BBB function is associated with neuropathological states, including
neurodegeneration, infection and cancer! -2, Mural cells are vascular support cells that include
pericytes and vascular smooth muscle cells (vSMCs) and control vascular development, function
and BBB permeablhty ................... PDGFB/PDGFRB signalling is required for the development of mural
cells3% “ and their depletion in PdgfB or Pdgfrf deficient rodents causes altered
angiogenesis, aneurysm and vessel leakiness3 021352, Strikingly, rodent models of pericyte loss
have an open BBB, with free transport of tracer dyes from the blood stream into the brain
parenchyma but an otherwise intact vasculature® 6% These and other observations, have led to
a current model whereby pericytes control BBB function by suppressing EC adsorptive
transcytosis. This prominent mechanism holds significant translational promise to safely open up

the BBB in therapeutic settings, by discovering ways to disrupt pericyte control of ECs252: 2142,

Zebrafish have a highly conserved BBB!2% 125 with the brain endothelium expressing conserved

molecular markers of a functional BBB'2%. and showing conserved cellular interactions with

pericytes, smooth muscle cells and glial cells?2%:21Z The zebrafish BBB becomes functional by 5

days post fertilisation (dpf)l?..r.‘f’.. and as in mice pdgfrb mutants lack brain pericytes and exhibit

function and mural cell control of the BBB..".=. 2. To investigate the influence of mural cells upon the
neurovasculature, we generated a pdgfrb mutant (pdgfrb“q30bh), which possesses an early deletion
leading to a frameshift, predicted to cause a premature stop codon and a putative null allele. Using
the TgBAC(pdgfrb:egfp)"V?? line, we observed that pericytes were lost in the cerebral central
arteries of pdgfrb mutants (Fig. 1a @), as in previous studies'3%-29% To assess how brain
angiogenesis occurs without pericytes, we imaged, traced and quantified blood vessel branching
from the middle mesencephalic central arteries in the midbrain (Fig. 1a-c(% ; Extended Data Fig.
1a@). At 7 dpf, mutants displayed significantly reduced vascular complexity compared to siblings,
with reduced vessel length and branch points (Fig. 1d-e™@ ). This was more severe at 14 dpf,
demonstrating the phenotype is progressive (Fig. 1d-e (?). Timecourse imaging revealed the
reduction in vascular complexity was apparent from 5 dpf (Extended Data Fig. 1a-b ). These
results suggest that pericytes (the vSMCs only begin to develop after 5 dpf.%g..'.—ﬂ) regulate

angiogenesis from early in larval development.

We next tested BBB function in mutants at 7 and 14 dpf. We performed intravenous injection of
fluorescently conjugated tracers of various molecular weights (1 kDa NHS, 10 kDa and 70 kDa
Dextran) and live imaged fish at 2 hours after injection (as in 19 (Fig. 1f2; Extended Data Fig,

@). 2000 kDa Dextran was coinjected to normalize quantification of vascular tracer dye
delivery (see methods for details). We found no evidence of 10 kDa or 70 kDa Dextran tracer
extravasation into the brain parenchyma of pdgfrb“q30bhmutants at either timepoint (Fig. 19 &
Extended Data Fig. 1c-e @). 1 kDa tracer showed no difference between genotypes but was
observable in the parenchyma in both sibling and mutants, indicating the smaller cargo can pass
the BBB (Extended Data Fig. 1c & e(@). Together, these results show that neither pericytes nor
vSMCs play a role in establishment of BBB function in larval zebrafish.
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Fig. 1

Pericyte-deficient larval brain vasculature displays
abnormal patterning but an intact blood-brain barrier

a, Confocal projections of pericytes (TgBAC(pdgfrb:egfp)”c"zz) and brain vasculature (Tg(kdrl:Hsa.HRAS—mCheny)sg43) in sibling
and pdgfrb¥93%h mutants at 7 dpf.

a', Zoomed section from a (dashed rectangle) showing the midbrain central arteries.

b, Midbrain central arteries in sibling and pdgfrb”q30bh mutants at 14 dpf.

¢, Representative images of vascular tracing at 7 dpf using Imaris 10.1 software. Lumenized blood vessels branching from the
middle mesencephalic central arteries in the midbrain were traced.

d,e, Quantification of midbrain vessel length (d) and branching points (e). N=8 per group, unpaired t-test, *P<0.05, **P<0.01.
f, Fluorescent tracer assays in the midbrain of zebrafish larvae. 10 kDa Dextran-Cascade Blue and 70 kDa Dextran-
Fluorescein were used to detect tracer extravasation to the brain parenchyma (white squares) in separate experiments and
were coinjected with 2000 kDa Dextran-Tetramethylrhodamine to normalize vascular tracer intensity. Representative image
of 2000 kDa Dextran was taken from 70 kDa Dextran coinjection, and 10 kDa Dextran coinjection is shown in Extended Data
Fig. 132.

g, Quantification of brain parenchymal 70 kDa and 10 kDa Dextran intensity normalized to the vascular 2000 kDa Dextran
intensity. N=15 in sibling and n=7 in pdgfrb“93%0h for 70 kDa Dextran intensity, n=8 in sibling, n=9 in pdgfrb“43%°h for 10 kDa
Dextran intensity. Unpaired t-test, ns=not significant.

a,a', b, c, f, Scale bars: 100 pm.

Oguzhan F Baltaci et al., 2025 eLife. https://doi.org/10.7554/eLife.104061.1 30f25


https://doi.org/10.7554/eLife.104061.1
https://doi.org/10.7554/eLife.104061.1

7 eLife

To investigate how mural cells control cerebral vasculature at later stages of life, we tissue-cleared
brains of adult stage pdgfrb*43%?"mutants and siblings2>™Z and performed whole brain imaging.
We confirmed loss of pericytes and vSMCs at this stage (Fig. 2a(2). We examined a consistent
region of the left optic tectum (mid brain) and detected decreased branching of capillaries and
increased diameter of major vessels (Fig. 1b-d @). This vessel dilation was restricted to larger
calibre arteries that would normally be invested with vSMCs and not seen in capillaries (Fig. 1c-
d(@). This suggests vessel dilation in mutants is due to loss of vSMCs and reduced branching of

capillaries to loss of pericytes.

