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28  Abstract:

29 Endothelial cilia are found in a variety of tissues including the cranial vasculature
30 of zebrafish embryos. Recently, endothelial cells in the developing mouse retina
31 were reported to also possess primary cilia that are potentially involved in vascular
32 remodeling. Fish carrying mutations in intraflagellar transport (iff) genes have
33 disrupted cilia and have been reported to have an increased rate of spontaneous
34 intracranial hemorrhage (ICH), potentially due to disruption of the sonic hedgehog
35 (shh) signaling pathway. However, it remains unknown whether the endothelial
36 cells forming the retinal microvasculature in zebrafish also possess cilia, and
37 whether endothelial cilia are necessary for development and maintenance of the
38 blood-retinal barrier (BRB). In the present study, we found that the endothelial cells
39 lining the zebrafish hyaloid vasculature possess primary cilia during development.
40 To determine whether endothelial cilia are necessary for BRB integrity, ift57, ift88,
41 and ift172 mutants, which lack cilia, were crossed with the double-transgenic
42  zebrafish strain Tg(l-fabp:DBP-EGFP;flk1:mCherry). This strain expresses a
43  vitamin D-binding protein (DBP) fused to enhanced green fluorescent protein
44 (EGFP) as a tracer in the blood plasma, while the endothelial cells forming the
45  vasculature are tagged by mCherry. The Ift mutant fish develop a functional BRB,
46 indicating that endothelial cilia are not necessary for early BRB integrity.
47  Additionally, although treatment of zebrafish larvae with shh inhibitor cyclopamine
48 results in BRB breakdown, the Ift mutant fish were not sensitized to cyclopamine-
49  induced BRB breakdown.
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51 Introduction:

52 Primary cilia are specialized plasma membrane protrusions that play a role
53 in a number of physiological processes including cell signaling, chemical
54  sensation, and control of cell growth (1). Most nucleated cells in vertebrates
55  possess one immotile primary cilium and perturbation of the structure and function
56  of this organelle leads to abnormal development and organogenesis. Cilia have
57 been observed on endothelial cells both in culture and in vivo (2, 3). In developing
58 zebrafish embryos, cilia have been reported on endothelial cells forming the cranial
59 vessels (4) as well as on the caudal artery and vein (5). More recently, endothelial
60 cilia were reported to play a role in the detection of shear stress and vascular
61 remodeling during retinal development (6). The formation and maintenance of
62 primary cilia requires a complex of intraflagellar transport (Ift) proteins (7, 8).
63  Zebrafish embryos with mutations in ift genes that lack cilia or have disrupted cilia
64 (9-12) were reported to exhibit an increased incidence of intracranial hemorrhage
65 (ICH), suggesting that endothelial cilia may play a role in maintaining vascular
66 integrity during development (4).

67 ICH is associated with breakdown of the blood-brain barrier (BBB) (13), and
68 BBB disruption has been demonstrated to precede ICH (14). Similar to the BBB,
69 the endothelial cells lining the retinal microvasculature form the inner blood-retinal
70  barrier (BRB), which serves to protect the neural retinal tissue from the circulating
71 blood. The endothelial cells forming the inner BRB and the BBB are distinct from
72  endothelial cells lining other vascular beds in that they are closely connected by

73  tight junctions, lack fenestrations, and display minimal pinocytotic activity (15).
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74 While the inner BRB is very similar the BBB (16), ultrastructural analysis
75 and comparison of the rat BRB and BBB revealed that the endothelial cells forming
76  the inner BRB have a higher density of junctions and vesicles than those forming
77  the BBB (17). Differences in the permeability of the BRB and BBB to some drugs
78 have also been observed (17, 18). Thus, while the inner BRB and BBB are highly
79 similar, there are strong indications that there may be some unique differences in
80 the structure and functioning of these two barriers

81 A recent report suggested that cilia on endothelial cells lining the brain
82 vasculature were essential for development of the BBB via the sonic hedgehog
83 signaling pathway (4). Additionally, sonic hedgehog signaling has been shown to
84 be involved in the maintenance of retinal endothelial cell tight junctions in culture
85 (19), suggesting that this signaling pathway could potentially play a role in BRB
86 integrity.

