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Abstract

Endothelial cilia are found in a variety of tissues including the cranial vasculature of zebra-

fish embryos. Recently, endothelial cells in the developing mouse retina were reported to

also possess primary cilia that are potentially involved in vascular remodeling. Fish carrying

mutations in intraflagellar transport (ift) genes have disrupted cilia and have been reported

to have an increased rate of spontaneous intracranial hemorrhage (ICH), potentially due to

disruption of the sonic hedgehog (shh) signaling pathway. However, it remains unknown

whether the endothelial cells forming the retinal microvasculature in zebrafish also possess

cilia, and whether endothelial cilia are necessary for development and maintenance of the

blood-retinal barrier (BRB). In the present study, we found that the endothelial cells lining

the zebrafish hyaloid vasculature possess primary cilia during development. To determine

whether endothelial cilia are necessary for BRB integrity, ift57, ift88, and ift172 mutants,

which lack cilia, were crossed with the double-transgenic zebrafish strain Tg(l-fabp:DBP-

EGFP;flk1:mCherry). This strain expresses a vitamin D-binding protein (DBP) fused to

enhanced green fluorescent protein (EGFP) as a tracer in the blood plasma, while the endo-

thelial cells forming the vasculature are tagged by mCherry. The Ift mutant fish develop a

functional BRB, indicating that endothelial cilia are not necessary for early BRB integrity.

Additionally, although treatment of zebrafish larvae with Shh inhibitor cyclopamine results in

BRB breakdown, the Ift mutant fish were not sensitized to cyclopamine-induced BRB

breakdown.

Introduction

Primary cilia are specialized plasma membrane protrusions that play a role in a number of

physiological processes including cell signaling, chemical sensation, and control of cell growth

[1]. Most nucleated cells in vertebrates possess one immotile primary cilium and perturbation
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of the structure and function of this organelle leads to abnormal development and organogen-

esis. Cilia have been observed on endothelial cells both in culture and in vivo [2, 3]. In develop-

ing zebrafish embryos, cilia have been reported on endothelial cells forming the cranial vessels

[4] as well as on the caudal artery and vein [5]. More recently, endothelial cilia were reported

to play a role in the detection of shear stress and vascular remodeling during retinal develop-

ment [6]. The formation and maintenance of primary cilia requires a complex of intraflagellar

transport (Ift) proteins [7, 8]. Zebrafish embryos with mutations in ift genes that lack cilia or

have disrupted cilia [9–12] were reported to exhibit an increased incidence of intracranial

hemorrhage (ICH), suggesting that endothelial cilia may play a role in maintaining vascular

integrity during development [4].

ICH is associated with breakdown of the blood-brain barrier (BBB) [13], and BBB disrup-

tion has been demonstrated to precede ICH [14]. Similar to the BBB, the endothelial cells lin-

ing the retinal microvasculature form the inner blood-retinal barrier (BRB), which serves to

protect the neural retinal tissue from the circulating blood. The endothelial cells forming the

inner BRB and the BBB are distinct from endothelial cells lining other vascular beds in that

they are closely connected by tight junctions, lack fenestrations, and display minimal pinocy-

totic activity [15].

While the inner BRB is very similar to the BBB [16], ultrastructural analysis and compari-

son of the rat BRB and BBB revealed that the endothelial cells forming the inner BRB have a

higher density of junctions and vesicles than those forming the BBB [17]. Differences in the

permeability of the BRB and BBB to some drugs have also been observed [17, 18]. Thus, while

the inner BRB and BBB are highly similar, there are strong indications that there may be some

unique differences in the structure and functioning of these two barriers

A recent report suggested that cilia on endothelial cells lining the brain vasculature were

essential for development of the BBB via the sonic hedgehog signaling pathway [4]. Addition-

ally, sonic hedgehog signaling has been shown to be involved in the maintenance of retinal

endothelial cell tight junctions in culture [19], suggesting that this signaling pathway could

potentially play a role in BRB integrity.

To determine the role of endothelial cilia and hedgehog signaling in BRB integrity in vivo,

we used the Tg(l-fabp:DBP-EGFP;flk1:mCherry) transgenic model of zebrafish BRB develop-

ment [20]. Zebrafish develop a functional BRB by 3 days post-fertilization (dpf) in their hya-

loid vessels. We found that the hyaloid vessels of larval zebrafish possess endothelial cilia, but

these cilia are not necessary for early integrity of the BRB in IFT mutants.

Materials and methods

Zebrafish

Zebrafish (Danio rerio) carrying mutations ift57hi3417/curly, ift172hi2211/moe [21], and ift88tz288b/
oval [22], referred to as ift57, ift172, and ift88 herein, were crossed with double-transgenic strain

Tg(l-fabp:DBP-EGFP:flk1:mCherry) [20, 23, 24]. Additionally, transgenic strain Tg(bactin2:

Arl13b-GFP) was used [25]. All animal experimentation was conducted with the approval of

the Cleveland Clinic Institutional Animal Care and Use Committee (protocol number 2016–

1769).