We assessed BBB function in juvenile 2-month-old zebrafish by intravenous tracer injection (as in
242y and using a mixture of 70- and 2000 kDa Dextran. We euthanized fish 2 hours post-injection
and tissue-cleared the brains. The whole brain imaging revealed that mutants displayed
widespread aneurysm of major vessels (Fig. 2e-f(Z, Extended Data Fig. 2a-a'@). To quantify
potential BBB leakage, we imaged a consistent region with high capillary density (Fig. 2e' @), and
quantified parenchymal 70 kDa Dextran intensity relative to vascular 2000 kDa Dextran intensity.
Both tracers remained restricted to the vascular lumen regardless of the severity of the aneurysms
(Fig. 2g @). This correlates with our findings at larval stages and demonstrated that mural cells
are dispensable for the establishment and early maturation of the BBB in zebrafish up to 2 months

of age.

To investigate BBB integrity at later stages, we injected 3-month-old adult zebrafish with 10 or 70
kDa Dextran. Brightfield imaging of vibratome sectioned brains revealed severe aneurysms across
large calibre vessels (Fig. 3a @) with blood pooling that was potentially consistent with vessel
ruptures (Fig. 3¢ @). Furthermore, we detected parenchymal accumulation of tracer dye closely
associated with large calibre vessel aneurysms (Fig. 3b-c 2 ; Extended Data Fig. 3a-a@ ). To
quantify the distribution of parenchymal tracer dye from deep (around major artery aneurysms)
to superficial (in capillary beds) brain regions, we measured fluorescence intensity in 10 brain
regions 100 microns apart from medial to lateral locations. This demonstrated accumulation of
tracer dye in medial regions associated with aneurysm in mutants, with no evidence of major
leakage in capillary beds (Fig. 3d-e (@). To better understand the extravasated tracer
accumulation, we conducted whole brain imaging after 70 kDa Dextran injection. Interestingly, we
observed highly localised tracer accumulated in regions that could be considered leakage
"hotspots" at large calibre vessel aneurysms (Fig. 4a 2 ; Extended Data Fig. 4a 2; Supplementary
Videos 1 and 2). Quantification of three independent whole cleared brains throughout the optic
tecta revealed on average 11 hotspots occurring at major vessels in each mutant animal (Fig.
4b@). To further understand the nature of these hotspots, we examined red blood cells in pdgfrb
mutant adults (Crispants, validated in Extended Data Fig. 4b (%) using the Tg(gatal :DsRed)s%
transgenic line together with tracer injection. These animals showed that tracer accumulation
occurred concomitant with extravasated red blood cells at hotspots, identifying them as focal
haemorrhages (Fig. 4c ). Notably, these sites were not detected at capillaries (Fig. 4d 3). Taken
together, this shows that in older mutants, loss of BBB integrity is associated with focal
haemorrhage along aneurysmal vessels.

Pericytes are proposed to regulate the BBB by suppressing adsorptive transcytosis through brain
capillary ECs>%:2%2. This model is built on the observation by electron microscopy of the
induction of caveolae in leaky pericyte deficient vessels>™ 6%, To investigate if the loss of BBB
integrity is associated with ultrastructural changes, we performed electron microscopy. We
imaged large calibre vessels and capillaries (Fig. 4e 3; Extended Data Fig. 4c @) and examined
cellular junctions, basement membrane and caveolae (defined as uncoated vesicular profiles of
<100nm diameter). While tight junctions between endothelial cells remained intact (Fig. 4f2),
Caveola density along the large vessel aneurysms in pdgfrb”q30bh mutants was significantly
increased. This increase was almost exclusive to the abluminal side of the ECs (Fig. 4g ). This
abluminal accumulation of caveolae may be more associated with changes in the mechanical state

of ECs (as caveolae are highly regulated by membrane tension<2.=>22.. ) than changes in
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Fig. 2

pdgfrb"q30bh mutants develop aneurysms but display

an intact blood-brain barrier at 2 months of age.

a, Confocal projections of whole brain imaging showing mural cells (TgBAC{pdgfrb:egfp)"C"ZZ) and brain vasculature
(Tg(kdrl:Hsa.HRAS-mCherry)*3%3) in sibling and pdgfrb“93%0" mutants at 5-months of age.

b, Restricted regions from the whole brain imaging in a (approximate location of dotted line) indicating pericyte loss and
abnormal capillary network patterning. 100-pym thick maximum intensity projections (MIP) were generated using the
continuation of the left middle mesencephalic central artery (arrow) as an anatomical anchor point.

¢, d, Quantification of capillary branching points, large vessel and capillary diameter using the area shown in b. Large vessel
diameter was quantified by averaging 5 points per vessel and the capillary diameter was quantified by averaging 10 capillary
diameter per sample. N=3 per group, unpaired t-test, **P<0.01, ns=not significant.

e, Fluorescent tracer assays in the midbrain of 2-month-old zebrafish. 70 kDa Dextran- Fluorescein and 2000 kDa Dextran-
Tetramethylrhodamine were co-injected to detect the tracer extravasation to the brain parenchyma and the tracer within the
vasculature, respectively. Arrowheads indicate examples of aneurysms.

e', Confocal projections zoomed in on the approximate area shown in e (dashed rectangle). 30-pm thick MIPs were generated
to examine the capillary leakage, starting 30 pm below the most superficial point of the left hemisphere of the brain to
prevent the potential leakage from the superficial vessels.

f, Quantification of the severity of aneurysms in sibling (n=11) or pdgfrb“q30bh(n=1 1). For examples of "severe" and "mild"
see Extended Data Fig. 2.

g, Quantification of the brain parenchymal 70 kDa Dextran intensity normalized to the vascular 2000 kDa Dextran intensity,
n=5 in sibling, n=4 in pdgfrb“93%h mutants, unpaired t-test, ns=not significant.

a, b, e, ', Scale bars: 250 pm.
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Adult pdgfrb”q30bh mutants display aneurysms and vascular integrity defects.

a, Representative images of coronal midbrain sections obtained from 3 month-old sibling and pdgfrb“q30bh animals.

b, Fluorescent tracer assays in 3-month-old sibling and pdgfrb”q30bhmutant animals. 10 kDa Dextran-Cascade Blue (cyan) was
retro-orbitally injected, and Tg(kdr/:Hsa.HRAS—mCherry)Sg‘B was used to label the blood vessels (magenta). Scale bar: 250 pm.