87 To determine the role of endothelial cilia and hedgehog signaling in BRB
88 integrity in vivo, we used the Tg(I-fabp:DBP-EGFP;flk1:mCherry) transgenic model
89 of zebrafish BRB development (20). Zebrafish develop a functional BRB by 3 days
90 post-fertilization (dpf) in their hyaloid vessels. We found that the hyaloid vessels of
91 larval zebrafish possess endothelial cilia, but these cilia are not necessary for early
92 integrity of the BRB in IFT mutants.

93

94  Materials and Methods:

95 Zebrafish
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96 Zebrafish (Danio rerio) carrying mutations ift57"3417/curly jft17 2hi2211/moe (21),
97  and ift88z288bloval (22) referred to as ift57, ift172, and ift88 herein, were crossed
98 with double-transgenic strain Tg(l-fabp:DBP-EGFP:flk1:mCherry) (20, 23, 24).
99  Additionally, transgenic strain Tg(bactin2:Arl13b-GFP) was used (25). All animal
100 experimentation was conducted with the approval of the Cleveland Clinic
101 Institutional Animal Care and Use Committee (protocol number 2016-1769).
102 Imaging of endothelial cilia
103 Tg(flk1:mCherry;bactin2:Arl13b-GFP) zebrafish embryos and larvae at 2, 3, and 5
104  dpf were fixed overnight in 4% paraformaldehyde at 4°C. Following washes in
105 phosphate-buffered saline, the lenses and attached hyaloid vessels were isolated
106  as previously described (26). Lenses were placed in coverslip-bottom dishes with
107 Vectashield containing DAPI (Vector Labs) and the hyaloid vasculature was
108 imaged using a Leica SP8 confocal microscope with the 63 x objective.
109 Detection of ICH
110 To inhibit development of pigmentation, zebrafish embryos were raised in
111  embryo medium containing 0.003% 1-phenyl 2-thiourea (PTU). Embryos and
112  larvae were examined for ICH daily by light microscopy.
113  Cyclopamine treatment
114 For early cyclopamine treatment, zebrafish embryos were treated at 1 dpf
115  with 1 yM — 30 pM cyclopamine (Cayman Chemical Company) diluted in embryo
116  medium containing 1% dimethyl sulfoxide (DMSO), and examined for ICH at 2 dpf.
117  For later treatment, zebrafish larvae were treated with 10 uM cyclopamine starting

118 at 5 dpf and assessed for BRB breakdown at 7 dpf.
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119 Imaging of the BRB

120 Zebrafish larvae were anesthetized in 0.14 mg/ml ethyl 3-aminobenzoate
121  methanesulfonic acid salt (#118000500, Acros Organics) and examined daily
122 under a Zeiss Axio Zoom V16 fluorescent microscope for leakage of DBP-EGFP
123  from the hyaloid vessels from 3 dpf — 7 dpf.

124  Statistics

125  Prism Software (GraphPad; v5.02) was used for all statistical analyses and graph
126  generation. Results are expressed as means + SEM. Significance was tested
127  using Fisher’s exact test or t-test.

128

129  Results:

130 Endothelial cilia are found on the zebrafish hyaloid vasculature

131 To determine whether the endothelial cells forming the hyaloid vasculature
132  of zebrafish larvae possess primary cilia, the lenses and attached hyaloid vessels
133 were isolated from 2, 3, and 5 dpf Tg(flk1:mCherry;bactin2:Arl13b-GFP) zebrafish
134 embryos and larvae and imaged by confocal microscopy (Fig. 1A). The Arl13b
135 protein localizes to the ciliary axoneme, and Tg(bactin2:Arl13b-GFP) fish, which
136  stably express an Arl13b fluorescent fusion protein under the ubiquitous B-actin
137  promoter, can be used to label cilia (25, 27). Arl13b-GFP-tagged cilia were present
138 on 53.7 + 4.9% of hyaloid endothelial cells at 2 dpf, when the hyaloid vessels are
139 first observed at the back of the zebrafish lens (28). However, the number of cilia
140 rapidly decreased to 22.2 + 6.7% by 3 dpf, and endothelial cilia were not observed