Imaging of endothelial cilia

Tg(flk1:mCherry;bactin2:Arl13b-GFP) zebrafish embryos and larvae at 2, 3, and 5 dpf as well as

Tg(flk1:mCherry;bactin2:Arl13b-GFP) zebrafish embryos carrying the ift172hi2211/moe mutation

at 2 dpf were fixed overnight in 4% paraformaldehyde at 4˚C. Following washes in phosphate-

buffered saline, the lenses and attached hyaloid vessels were isolated as previously described
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[26]. Lenses were placed in coverslip-bottom dishes with Vectashield containing DAPI (Vector

Labs) and the hyaloid vasculature was imaged using a Leica SP8 confocal microscope with the

63 x objective. For imaging of endothelial cilia in the BBB, whole embryos were mounted on

slides with Vectashield containing DAPI (Vector Labs) after fixation and washes and imaged

using a Leica SP8 confocal microscope with the 40 x objective. Imaris software (Oxford Instru-

ments) was used to assist with the identification of cilia within the vasculature.

Detection of ICH

To inhibit development of pigmentation, zebrafish embryos were raised in embryo medium

containing 0.003% 1-phenyl 2-thiourea (PTU). Embryos and larvae were examined for ICH

daily by light microscopy.

Cyclopamine treatment

For early cyclopamine treatment, zebrafish embryos were treated at 1 dpf with 1 μM– 30 μM

cyclopamine (Cayman Chemical Company) diluted in embryo medium containing 1%

dimethyl sulfoxide (DMSO), and examined for ICH at 2 dpf. For later treatment, zebrafish lar-

vae were treated with 10 μM cyclopamine starting at 5 dpf and assessed for BRB breakdown at

7 dpf.

Imaging of the BRB

Zebrafish larvae were anesthetized in 0.14 mg/ml ethyl 3-aminobenzoate methanesulfonic acid

salt (#118000500, Acros Organics) and examined daily under a Zeiss Axio Zoom V16 fluores-

cent microscope for leakage of DBP-EGFP from the hyaloid vessels from 3 dpf– 7 dpf. Extra-

vascular Space Mean Intensity (ESMI) was measured in images of 6 dpf fish by adapting our

previously described protocol to isolate the region immediately around the hyaloid vasculature

[27]. Briefly, ESMI was measured in Image J, following conversion to 8-bit grayscale images.

All quantitative analysis was performed on unaltered TIFF images with no corrections to signal

intensity or contrast. An automated threshold function that fully isolates the avascular space

from the vasculature and image frame mask was applied prior to collecting area and intensity

measurements.

Statistics

Prism Software (GraphPad; v5.02) was used for all statistical analyses and graph generation.

Results are expressed as means ± SEM. Significance was tested using Fisher’s exact test or t-

test.

Results

Endothelial cilia are found on the zebrafish hyaloid vasculature

To determine whether the endothelial cells forming the hyaloid vasculature of zebrafish larvae

possess primary cilia, the lenses and attached hyaloid vessels were isolated from 2, 3, and 5 dpf

Tg(flk1:mCherry;bactin2:Arl13b-GFP) zebrafish embryos and larvae and imaged by confocal

microscopy (Fig 1A). The Arl13b protein localizes to the ciliary axoneme, and Tg(bactin2:

Arl13b-GFP) fish, which stably express an Arl13b fluorescent fusion protein under the ubiqui-

tous β-actin promoter, can be used to label cilia [25, 28]. Arl13b-GFP-tagged cilia were present

on 53.7 ± 4.9% of hyaloid endothelial cells at 2 dpf, when the hyaloid vessels are first observed

at the back of the zebrafish lens [29]. However, the number of cilia rapidly decreased to

22.2 ± 6.7% by 3 dpf, and endothelial cilia were not observed at 5 dpf (Fig 1B). This observation
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is similar to observations in the zebrafish caudal aorta and caudal vein, in which 76% of ECs

possess cilia during vascular morphogenesis, while only 4% of ECs possess cilia during later

developmental stages [5].

Endothelial cilia are not necessary for development of the blood-retinal

barrier

To determine whether endothelial cilia are necessary for BRB development, we evaluated the

BRB in live Tg(l-fabp:DBP-EGFP;flk1:mCherry);ift172, Tg(l-fabp:DBP-EGFP;flk1:mCherry);

Fig 1. Endothelial cilia are observed during early development of the hyaloid vasculature, but rapidly decline in number by 3 dpf. A) Confocal

micrograph of the hyaloid vessels (red) of a 3 dpf Tg(flk1:mCherry;bactin2:Arl13b-GFP) embryo. Cilia (green, arrowheads) were observed on the endothelial

cells, near the nuclei (DAPI, blue). B) Percentage of hyaloid vessel endothelial cells possessing a primary cilium at 2, 3, and 5 dpf (n> 80 endothelial cells

from� 4 eyes per time point). C) Percentage of hyaloid vessel endothelial cells possessing a primary cilium at 2 dpf in ift172 homozygous mutant fish

compared to wild-type and heterozygous siblings (n� 4 fish per group). D) Percentage of brain endothelial cells possessing a primary cilium at 2 dpf in ift172
homozygous mutant fish compared to wild-type and heterozygous siblings (n� 3 fish per group). ���p< 0.0005 by Fisher’s exact test. Error bars = SEM.

https://doi.org/10.1371/journal.pone.0225351.g001
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ift57, and Tg(l-fabp:DBP-EGFP;flk1:mCherry);ift88 larvae. These IFT mutants fail to form cilia