¢, Zoomed regions from a and b (dotted squares) displaying blood and tracer accumulation (arrows).

d, Zoomed regions from b (dashed rectangle) displaying vasculature and tracer dye leakage from medial (large vessel) to
lateral (capillary region) locations. The area was divided into 10 regions every 100 um for tracer leakage quantification.

e, Quantification of brain parenchymal dextran intensity at medial (large vessel) to lateral (capillary region) locations shown
in d. N=5in sibling, n=4 in pdgfrb“q30bh, Two-sample Kolmogorov-Smirnov test, error bars represent SEM.
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Adult pdgfrb mutants display structural endothelial cell defects,
vessel rupture and tracer accumulation at aneurysm hotspots.

a, Sections from whole brain imaging showing brain vasculature (Tg(kdrl:Hsa.HRAS-mCherry)5843) and 70 kDa Dextran
Fluorescein at 5-months of age. Inset images within dashed rectangle show areas of hot spot leakage sites (arrows).

b, Quantification of hotspot leakage sites per animal in the midbrain region. N=3 for each group, unpaired t-test, ***P<0.01.
¢, d, High resolution imaging of large calibre vessels and capillary zones in brain regions of pdgfrb crispants and uninjected
siblings at 10-week-old stage. 10 kDa Dextran-Cascade Blue (cyan) injected, blood vessels (Tg(kdr:EGFP)*®43) and red blood
cells (Tg(gata1:DsRed)5d2) are shown in MIPs and single Z-sections (c). Hotspot leakage sites are indicated by arrows. Capillary
zones are shown in MIPs for all three channels and the single 10 kDa Dextran channel showing a lack of hotspot leakage site
(d).

e, Transmission electron microscopy images of sectioned adult zebrafish brain vessels. pdgfrb“q30bh mutants showed
basement membrane thickening and breakdown (cyan, black arrow), serum accumulation outside the vessels (white arrow),
increased abluminal endothelial caveolae (magenta). Pseudo colours shown are ECs (purple), basement membrane (cyan),
caveolae (magenta) and vesicles larger than 100 nm (green). Scale bars: 2 pm.

f, Zoomed regions from (e) showing intact tight junctions (arrowheads) in both siblings and pdgfrb“q30bh mutants. Scale bar:
Tpm.

g, Quantification of endothelial caveolae and basement membrane thickness. Caveolae were defined as uncoated spherical
profiles <100 nm in diameter and scored as luminal or abluminal (see methods). Measurements were made for n=3 vessels
for each group and a total of 8 different cellular regions measured for siblings and 19 for mutants. Basement membrane
thickness was scored in 6 different regions per vessel with n=8 vessels in siblings and n=4 vessels in pdgfrb“q30bh mutants.
Unpaired t-test, ***P<0.001, ****P<0.0001, ns= not significant.
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intracellular transport. Furthermore, we detected thickening of basement membrane (BM) (Fig.
4g@), gaps in the BM and fluid accumulation outside the vessel wall at aneurysms in mutants. We
found no obvious difference in the caveolae density of capillary ECs of pdgfrbuq30bh mutants
compared with siblings (Extended Data Fig. 4d 2). Thus, leakage hotspots at aneurysms are
associated with a failure of the normal flattening of ECs, caveola induction and disruption of the
BM, all factors that could contribute to or be observed concurrent with vessel wall rupture.

Brain vasculature is endowed with mural cells that control vascular development and

stabilitysug’)..’.‘}.9.'.1..%.':—/.‘7.’.%7[—’.’1. Studies in rodents have shown that pericytes regulate BBB

Ris
8
)

receptors:..-. However, some studies in rodents have reported loss of pericytes without vessel
leakage.%]..‘._.—’."... We show mural cells are involved in cerebrovascular patterning in larval, juvenile
and young adult animals but these vessels maintain BBB function in the absence of mural cells. In

our mutants, major arteries progressively harbour aneurysms. This aneurysm is likely associated

aneurysms, which are focal haemorrhages. In some PDGFB/PDGFR mouse mutants,
haemorrhages have been reported, but not in mild or hypomorphic mutants such as those used in
BBB studies?">4 7212 In our model, BBB leakage appears to only be observed once haemorrhage
is present. Of course, these observations could represent a species-specific divergence from the
mammalian BBB. However, the zebrafish BBB appears highly conserved with that of
mammals'’%. and we would argue that the importance of BBB function for vertebrate brain
physiology throughout evolution makes divergence unlikely. We suggest that a deeper analysis of
the nature of hotspot leakage in mural cell deficient mammalian models is warranted. Altogether,
a deeper understanding of the fundamental biology of the BBB will pave the way for increasingly
sophisticated efforts to target the BBB in disease in the future.
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Supplementary materials

Zebrafish husbandry

Zebrafish work was conducted in compliance with animal ethics committees at the Peter
MaccCallum Cancer Centre, The University of Melbourne and The University of Queensland.
Previously published transgenic lines were TgBAC(pdgfrb:egfp)"*V?2 '™ Tg(kdrl:Hsa. HRAS-
mCherry)$843 2% | Tg(kdrl:EGFP)8%3 3™ and Tg(gatal:DsRed)S%24™.

Genome editing and genotyping

The pdgfrb”q30bh mutant strain was generated using CRISPR/Cas9-mediated genome editing. The
resulting allele carries a 39-bp deletion and a 5-bp insertion in exon 3 of pdgfrb
(ENSDARG00000100897), causing a frameshift and premature stop codon.

The gRNA sequence and genotyping primers used were: gRNA binding site: 5'
GATGGTGACTAAGACGCGA 3' Forward genotyping primer: 5' CTTCCTTAGATCCTGACGTGTG 3'
Reverse genotyping primer: 5' TATTGATGGGTTCGTCACCAG 3'

The pdgfrb FO crispants used were generated as FO Animals by CRISPR/Cas9-mediated genome
editing using predesigned Alt-R CRISPR-Cas9 gRNAs (IDT). The gRNA sequence and genotyping
primers used were: Dr.Cas9.PDGFRB.1.AA: 5' GATGGTGACTAAGACGCGAG 3'

Forward genotyping primer: 5' CTTCCTTAGATCCTGACGTGTG 3' Reverse genotyping primer: 5'
TATTGATGGGTTCGTCACCAG 3' Dr.Cas9.PDGFRB.1.AB: 5' CTCGGTGCACACATAAACCC 3'

Forward genotyping primer: 5' GACGAGAACATCCCAGACTTTC 3' Reverse genotyping primer: 5'
GCGTGTAAACAAATCCTAACGG 3'

Tracer dye injections and imaging

For all injections at larva and juvenile stages, NHS Ester—Alexa Fluor 405 (Thermo Fisher: A30000)
or 10 kDa Dextran—Cascade Blue (Thermo Fisher: D1976) or 70 kDa Dextran- Fluorescein (Thermo
Fisher: D1822) were mixed and co-injected with 2000 kDa Dextran- Tetramethylrhodamine
(Thermo Fisher: D7139). This allowed for the normalisation of dye signal relative to the larger
molecular weight 2000 kDa tracer to ensure that the amount injected intravenously was
appropriately controlled for in all imaging experiments. A final concentration of 5 mg/ml for each
tracer was used in all injections.

7 dpf larvae were anesthetised with tricaine and mounted laterally with 0.5% low-melting point
agarose (Bio-Rad, 1613112) in E3 embryo water on a 35-mm glass bottom dish (MatTek: P35G-1.5-
20-C). 5nl of the tracer mix was injected into the posterior cardinal vein (PCV) and larvae were
recovered from agarose using a glass pipette into E3 embryo water. 14 dpf larvae were
anesthetised with tricaine, placed laterally on a 3% agarose injection mold. 10 nl tracer mix was
injected into the PCV and larvae were recovered in E3 embryo water.

For live imaging, larvae were mounted ventrally with 0.5% low-melting point agarose in E3
embryo water on a 35-mm glass bottom dish. All larvae were carefully live imaged at 2 hours post
injection, with a maximum variation in timing of 15 minutes due to the sequential imaging, using
Nikon TiE with Yokogawa CSU-W1 spinning disk with Andor Sona sCMOS camera, 40X 1.15 NA
water immersion objective for 7 dpflarvae and 20X 0.75 NA objective for 14 dpf (1 um z-step for
each stage).
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Injections at juvenile and adult stages were performed retro-orbitally using a glass capillary
needle as previously described® “. For juvenile stage (2-month post fertilisation), brains were
extracted 2 hours post injection and whole brains were tissue-cleared using the CUBIC-based
method previously described®™. Briefly, brains were fixed in 2% paraformaldehyde (PFA) at 4°C
overnight, washed in PBS, incubated in CUBIC-L solution at 37°C overnight, washed and incubated
in PBS at 4°C overnight, then incubated in CUBIC-R solution at room temperature overnight. Brains
were mounted ventrally with 2% agarose in CUBIC-R on a 35-mm glass bottom dish and imaged
using Nikon TiE with Yokogawa CSU-W1 spinning disk with Andor Sona sCMOS camera, 4X 0.2 NA
objective, 10X 0.45 NA objective, and 20X 0.75 NA objective. For adult stage (>2.5-months post
fertilisation), Cascade Blue 10- or 70 kDa Dextran were injected as previously described” Brains
were extracted 2 hours post injection, fixed in 2% PFA overnight, washed in PBS. For vibratome
sectioning, brains were embedded in 7% low- melting agarose in PBS in cryomolds (Tissue-Tek)
and were sectioned coronally using a vibrating microtome (Leica VT1000 S) with 200 um thickness
setting. Selected sections were placed on a microscope slide and were incubated with RapiClear
1.52 solution (SunJin Lab, RC152201) for 3 hours at room temperature. Imaging was performed
using Olympus FV3000 confocal microscope with 10X 0.4 NA objective with 5 pm step size and 40X
1.4 NA oil immersion objective with 1 um step size. For whole brain imaging, brains were tissue
cleared as described earlier and were imaged using Olympus FV3000 confocal microscope with
10X 0.4 NA objective with 5 pm step size. Videos highlighting the “hotspot” leakage sites were
generated using Imaris 10.1 software (Bitplane) and Adobe Premier Pro 2024.

Live imaging of pericytes and blood vessels was conducted using Olympus FV-MPERS multiphoton
microscope with 25X 1.05 NA water dipping objective with 3 pm step size. To ensure optical
transparency, live imaging was conducted in FO knockout animals for the gene slc45a2
(ENSDARG00000002593) as previously described” “ or 0.003% PTU was applied to the embryo
water at 1 dpf.

Transmission electron microscopy

Brains were extracted from euthanised 5-month-old zebrafish, fixed in 2.5% glutaraldehyde for 1
hour at room temperature and washed with PBS. For sectioning, the brains were embedded in 7%
low-melting point agarose in PBS in cryomolds (Tissue-Tek) and were sectioned coronally using a
vibrating microtome (Leica VT1000 S) with 200 um thickness. Tissue sections were processed as
described previouslygm .