[9, 30], and we confirmed that cilia were largely absent from the hyaloid and brain endothelial

cells of ift172 embryos (Fig 1C and 1D). IFT homozygous mutant larvae were initially identi-

fied by screening for the previously-described characteristic ventral body curvature and kidney

cyst formation phenotypes [21], and later confirmed by genotyping. We have previously dem-

onstrated that zebrafish develop a fully functional BRB by 3 dpf. IFT mutant larvae all had an

intact BRB at 3–6 dpf, indicated by localization of the DBP-EGFP endogenous blood plasma

tracer within the mCherry-tagged vessels (Fig 2A–2D, n = 50 fish per group, 0 with BRB break-

down). The restriction of DBP-EGFP to the vessels in the IFT mutant larvae was further con-

firmed by measurement of the Extravascular Space Mean Intensity [27] in a group of� 4 fish

of each genotype (Fig 2F–2H). Thus, endothelial cilia do not appear to be necessary for the

development and early maintenance of the BRB. Most IFT mutant larvae died at around 9 dpf,

precluding analysis at later developmental stages. As a positive control for BRB breakdown in

the Tg(l-fabp:DBP-EGFP;flk1:mCherry) model, transgenic non-mutant embryos were treated

with 0.15 μM BMS493, an inhibitor of retinoic acid signaling previously demonstrated to dis-

rupt the BRB [31], from 2 dpf until 7 dpf (Fig 2E and 2I).

Low rates of intracranial hemorrhage in zebrafish and ift172, ift57, ift88
intraflagellar transport mutants

Kallakuri et al. [4] previously reported an ICH rate of 34% at starting at 2 dpf in ift172 mutants,

although this phenotype was not fully penetrant, with variable frequencies of ICH observed

between different families. Another study by Eisa-Beygi et al. [32] reported an ICH rate of

11.8% at a similar developmental timepoint in ift172 mutant larvae. To determine whether the

families used in our study also displayed an increased rate of ICH, embryos were treated with

0.003% PTU to reduce pigmentation and examined for cranial hemorrhages each day from

2–4 dpf. The highest ICH rates observed among all families screened were 12.5%, 15.3%, and

16.6% in the ift172, ift57, and ift88 mutants, respectively (Fig 3). While these rates are signifi-

cantly higher than the 0–3% ICH rates observed in their wild type and heterozygous siblings,

the majority of clutches had 0% ICH in the IFT mutant embryos (15/18 ift172 clutches, 13/15

ift57 clutches, and 6/10 ift88 clutches screened). Additionally, most incidences of ICH were

not detected until 3 dpf, and usually resolved by 4 dpf (S1 Fig).

Inhibition of hedgehog signaling does not sensitize zebrafish ift57, ift88,

and ift172 mutants to BRB breakdown

In the previous report by Kallakuri et al., ift81-mutant fish were sensitized to ICH induced by

treatment with cyclopamine, an antagonist of the hedgehog signaling pathway, even in families

without spontaneous ICH. To determine whether the IFT mutant fish in this study were like-

wise sensitized to cyclopamine-induced ICH, fish were subjected to cyclopamine treatment

following the protocol used by Kallakuri et al. in which embryos were treated from 25 hours

post-fertilization (hpf), and analyzed for ICH at 52 hpf. We initially treated IFT mutant

embryos and their siblings with the 30 μM concentration used by Kallakuri et al. As previously

reported, this concentration did not significantly affect embryo morphology. However, treat-

ment with the 30 μM concentration resulted in severe ICH in 98–100% of all treated fish, mak-

ing it difficult to determine whether the IFT mutant fish were sensitized. High variability in

the response of different zebrafish strains to cyclopamine treatment has been previously

reported [33]. Thus, we titrated the cyclopamine dosage to look for a concentration at which

the mutants are sensitized compared to their wild type and heterozygous siblings. Nearly 100%

of the treated fish developed ICH in concentrations as low as 5 μM. Treatment with 1 μM
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Fig 2. IFT mutant fish develop and maintain a functional BRB. Fluorescent micrographs of the hyaloid vessels in live 6 dpf IFT mutant and wild-type Tg(l-fabp:

DBP-EGFP;flk1:mCherry) fish. In the ift172 (A), ift57 (B), and ift88 (C) mutants and wild-type larvae (D), the DBP-EGFP- associated signal (green) localizes within the

mCherry-tagged vessels (red), indicating that the BRB is intact. Some autofluorescence (likely from the lens) is observed in the areas outside of the hyaloid vessels
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cyclopamine resulted in ICH in 20–30% of all treated fish, though the incidence of ICH was

not significantly different between the IFT mutant fish and their wild-type and heterozygous

siblings (Fig 4A).

Treatment with 1 μM cyclopamine starting at 25 hpf did not affect the BRB, although it

resulted in pericardial edema in 97.3% of treated wild type zebrafish larvae by 6 dpf (Fig 4B

and 4C, n = 75 fish). When fish were treated with higher concentrations of cyclopamine (5 μM

(arrowhead in D). (E) As an example of BRB breakdown, Tg(l-fabp:DBP-EGFP;flk1:mCherry) embryos were treated with 0.15 μM BMS493, an inhibitor of retinoic acid

signaling, from 2 dpf until 7 dpf. Scale bars = 50 μm. No increase in the Extravascular Space Mean Intensity was observed in the eyes of 6 dpf ift172 (F), ift57 (G), or ift88
(H) fish compared to their wild-type siblings, confirming that the IFT mutant fish do not exhibit increased leakage of DBP-EGFP outside of their hyaloid vessels.