Briefly, tissue sections were immersed consecutively in a series of aqueous solutions: 1.5%
potassium ferricyanide and 2% osmium tetroxide, 1% thiocarbohydrazide, 2% osmium tetroxide,
2% uranyl acetate and 0.06% lead nitrate using a Pelco Biowave at 80W under vacuum for 3min
each. Vibratome sections then underwent serial dehydration in increasing concentrations of
ethanol, before serial infiltration with increasing concentrations of Procure 812 resin. Ultrathin
sections were obtained using a Leica UC64 ultramicrotome and imaged on a Jeol JEM-1011 at 80kV.

Quantifications

Vessel length, diameter and branching points

Vessel length, diameter and branching points were quantified using Imaris 10.1 software
(Bitplane). For larval stages, lumenized midbrain central artery (kdrl:Hsa.HRAS-mCherry)
branching from the middle mesencephalic arteries was traced using the filament tool and the total
filament length (um) was plotted. The branching points within the traced blood vessels were
quantified by manual scoring in 3D view. For adult stage, 100-um thick maximum intensity
projections (MIP) were generated from whole brain imaging, using the continuation of the left
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middle mesencephalic central artery as an anatomical anchor point as the consistent region
measured. For diameter measurements, 10 capillary diameters were measured per sample. Vessel
anatomy was identified using the study by Isogai et al’ @ as a reference.

Tracer intensity

Tracer intensity quantification was performed on genotype blinded image sets using Fijimm. For
larval stage experiments, the tracer accumulation in brain parenchyma (70-or 10 kDa Dextran or 1
kDa NHS Ester) was calculated using average intensity from 4 midbrain parenchymal regions in
50-um thick MIPs, which were generated starting from 50 um below dorsal longitudinal vessel
(DLV) to avoid detecting potential leakage from surface vessels. These measurements were
normalized to the vascular tracer intensity of 2000 kDa Dextran, which was calculated using
average intensity from 4 regions within the DLV lumen. As such, for each data point:
intensity=parenchymal dextran (1, 10 or 70 kDa) intensity/luminal 2000 kDa Dextran intensity.

For juvenile stage experiments, 30-um thick MIPs were generated starting from 60 um below the
most superficial vessel to potential leakage from the surface vessels. Brain parenchymal 70 kDa
Dextran intensity was calculated using average intensity from 4 midbrain parenchymal regions
and was normalized to vascular 2000 kDa Dextran intensity, which was calculated using average
intensity from 4 regions within the lumen of superficial large calibre vessels. For adult stage
experiments, 50-um thick MIPs were generated and dextran intensity outside the vessels was
measured at every 100 pm from medial to lateral direction within 1 mm. Branching point of left
and right middle mesencephalic arteries was determined as the starting point.

TEM quantification

Imaged sections were quantified using Fiji’om. Caveolae were defined as circular profiles of less
than 100 nm in diameter and were scored as luminal or abluminal based on proximity to each
surface membrane (within 500 pm of each surface or in a thin walled vessel the caveolae closest to
each surface). Basement membrane thickness was scored in 6 different locations per vessel that
were selected at random. N=3-8 vessels per group were analysed as indicated in the Figure
legends.

Statistical analysis

Statistical analyses and graphical representations were conducted using GraphPad Prism 10
software. ns: P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. For Figure 3e &, we applied the
non-parametric two-sample Kolmogorov-Smirnov test using Python software to evaluate whether
the distribution of tracer accumulation for each position differed from that of the control. Further
details on statistics can be found in each figure legend.
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Extended Data Fig. 1

pdgfrb”q3abh larvae exhibit decreased cerebrovascular complexity but an intact BBB.

a, Confocal projections of pericytes (TgBAC(pdgfrb:egfp)"<?) and brain vasculature (Tg(kdrl:Hsa.HRAS-mCherry)*43) in sibling
and pdgfrb“93%0h mutants at 3-5 dpf.

b, Quantification of branching points of midbrain central arteries demonstrating the first detectable vessel patterning
phenotype is seen at 5 dpf. N=10 per group at 3 dpf, n=15 in sibling and n=9 in pdgfrb”qmbhat 4 dpf, n=15in sibling and n=11
in pdgfrb¥93%h at 5 dpf. Unpaired t-test, ns=not significant, *P<0.05.

¢, d, Fluorescent tracer leakage assays in the midbrain of zebrafish larvae at 7 (c) and 14 dpf (d). 70 kDa Dextran-Fluorescein,
10 kDa Dextran-Cascade Blue and 1 kDa NHS Ester-Alexa Fluor 405 were used to detect tracer extravasation to the brain
parenchyma in separate experiments and were coinjected with 2000 kDa Dextran-Tetramethylrhodamine to normalize
vascular tracer intensity.

e, Quantification of brain parenchymal 70- and 10- and 1 kDa tracer intensity normalized to vascular 2000 kDa Dextran
intensity. N=12 for sibling and n=7 in pdgfrb“93%0h 1 kDa NHS Ester intensity at 7 dpf, n=10 in sibling and n=9 in pdgfrb4396h
for 70 kDa intensity at 14dpf, n=6 for sibling and n=4 for pdgfrb“q30bh for 10 kDa intensity at 14 dpf. Unpaired t-test, ns=not
significant.

a, ¢, d, Scale bars: 100 pm.

Oguzhan F Baltaci et al., 2025 eLife. https://doi.org/10.7554/eLife.104061.1 12 of 25


https://doi.org/10.7554/eLife.104061.1
https://doi.org/10.7554/eLife.104061.1

a 2000 kDa Dextran 70 kDa Dextran a 70 kDa Dextran
2 z
s S
» o
=
o
<
QO
oS
™
(<
3
=
g
Q
w
(0]
<
(0]
3

Extended Data Fig. 2

Examples of aneurysms in pdgfrb“q3°bh mutants at 2-month-old stage.

a, Fluorescent tracer assays in the midbrain of 2-month-old zebrafish displaying examples of aneurysm severity in major
vessels. 70 kDa Dextran-Fluorescein and 2000 kDa Dextran- Tetramethylrhodamine were co-injected to detect tracer
extravasation to the brain parenchyma and tracer within the vasculature, respectively.

a', Confocal projections zoomed in on the area shown in a (dashed square). Aneurysm (arrowheads) phenotypes were
qualitatively categorised based on severity; normal, mild and severe and these categories used in Fig. 22,
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Extended Data Fig. 3

Adult pdgfrb¥93%hmutant animals display leakage and
tracer accumulation localised at major vessel aneurysms.

a, Fluorescent tracer leakage assays in 5-month-old sibling and pdgfrb“q30bh animals. 70 kDa Dextran-Fluorescein (green)
was retro-orbitally injected, and Tg(kdrl:Hsa.HRAS—mCherry)5843m was used to label the blood vessels (magenta). Scale bar: 250
pm.

a', Zoomed regions (dashed rectangles) from a highlighting the tracer accumulation outside the large calibre vessels with
aneurysm. Scale bar: 250 pm.
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Extended Data Fig. 4

Adult pdgfrb mutant rupture hotspots at aneurysms
and unchanged endothelial ultrastructure in capillaries.

a, Whole brain imaging showing midbrain vasculature (Tg(kdrl:Hsa.HRAS-mCherry)5843) and 70 kDa Dextran-Fluorescein
(green) in siblings and pdgfrb“q30bh mutants at 5-months of age. Hotspot leakage sites are indicated by white arrowheads.

b, Confocal projections of pericytes (TgBAC(pdgfrb:egfp)”“’zz) and brain vasculature (Tg(kdrl:Hsa.HRAS-mCherry)5843) in sibling
and pdgfrb crispants at 5 dpf, showing loss of pericytes in the pdgfrb crispants (phenocopying null mutants).

¢, Quantification of endothelial caveolae in capillaries of siblings and pdgfrb“ngbh mutants. n=5 vessels per group, unpaired t-

test ns= not significant.
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Reviewer #1 (Public review):
Summary:

The study investigates the role of vascular mural cells, specifically pericytes and vascular
smooth muscle cells (vSMCs), in maintaining blood-brain barrier (BBB) integrity and
regulating vascular patterning. Analyzing zebrafish pdgfrb mutants that lack brain pericytes
and vSMCs, they show that mural cell deficiency does not impair BBB establishment or
maintenance during larval and early juvenile stages. However, mural cells seem to be crucial
for preventing vascular aneurysms and hemorrhage in adulthood as focal leakage, basement
membrane disruption, and increased caveolae formation are observed in adult zebrafish at
aneurysm hotspots. The authors challenge the paradigm that mural cells are essential for BBB
regulation in early development while highlighting their importance for long-term vascular
stability.

Strengths:

Previous studies have established that the zebrafish BBB shares molecular and morphological
homology with e.g. the mammalian BBB and therefore represents a suitable model. By
examining mural cell roles across different life stages - from larval to adult zebrafish - the
study provides an unprecedented comprehensive developmental analysis of brain vascular
development and of how mural cells influence BBB integrity and vascular stability over time.
The use of live imaging, whole-brain clearing, and electron microscopy offers high-resolution
insights into cerebrovascular patterning, aneurysm development, and structural changes in
endothelial cells and basement membranes. By analyzing "leakage hotspots" and their
association with structural endothelial defects in adults the presented findings add novel
insights into how mural cell loss may lead to vascular instability.

Weaknesses:

The study uses quantitative tracer assays with multiple molecular weight dyes to evaluate
blood-brain barrier (BBB) permeability. The study normalizes the intensity of tracer signals
(e.g., 10 kDa, 70 kDa dextrans) in the brain parenchyma to the vascular signal of a 2000 kDa
dextran tracer (assumed to remain within vessels). Intensity normalization is used to control
for variations in tracer injection efficiency or vascular density. This method doesn't directly
assess the absolute amount of tracer present in the parenchyma, potentially underestimating
leakage severity. As the lack of BBB impairment is a "negative" finding, more rigorous
controls or other methods might be needed to corroborate it.

https://doi.org/10.7554/eLife.104061.1.sa2

Reviewer #2 (Public review):
Summary:

The authors generated a zebrafish mutant of the pdgfrb gene. The presented analyses and
data confirm previous studies demonstrating that Pdgfrb signaling is necessary for mural cell
development in zebrafish. In addition, the data support previously published studies in
zebrafish showing that mural cell deficiency leads to hemorrhages later in life. The authors
presented quantified data on vessel density and branching, assessed tracer extravasation,
and investigated the vasculature of adult mice using electron microscopy.

Strengths:

The strength of this article is that it provides independent confirmation of the important role
of Pdgfrb signaling for the development of mural cells in the zebrafish brain. In addition, it
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confirms previous literature on zebrafish that provides evidence that, in the absence of
pericytes/VSMC, hemorrhages appear (Wang et al, 2014, PMID: 24306108 and Ando et al 2021,
PMID: 3431092). The study by Ando et al, 2021 did not report experiments assessing BBB
leakage in pdgfrb mutants but in the review article by Ando et al (PMID: 34685412) it is stated
that "indicating that endothelial cells can produce basic barrier integrity without pericytes in
zebrafish".

Weaknesses:

(1) The authors should avoid using violin plots, which show distribution. Instead, they should
replace all violin plots in the figures with graphs showing individual data points and
standard deviation. For Figure 2f specifically, the standard deviation in the analyzed cohort
should be shown.

(2) The authors have not shown the reduced PDGFRB protein or the effect of mutation on
mRNA level in their zebrafish mutant.

(3) Statistical data analysis: Did the authors perform analyses to investigate whether the data
has a normal distribution (e.g., Figures 1d, e)?

(4) Analysis of tracer extravasation. The use of 2000 kDa dextran intensity as an internal
reference is problematic because the authors have not provided data demonstrating that the
2000 kDa dextran signal remains consistent across the entire vasculature. The authors have
not provided data demonstrating that the 2000 kDa dextran signal in vessels exhibits
acceptable variance across the vasculature to serve as a reliable internal reference. The
variability of this signal within a single animal remains unknown. The presented data do not
address this aspect.