Interestingly, the Ift mutant fish actually trend towards a decreased level of autofluorescence in the extravasal space (� p< 0.05, ns = not significant, by Student’s t-test).

To confirm the ability of this measurement technique to detect BRB leakage in larval fish, the Extravascular Space Mean Intensity of 7 dpf BMS493-treated fish was

measured and compared to that of their DMSO (vehicle)-treated siblings (I) (��� p< 0.005, by Student’s t-test).

https://doi.org/10.1371/journal.pone.0225351.g002

Fig 3. Ift mutant fish with ICH maintain an intact BRB. Embryos were screened daily for ICH and BRB integrity

was assessed at 5 dpf. (A) Average percentages of ift172-/-, ift57-/-, and ift88-/- embryos and their wild type and

heterozygous siblings with ICH (n = 18 ift172 crosses, 15 ift57 crosses, and 10 ift88 crosses of� 50 embryos each).

Error bars = SEM. �P< 0.05 by Fisher’s exact test. (B) An ift88-/- embryo with ICH at 3 dpf (bright field image at left,

arrowheads) and an intact BRB at 5 dpf (confocal micrograph at right). Scale bar = 50 μm.

https://doi.org/10.1371/journal.pone.0225351.g003
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or 30 μM) starting at 25 hpf, many fish died before 5 dpf (39.9 ±19% with 5 μM cyclopamine

treatment, n = 5 clutches with> 10 fish each) and 100% of the surviving fish displayed pericar-

dial edema and non-perfusion of the hyaloid vessels (Fig 4D). While treatment with 10 μM

cyclopamine starting later in development (5 dpf) rarely resulted in edema/non-perfusion of

the hyaloid vessels (Fig 5B) in wild-type larvae, the number of fish with edema/non-perfusion

was variable in the clutches of ift mutant larvae and their wild-type and heterozygous siblings

(Fig 5C). Among the clutches without edema/non-perfusion, 10 μM cyclopamine treatment

starting at 5 dpf resulted in BRB breakdown in 82.8 ± 8% of wild-type larvae by 7 dpf (Fig 5A).

No significant difference in the rate of cyclopamine-induced BRB breakdown was observed in

the IFT mutant larvae (Fig 5D). This indicates that hedgehog signaling is necessary for BRB

integrity, although endothelial cilia are likely not involved in this maintenance.

Fig 4. Early inhibition of the hedgehog signaling pathway results in severe edema and BRB non-perfusion. Zebrafish embryos were treated with

1 μM cyclopamine starting at 25 hpf. (A) Percentages of cyclopamine-treated IFT mutant and non-mutant embryos that developed ICH by 52 hpf. No

significant differences were detected between mutants and non-mutants by Fisher’s exact test (p> 0.05). (B) Image of a 6 dpf wild-type fish that had

cyclopamine-induced pericardial edema (arrow). (C) Fluorescent micrograph of the eye of a zebrafish treated with 1 μM cyclopamine from 1 to 6 dpf,

demonstrating an intact blood-retinal barrier. (D) Fluorescent micrograph of a 5 μM cyclopamine-treated zebrafish at 6 dpf with non-perfusion of the

hyaloid vasculature (arrowhead). Scale bars = 50 μm.

https://doi.org/10.1371/journal.pone.0225351.g004
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Fig 5. Later treatment of zebrafish larvae with higher doses of cyclopamine results in BRB leakage. Zebrafish larvae were treated with 10 μM

cyclopamine from 5 dpf– 7 dpf. (A) Cyclopamine-treated larvae had BRB breakdown at 7 dpf, as seen by the detection of DBP-EGFP (green)

outside of the hyaloid vessels (red). Arrowhead indicates autofluorecence. (B) Fluorescent micrograph of a cyclopamine-treated zebrafish at 7 dpf
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Discussion

Endothelial cilia have been proposed to serve a number of different roles including hedgehog

signaling [4], mechanosensation of blood flow [34], and nitric oxide signaling [35]. We found

that the endothelial cells lining the inner retinal vasculature possess cilia during BRB develop-

ment, though the number of hyaloid endothelial cells possessing a primary cilium rapidly

declines by 3 dpf. It is possible that this decline is due to loss of activity of the actb2 promoter

driving Arl13b-GFP expression. However, a similar decrease in the number of endothelial cells

possessing a primary cilium was reported in the arteries of the developing mouse retina and in

the zebrafish caudal aorta [5, 6].

Endothelial cilia do not appear to be necessary for development of hyaloid vascular integ-

rity. It is possible that endothelial cilia may be necessary for long-term maintenance of the

BRB at adult stages. However, we were unable to assess this due to mortality of the IFT mutant

fish at larval stages. We verified that endothelial cilia are largely absent from the BRB and

greatly reduced in the BBB of ift172 mutant fish. Similarly, we would expect the formation of

endothelial cilia to be significantly affected in the hyaloid vessels of ift57 and ift88 mutant fish.

The hyaloid vessels can first be observed at 2 dpf [29], and cilia formation has been reported to

be greatly disrupted in other structures that form at a similar developmental time point in ift57
mutants, such as the lateral line system [9]. Ift88 and Ift57 protein expression has also been

found to be dramatically reduced at 48 hpf and missing altogether by 4 dpf in Western blots

using lysates of whole embryos from the ift88 and ift57 mutant lines, respectively [11, 12, 30].

Thus, the results of the present study are unlikely to be due to maternal Ift protein or residual

protein function. Additionally, knockout of IFT88 in mouse endothelial cells has been shown

to result in the loss of primary cilia from the developing retinal vasculature [6]. Knockout of

IFT88 in the mouse endothelial cells resulted in transient decreased radial expansion,

decreased vascular density, and fewer sprouting cells at the front of the plexus in the retina [6].

Changes were not observed in the developing hyaloid vasculature of ift57, ift172, and ift88
mutant zebrafish, though this may be due to differences in the developmental processes

involved in the mouse and zebrafish retinal vasculature.

While higher rates of ICH have been reported in IFT mutant zebrafish [4], developmental

ICH was not detected in the majority of clutches screened in this study. Also contrary to the

previous report, our IFT mutant fish did not appear to be more sensitized to cyclopamine

treatment-induced ICH than their wild-type and heterozygous siblings. These contrasting

results may be due to other currently unknown genetic risk factors that vary between the fish

stocks used in the respective studies.

Sonic hedgehog signaling has been proposed to be involved in establishing vascular integ-

rity in both the brain and the retina [4, 19]. While we did not observe an increased incidence

of ICH in IFT mutant fish upon treatment with cyclopamine at 25 hpf, later treatment at 5 dpf

with higher doses of cyclopamine resulted in BRB breakdown. No differences in the rates of

cyclopamine-induced BRB breakdown were detected between IFT mutant larvae and their

non-mutant siblings. This indicates that hedgehog signaling is necessary for BRB integrity,

though endothelial cilia are not necessary for this process.

with edema around the eye (arrow), and non-perfusion of the hyaloid vasculature (arrowhead). (C) Graph depicting the percentage of WT and Ift

mutant fish in each clutch with edema/non-perfusion after treatment with 10 μM cyclopamine from 5 dpf– 7 dpf (differences between mutants and

their non-mutant siblings not significant by Student’s t-test). (D) Graph depicting the percentage of WT and Ift mutant fish in clutches without

edema/non-perfusion that had BRB breakdown upon treatment with 10 μM cyclopamine or 1% DMSO vehicle control (���p< 0.0005, all other

differences not significant by Student’s t-test). Each data point in (C) and (D) represents a clutch of>50 larvae. Error bars represent SEM. Scale

bars = 50 μm.

https://doi.org/10.1371/journal.pone.0225351.g005
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Supporting information

S1 Fig. ICH develops in some ift mutant zebrafish larvae at 3 dpf and resolves by 4 dpf.

Bright-field images of representative ift172 (A), ift57 (B), and ift88 (C) fish with ICH (arrow-

heads) at 3 dpf. The same fish were imaged again the following day (4 dpf), and the areas of

ICH were largely resolved (D-F, arrowheads).

(TIF)

Acknowledgments

Thanks to Mariya Ali and Alecia Cutler for technical assistance. We also thank Drs. Didier

Stainier, Suk-Won Jin, and Neil Chi for providing the Tg(flk1:mCherry) fish.

Author Contributions

Conceptualization: Brian Perkins, Bela Anand-Apte.

Data curation: Lana M. Pollock.

Formal analysis: Lana M. Pollock.

Funding acquisition: Bela Anand-Apte.

Investigation: Lana M. Pollock.

Resources: Brian Perkins.

Supervision: Bela Anand-Apte.

Writing – original draft: Lana M. Pollock.

Writing – review & editing: Brian Perkins, Bela Anand-Apte.

References
1. Satir P, Pedersen LB, Christensen ST. The primary cilium at a glance. J Cell Sci. 2010; 123(Pt 4):499–

503. Epub 2010/02/11. https://doi.org/10.1242/jcs.050377 PMID: 20144997; PubMed Central PMCID:

PMC2818190.

2. Lim YC, McGlashan SR, Cooling MT, Long DS. Culture and detection of primary cilia in endothelial cell

models. Cilia. 2015; 4:11. Epub 2015/10/03. https://doi.org/10.1186/s13630-015-0020-2 PMID:

26430510; PubMed Central PMCID: PMC4590708.

3. Egorova AD, van der Heiden K, Poelmann RE, Hierck BP. Primary cilia as biomechanical sensors in

regulating endothelial function. Differentiation; research in biological diversity. 2012; 83(2):S56–61.

Epub 2011/12/16. https://doi.org/10.1016/j.diff.2011.11.007 PMID: 22169885.

4. Kallakuri S, Yu JA, Li J, Li Y, Weinstein BM, Nicoli S, et al. Endothelial cilia are essential for develop-

mental vascular integrity in zebrafish. Journal of the American Society of Nephrology: JASN. 2015; 26

(4):864–75. Epub 2014/09/13. https://doi.org/10.1681/ASN.2013121314 PMID: 25214579; PubMed

Central PMCID: PMC4378100.