Additionally, it's intriguing that the signal intensity in the parenchyma of the tested tracers
presents a substantial range, varying by 20-30% in the analysed cohort (Figure 1g, Extended
Figure 1e). Such large variability raises the question of its origin. Could it be a consequence of
the normalization to 2000 kDa dextran intensity which differs between different fish? Or is it
due to the differences in the parenchymal signal intensity while the baseline 2000 kDa
intensity is stable? Or is the situation mixed?

An alternative and potentially more effective approach would be to cross the pdgfrb mutant
line with a line where endothelial cells are genetically labeled to define vessels (e.g. the line
kdrl used in acquiring data presented in Figure 2a). Non-injected controls could then be used
as a baseline to assess tracer extravasation into the parenchyma.

How is the data presented in Figure 3e generated? How was the dextran intensity calculated?
It looks like the authors have used the kdrl line to define vessels. Was the 2000 kDa still used
as in previous figures? If not, please describe this in the Materials and Methods section.

(5) The authors state that both controls and mutants show extravasation of 1 kDa NHS-ester
into the parenchyma. However, the presented images do not illustrate this; it is not obvious
from these images (Extended Data Figure 1c). Additionally, the presented quantification data
(Extended Data Figure 1e) do not show that, at 7 dpf, the vasculature is permeable to this
tracer. Note that the range of signal intensity of the 1 kDa NHS-ester is similar to the 70 kDa
dextran (Figure 1g and Extended Figure 1e). Would one expect an increase in the ratio in case
of extravasation, considering that the 2000 kDa dextran has the same intensity in all
experiments? Please explain.

(6) The study would be strengthened by a more detailed temporal analysis of the phenotype.
When do the aneurysms appear? Is there an additional loss of VSMC?
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(7) The authors intended to analyze the BBB at later stages (line 128), but there is not a
significant time difference between 2 months (Figure 2) and 3 months (Figure 3) considering
that zebrafish live on average 3 years. Therefore, the selection of only two time-points, 2 and
3 months, to analyze BBB changes does not provide a comprehensive overview of temporal
changes throughout the zebrafish's lifespan. How long do the pdgfb mutants live?

(8) Why is there a difference in tracer permeability between 2 and 3 months (Figures 2 and
3)? Are hemorrhages not detected in 2-month-old zebrafish?

(9) Figure 3: The capillary bed should be presented in magnified images as it is not clearly
visible. Figure 3e shows that in the pdgfb mutant the dextran intensity is higher also in
regions 6-10. How do the authors explain this?

(10) In general, the manuscript would benefit from a more detailed description of the
performed experiments. How long did the tracer circulate in the experiments presented in
Figures 2, 3, and 4?

(11) How do the authors explain the poor signal of the 70 kDa dextran from the vasculature of
5-month-old zebrafish presented in Extended Data Figure 3?

(12) The study would benefit from a clear separation of the phenotypes caused by the loss of
VSMC. The title eludes that also capillaries present hemorrhages which is not the case. How
do vascular mural cells differ from mural cells? Are there any other mural cells?

(13) I have a few comments about how the authors have interpreted the literature and why,
in my opinion, they should revise their strong statements (e.g., the last sentence in the
abstract).

Scientists have their own insights and interpretations of data. However, when citing
published data, it should be clearly indicated whether the statement is a direct quote from
the original publication or an interpretation. In the current manuscript, the authors have not
correctly cited the data presented in the two published papers (references 5 and 6). These
papers do not propose a model where pericytes suppress "adsorptive transcytosis" (lines 73-
76). While increased transcytosis is observed in pericyte-deficient mice, the specific type of
vesicular transport that is increased or induced remains unknown.

Similarly, lines 151-152 refer to references 5 and 6 and use the term "adsorptive transcytosis,"
but the authors of both papers did not use this term. Attributing this term to the original
authors is inaccurate. Additionally, lines 152-153 do not accurately represent the findings of
references 5 and 6. These papers do not state that there is an induction of "caveolae" in
endothelial cells in pericyte-deficient mice. In the absence of pericytes, many vesicles can be
observed in endothelial cells, but these vesicles are relatively large. It is more likely that there
is some form of uncontrolled transcytosis, perhaps micropinocytosis. Please refer to the
original papers accurately.

Also, the authors have missed the fact that in mice, the extent of pericyte loss correlates with
the extent of BBB leakage. To a certain extent, the remaining pericytes, can compensate for
the loss by making longer processes and so ensure the full longitudinal coverage of the
endothelium. This was shown in the initial work of Armulik et al (reference 5) and later in
other studies.

The bold assertion on lines 183 -187 that a lack of specific BBB phenotype in pdgfrb zebrafish
mutant invalidates mouse model findings is unfounded. Despite the notion that zebrafish
endothelium possesses a BBB, I present a few examples highlighting the differences in brain
vascular development and why the authors' expectation of a straightforward extrapolation of
mouse BBB phenotypes to zebrafish is untenable.
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In mice Pdgfrb knockout is lethal, but in zebrafish, this is not the case. In marked contrast to
mice, however, zebrafish pdgfrb null mutants reach adulthood despite extensive cerebral
vascular anomalies and hemorrhage. Following the authors' argumentation about the
unlikely divergence of zebrafish and mice evolution, does it mean that the described mouse
phenotype warrants a revisit and that the Pdgfrb knockout in mice perhaps is not lethal?
Another example where the role of a gene product is not one-to-one, which relates to pericyte
development, is Notch3. Notch3-null mice do not show significant changes in pericyte
numbers or distribution, suggesting a less prominent role in pericyte development compared
to zebrafish.

Although many aspects of development are conserved between species, there are significant
differences during brain vascular development between zebrafish and mice. These
differences could reveal why the BBB is not impaired in zebrafish pdgfrb mutants. There is a
difference in the temporal aspect when various cellular players emerge. The timing of
microglia colonization in the brain differs. In mice, microglia colonization starts before the
first vessel sprouts enter the brain, while in zebrafish, microglia enter after. Additionally,
microglia in zebrafish and mice have a different ontogeny. In mice, astrocytes specialize
postnatally and form astrocyte endfeet postnatally. In zebrafish, radial glia/astrocytes form at
48 hpf, and as early as 3 dpf, gfap+ cells have a close relationship with blood vessels. Thus,
these radial glia/astrocyte-like cells could play an important role in BBB induction in
zebrafish. It's worth noting that in Drosophila, the blood-brain barrier is located in glial cells.
While speculative, these cells might still play a role in zebrafish, while the role of pericytes
does not seem to be crucial. Pericytes enter the brain and contact with developing
vasculature (endothelium) relatively late in zebrafish (60 hpf). In mice, the situation is
different, as there is no such lag between endothelium and pericyte entry into the brain. I
suggest that the authors approach the observed data with curiosity and ask: Why are these
differences present? Are all aspects of the BBB induced by neural tissue in zebrafish? What is
the contribution of microglia and astrocytes?"

Another interesting aspect to consider is the endothelial-pericyte ratio and longitudinal
coverage of pericytes in the zebrafish brain, and how this relates to what is observed in mice.
How similar is the zebrafish vasculature to the mouse vasculature when it comes to the
average length of pericytes in the zebrafish brain? Does the longitudinal coverage of pericytes
in the zebrafish brain reach nearly 100%, as it does in mice?

Based on the preceding arguments, it is recommended that the authors present a balanced
discussion that provides insightful discussion and situates their work within a broader
framework.

https://doi.org/10.7554/eLife.104061.1.sa1

Reviewer #3 (Public review):

This manuscript examines the role of pdgfrb-positive pericytes in the establishment and
maintenance of the blood-brain barrier (BBB) in the zebrafish. Previous studies in PDGFB- or
PDGFRB-deficient mice have suggested that loss of pericytes results in disruption of the BBB.
The authors show that zebrafish pdgfrb mutant larvae have an intact BBB and that pdgfrb
mutant adult fish show large vessel defects and hemorrhage but do not exhibit substantial
leakage from brain capillaries, suggesting loss of pericytes is not sufficient to "open" the BBB.
The authors use beautiful and compelling images and rigorous quantification to back up most
of their conclusions. The imaging of the adult brain is particularly nice. The authors
rigorously document the lack of BBB leakage in pdgfrbuq30bh mutant larvae and large vessel
phenotypes (eg, enlargement and rupture) in pdgfrbugq30bh mutant adults. A few points
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would help the authors to further strengthen their findings contradicting the current dogma
from rodent models.

Major point:

The authors document pericyte loss using a single TgeBAC(pdgfrb:egfp)ncv22 transgenic line
driven by the promoter of the same gene mutated in their pdgfrbug30bh mutants. Given their
findings on the consequences of pericyte loss directly contradict current dogma from rodent
studies, it would be useful to further validate the absence of brain pericytes in these mutants
using one of several other transgenic lines marking pericytes currently available in the
zebrafish. This could be done using pdgfrb crispants, which the authors show nicely
phenocopy the germline mutants, at least in larvae. This would help nail down the absence of
any currently identifiable pericyte population or sub-population in the loss of pdgfrb animals
and substantially strengthen the authors' conclusions.

Other issues:

The authors should provide more information about the pdgfrbug30bh mutant and how it
was generated (including a diagram in a supplemental figure would be useful).

It would be helpful to show some data on whether mutants show morphological phenotypes
or developmental delay at 7 and 14 dpf, to provide some context to better assess the reduced
branching and vessel length vascular phenotypes (see Figures 1c-e).

If available, it would be helpful to have a positive control for the tracer leakage experiments -
a genetic manipulation that does cause disruption of the BBB and leakage at 2 hours post-
tracer injection (see Figures 1f and g).

Quantification of the findings in Figure 4c,d would be useful, as would the use of germline
fish for these experiments if these are now available. If this is not possible, it would be
helpful to document that the crispants used in these experiments lack pdgfrb:egfp pericytes
at adult stages (this is only shown for 5 dpf larvae, in Extended Data Figure 4b).

Adult mutants clearly show less dye leakage in the more superficial capillary regions than
WT siblings, but dextran intensity is a bit higher, although this could well be diffusion from
more central brain regions where overt hemorrhage is occurring. Along similar lines though,
the authors' TEM data in Extended Data Figure 4d hints that there may be more caveolae in
mutant brain capillaries, although the N number was lower here than for the measurements
from TEM of larger central vessels (Figure 4g). It would be useful to carry out additional
measurements to increase the N number in Figure 4d to see whether the difference between
wild-type sibling and mutant capillary caveolae numbers remains as not significant.

It might be helpful to include some orienting labels and/or additional descriptions in the
figure legends to help readers who are not used to looking at zebrafish brain vessels have an
easier time figuring out what they are looking at and where it is in the brain.

https://doi.org/10.7554/eLife.104061.1.sa0

Author response:

We thank all the reviewers for their detailed comments. In response, we will address the
comments with further analysis, experiments and an expanded discussion.

In terms of each specific reviewer's comments:

Reviewer 1 was positive overall but had several suggestions and requested further rigorously
controls. These are highly constructive technical concerns and will be addressed through
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additional experimentation and methods for quantification.

Reviewer 2 summarised the strengths of the study as being largely confirmatory. They have
perhaps not fully appreciated that this is the first published functional assessment of cerebral
vascular permeability in a pericyte deficient zebrafish model.

The reviewer has made a number of very helpful suggestions to improve technical aspects of
the analysis. Many align with the suggestions of Reviewer 1. Additional experiments that
include more rigorous controls and further methods to quantify vessel permeability will
address these concerns in revision.

We also note that the reviewer calls for a more nuanced and careful discussion section. We
take the reviewers point and do appreciate their concerns. We were limited by wordcount in
the initial submission in short report format, but in response will expand and provide a more
thorough discussion.

Reviewer 3 was positive overall but has suggested additional controls and experiments to
further strengthen the findings and support our conclusions. Some align with the suggestions
of Reviewers 1 and 2. We agree and aim to address them through additional work in revision.

https://doi.org/10.7554/eLife.104061.1.sa4
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