5. Goetz JG, Steed E, Ferreira RR, Roth S, Ramspacher C, Boselli F, et al. Endothelial cilia mediate low

flow sensing during zebrafish vascular development. Cell Rep. 2014; 6(5):799–808. Epub 2014/02/25.

https://doi.org/10.1016/j.celrep.2014.01.032 PMID: 24561257.

6. Vion AC, Alt S, Klaus-Bergmann A, Szymborska A, Zheng T, Perovic T, et al. Primary cilia sensitize

endothelial cells to BMP and prevent excessive vascular regression. J Cell Biol. 2018. Epub 2018/03/

04. https://doi.org/10.1083/jcb.201706151 PMID: 29500191.

7. Kozminski KG, Johnson KA, Forscher P, Rosenbaum JL. A motility in the eukaryotic flagellum unrelated

to flagellar beating. Proc Natl Acad Sci U S A. 1993; 90(12):5519–23. Epub 1993/06/15. https://doi.org/

10.1073/pnas.90.12.5519 PMID: 8516294; PubMed Central PMCID: PMC46752.

8. Rosenbaum JL, Witman GB. Intraflagellar transport. Nature reviews Molecular cell biology. 2002; 3

(11):813–25. Epub 2002/11/05. https://doi.org/10.1038/nrm952 PMID: 12415299.

PLOS ONE Endothelial cilia and the blood-retinal barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0225351 July 31, 2020 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225351.s001
https://doi.org/10.1242/jcs.050377
http://www.ncbi.nlm.nih.gov/pubmed/20144997
https://doi.org/10.1186/s13630-015-0020-2
http://www.ncbi.nlm.nih.gov/pubmed/26430510
https://doi.org/10.1016/j.diff.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22169885
https://doi.org/10.1681/ASN.2013121314
http://www.ncbi.nlm.nih.gov/pubmed/25214579
https://doi.org/10.1016/j.celrep.2014.01.032
http://www.ncbi.nlm.nih.gov/pubmed/24561257
https://doi.org/10.1083/jcb.201706151
http://www.ncbi.nlm.nih.gov/pubmed/29500191
https://doi.org/10.1073/pnas.90.12.5519
https://doi.org/10.1073/pnas.90.12.5519
http://www.ncbi.nlm.nih.gov/pubmed/8516294
https://doi.org/10.1038/nrm952
http://www.ncbi.nlm.nih.gov/pubmed/12415299
https://doi.org/10.1371/journal.pone.0225351


9. Cao Y, Park A, Sun Z. Intraflagellar transport proteins are essential for cilia formation and for planar cell

polarity. Journal of the American Society of Nephrology: JASN. 2010; 21(8):1326–33. Epub 2010/06/

26. https://doi.org/10.1681/ASN.2009091001 PMID: 20576807; PubMed Central PMCID:

PMC2938599.

10. Tsujikawa M, Malicki J. Intraflagellar transport genes are essential for differentiation and survival of ver-

tebrate sensory neurons. Neuron. 2004; 42(5):703–16. Epub 2004/06/09. https://doi.org/10.1016/

s0896-6273(04)00268-5 PMID: 15182712.

11. Sukumaran S, Perkins BD. Early defects in photoreceptor outer segment morphogenesis in zebrafish

ift57, ift88 and ift172 Intraflagellar Transport mutants. Vision Res. 2009; 49(4):479–89. Epub 2009/01/

13. https://doi.org/10.1016/j.visres.2008.12.009 PMID: 19136023; PubMed Central PMCID:

PMC2674962.

12. Krock BL, Perkins BD. The intraflagellar transport protein IFT57 is required for cilia maintenance and

regulates IFT-particle-kinesin-II dissociation in vertebrate photoreceptors. J Cell Sci. 2008; 121

(11):1907–15. Epub 2008/05/22. https://doi.org/10.1242/jcs.029397 PMID: 18492793; PubMed Central

PMCID: PMC2637114.

13. Keep RF, Xiang J, Ennis SR, Andjelkovic A, Hua Y, Xi G, et al. Blood-brain barrier function in intracere-

bral hemorrhage. Acta Neurochir Suppl. 2008; 105:73–7. Epub 2008/12/11. https://doi.org/10.1007/

978-3-211-09469-3_15 PMID: 19066086.

14. Lee JM, Zhai G, Liu Q, Gonzales ER, Yin K, Yan P, et al. Vascular permeability precedes spontaneous

intracerebral hemorrhage in stroke-prone spontaneously hypertensive rats. Stroke. 38. United

States2007. p. 3289–91. https://doi.org/10.1161/STROKEAHA.107.491621 PMID: 17962594

15. Sandoval KE, Witt KA. Blood-brain barrier tight junction permeability and ischemic stroke. Neurobiology

of disease. 2008; 32(2):200–19. https://doi.org/10.1016/j.nbd.2008.08.005 PMID: 18790057

16. Campbell M, Humphries P. The blood-retina barrier: tight junctions and barrier modulation. Adv Exp

Med Biol. 2012; 763:70–84. Epub 2013/02/12. PMID: 23397619.

17. Stewart PA, Tuor UI. Blood-eye barriers in the rat: correlation of ultrastructure with function. The Journal

of comparative neurology. 1994; 340(4):566–76. Epub 1994/02/22. https://doi.org/10.1002/cne.

903400409 PMID: 8006217.

18. Toda R, Kawazu K, Oyabu M, Miyazaki T, Kiuchi Y. Comparison of drug permeabilities across the

blood-retinal barrier, blood-aqueous humor barrier, and blood-brain barrier. Journal of pharmaceutical

sciences. 2011; 100(9):3904–11. Epub 2011/06/04. https://doi.org/10.1002/jps.22610 PMID:

21638281.

19. Diaz-Coranguez M, Chao DL, Salero EL, Goldberg JL, Antonetti DA. Cell autonomous sonic hedgehog

signaling contributes to maintenance of retinal endothelial tight junctions. Experimental eye research.

2017; 164:82–9. Epub 2017/07/27. https://doi.org/10.1016/j.exer.2017.07.014 PMID: 28743502;

PubMed Central PMCID: PMC5628146.

20. Xie J, Farage E, Sugimoto M, Anand-Apte B. A novel transgenic zebrafish model for blood-brain and

blood-retinal barrier development. BMC developmental biology. 2010; 10:76. Epub 2010/07/27. https://

doi.org/10.1186/1471-213X-10-76 PMID: 20653957; PubMed Central PMCID: PMC2914679.

21. Sun Z, Amsterdam A, Pazour GJ, Cole DG, Miller MS, Hopkins N. A genetic screen in zebrafish identi-

fies cilia genes as a principal cause of cystic kidney. Development. 2004; 131(16):4085–93. Epub 2004/

07/23. https://doi.org/10.1242/dev.01240 PMID: 15269167.

22. Malicki J, Neuhauss SC, Schier AF, Solnica-Krezel L, Stemple DL, Stainier DY, et al. Mutations affect-

ing development of the zebrafish retina. Development. 1996; 123:263–73. Epub 1996/12/01. PMID:

9007246.

23. Chi NC, Shaw RM, De Val S, Kang G, Jan LY, Black BL, et al. Foxn4 directly regulates tbx2b expression

and atrioventricular canal formation. Genes Dev. 2008; 22(6):734–9. Epub 2008/03/19. https://doi.org/

10.1101/gad.1629408 PMID: 18347092; PubMed Central PMCID: PMC2275426.

24. Jin SW, Beis D, Mitchell T, Chen JN, Stainier DY. Cellular and molecular analyses of vascular tube and

lumen formation in zebrafish. Development. 2005; 132(23):5199–209. Epub 2005/10/28. https://doi.org/

10.1242/dev.02087 PMID: 16251212.

25. Borovina A, Superina S, Voskas D, Ciruna B. Vangl2 directs the posterior tilting and asymmetric locali-

zation of motile primary cilia. Nat Cell Biol. 2010; 12(4):407–12. Epub 2010/03/23. https://doi.org/10.

1038/ncb2042 PMID: 20305649.

26. Jung SH, Kim YS, Lee YR, Kim JS. High glucose-induced changes in hyaloid-retinal vessels during

early ocular development of zebrafish: a short-term animal model of diabetic retinopathy. British journal

of pharmacology. 2016; 173(1):15–26. Epub 2015/08/16. https://doi.org/10.1111/bph.13279 PMID:

26276677; PubMed Central PMCID: PMC4813374.

27. Bell BA, Xie J, Yuan A, Kaul C, Hollyfield JG, Anand-Apte B. Retinal vasculature of adult zebrafish: in

vivo imaging using confocal scanning laser ophthalmoscopy. Experimental eye research. 2014;

PLOS ONE Endothelial cilia and the blood-retinal barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0225351 July 31, 2020 12 / 13

https://doi.org/10.1681/ASN.2009091001
http://www.ncbi.nlm.nih.gov/pubmed/20576807
https://doi.org/10.1016/s0896-6273%2804%2900268-5
https://doi.org/10.1016/s0896-6273%2804%2900268-5
http://www.ncbi.nlm.nih.gov/pubmed/15182712
https://doi.org/10.1016/j.visres.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19136023
https://doi.org/10.1242/jcs.029397
http://www.ncbi.nlm.nih.gov/pubmed/18492793
https://doi.org/10.1007/978-3-211-09469-3_15
https://doi.org/10.1007/978-3-211-09469-3_15
http://www.ncbi.nlm.nih.gov/pubmed/19066086
https://doi.org/10.1161/STROKEAHA.107.491621
http://www.ncbi.nlm.nih.gov/pubmed/17962594
https://doi.org/10.1016/j.nbd.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18790057
http://www.ncbi.nlm.nih.gov/pubmed/23397619
https://doi.org/10.1002/cne.903400409
https://doi.org/10.1002/cne.903400409
http://www.ncbi.nlm.nih.gov/pubmed/8006217
https://doi.org/10.1002/jps.22610
http://www.ncbi.nlm.nih.gov/pubmed/21638281
https://doi.org/10.1016/j.exer.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28743502
https://doi.org/10.1186/1471-213X-10-76
https://doi.org/10.1186/1471-213X-10-76
http://www.ncbi.nlm.nih.gov/pubmed/20653957
https://doi.org/10.1242/dev.01240
http://www.ncbi.nlm.nih.gov/pubmed/15269167
http://www.ncbi.nlm.nih.gov/pubmed/9007246
https://doi.org/10.1101/gad.1629408
https://doi.org/10.1101/gad.1629408
http://www.ncbi.nlm.nih.gov/pubmed/18347092
https://doi.org/10.1242/dev.02087
https://doi.org/10.1242/dev.02087
http://www.ncbi.nlm.nih.gov/pubmed/16251212
https://doi.org/10.1038/ncb2042
https://doi.org/10.1038/ncb2042
http://www.ncbi.nlm.nih.gov/pubmed/20305649
https://doi.org/10.1111/bph.13279
http://www.ncbi.nlm.nih.gov/pubmed/26276677
https://doi.org/10.1371/journal.pone.0225351


129:107–18. Epub 2014/12/03. https://doi.org/10.1016/j.exer.2014.10.018 PMID: 25447564; PubMed

Central PMCID: PMC4259836.

28. Caspary T, Larkins CE, Anderson KV. The graded response to Sonic Hedgehog depends on cilia archi-

tecture. Developmental cell. 2007; 12(5):767–78. Epub 2007/05/10. https://doi.org/10.1016/j.devcel.

2007.03.004 PMID: 17488627.

29. Alvarez Y, Cederlund ML, Cottell DC, Bill BR, Ekker SC, Torres-Vazquez J, et al. Genetic determinants

of hyaloid and retinal vasculature in zebrafish. BMC developmental biology. 2007; 7(1):114. https://doi.

org/10.1186/1471-213x-7-114 PMID: 17937808

30. Lunt SC, Haynes T, Perkins BD. Zebrafish ift57, ift88, and ift172 intraflagellar transport mutants disrupt

cilia but do not affect hedgehog signaling. Developmental dynamics: an official publication of the Ameri-

can Association of Anatomists. 2009; 238(7):1744–59. Epub 2009/06/12. https://doi.org/10.1002/dvdy.

21999 PMID: 19517571; PubMed Central PMCID: PMC2771627.

31. Pollock LM, Xie J, Bell BA, Anand-Apte B. Retinoic acid signaling is essential for maintenance of the

blood-retinal barrier. FASEB journal: official publication of the Federation of American Societies for

Experimental Biology. 2018:fj201701469R. Epub 2018/06/07. https://doi.org/10.1096/fj.201701469R

PMID: 29874129.

32. Eisa-Beygi S, Benslimane FM, El-Rass S, Prabhudesai S, Abdelrasoul MKA, Simpson PM, et al. Char-

acterization of Endothelial Cilia Distribution During Cerebral-Vascular Development in Zebrafish (Danio

rerio). Arteriosclerosis, thrombosis, and vascular biology. 2018; 38(12):2806–18. Epub 2018/12/21.

https://doi.org/10.1161/ATVBAHA.118.311231 PMID: 30571172; PubMed Central PMCID:

PMC6309420.

33. Lamont RE, Vu W, Carter AD, Serluca FC, MacRae CA, Childs SJ. Hedgehog signaling via angiopoie-

tin1 is required for developmental vascular stability. Mechanisms of development. 2010; 127(3–4):159–

68. Epub 2010/02/17. https://doi.org/10.1016/j.mod.2010.02.001 PMID: 20156556.

34. Mohieldin AM, Zubayer HS, Al Omran AJ, Saternos HC, Zarban AA, Nauli SM, et al. Vascular Endothe-

lial Primary Cilia: Mechanosensation and Hypertension. Current hypertension reviews. 2016; 12(1):57–

67. Epub 2015/07/01. https://doi.org/10.2174/1573402111666150630140615 PMID: 26122329.

35. Dinsmore C, Reiter JF. Endothelial primary cilia inhibit atherosclerosis. EMBO reports. 2016; 17

(2):156–66. Epub 2016/01/16. https://doi.org/10.15252/embr.201541019 PMID: 26769565.

PLOS ONE Endothelial cilia and the blood-retinal barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0225351 July 31, 2020 13 / 13

https://doi.org/10.1016/j.exer.2014.10.018
http://www.ncbi.nlm.nih.gov/pubmed/25447564
https://doi.org/10.1016/j.devcel.2007.03.004
https://doi.org/10.1016/j.devcel.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17488627
https://doi.org/10.1186/1471-213x-7-114
https://doi.org/10.1186/1471-213x-7-114
http://www.ncbi.nlm.nih.gov/pubmed/17937808
https://doi.org/10.1002/dvdy.21999
https://doi.org/10.1002/dvdy.21999
http://www.ncbi.nlm.nih.gov/pubmed/19517571
https://doi.org/10.1096/fj.201701469R
http://www.ncbi.nlm.nih.gov/pubmed/29874129
https://doi.org/10.1161/ATVBAHA.118.311231
http://www.ncbi.nlm.nih.gov/pubmed/30571172
https://doi.org/10.1016/j.mod.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20156556
https://doi.org/10.2174/1573402111666150630140615
http://www.ncbi.nlm.nih.gov/pubmed/26122329
https://doi.org/10.15252/embr.201541019
http://www.ncbi.nlm.nih.gov/pubmed/26769565
https://doi.org/10.1371/journal.pone.0225351