141  at 5dpf (Fig. 1B). This observation is similar to observations in the zebrafish caudal
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142 aorta and caudal vein, in which 76% of ECs possess cilia during vascular
143  morphogenesis, while only 4% of ECs possess cilia during later developmental
144  stages (5).

145 Fig. 1 — Endothelial cilia are observed during early development of the
146  hyaloid vasculature, but rapidly decline in number by 3 dpf. A) Confocal
147  micrographs of the hyaloid vessels (red) of a 3 dpf Tg(flk1:mCherry;bactin2:Arl13b-
148 GFP) embryo. Cilia (green, arrowheads) were observed on the endothelial cells,
149 near the nuclei (DAPI, blue). B) Percentage of hyaloid vessel endothelial cells
150 possessing a primary cilium at 2, 3, and 5 dpf (n > 80 endothelial cells from = 4
151  eyes per time point). Error bars = SEM.

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

154 To determine whether endothelial cilia are necessary for BRB development,
155 we evaluated the BRB in live Tg(l-fabp:DBP-EGFP;flk1:mCherry);ift172, Tg(lI-
156  fabp:DBP-EGFP;flk1:mCherry);ift57, and Tg(l-fabp:DBP-
157  EGFP;flk1:mCherry);ift88 larvae. These IFT mutants fail to form cilia (9, 29). IFT
158 homozygous mutant larvae were initially identified by screening for the previously-
159 described characteristic ventral body curvature and kidney cyst formation
160 phenotypes (21), and later confirmed by genotyping. We have previously
161 demonstrated that zebrafish develop a fully functional BRB by 3 dpf (IFT mutant
162 larvae all had an intact BRB at 3 - 6 dpf, indicated by localization of the DBP-EGFP
163  endogenous blood plasma tracer within the mCherry-tagged vessels (Fig. 2, n =

164 50 fish per group). Thus, endothelial cilia do not appear to be necessary for the
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165 development and early maintenance of the BRB. Most IFT mutant larvae died at
166 around 9 dpf, precluding analysis at later developmental stages. As a positive
167  control for BRB breakdown in the Tg(l-fabp:DBP-EGFP;flk1:mCherry) model,
168  transgenic non-mutant embryos were treated with 0.15 yM BMS493, an inhibitor
169  of retinoic acid signaling previously demonstrated to disrupt the BRB (30), from 2
170  dpf until 7 dpf (Fig. 2E).

171

172  Fig. 2 — IFT mutant fish develop and maintain a functional BRB. Fluorescent
173  micrographs of the hyaloid vessels in live 6 dpf IFT mutant and wild-type Tg(lI-
174  fabp:DBP-EGFP;flk1:mCherry) fish. In the ift172 (A), ift67 (B), and ift88 (C)
175 mutants and wild-type larvae (D), the DBP-EGFP- associated signal (green)
176  localizes within the mCherry-tagged vessels (red), indicating that the BRB is intact.
177 (E) As an example of BRB breakdown, Tg(l-fabp:DBP-EGFP;flk1:mCherry)
178 embryos were treated with 0.15 yM BMS493, an inhibitor of retinoic acid signaling,
179  from 2 dpf until 7 dpf. Scale bars = 50 um

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

182 Kallakuri et al. (4) previously reported an ICH rate of 34% at starting at 2
183  dpfinift172mutants, although this phenotype was not fully penetrant, with variable
184 frequencies of ICH observed between different families. Another study by Eisa-
185 Beygietal. (31) reported an ICH rate of 11.8% at a similar developmental timepoint
186 in ift172 mutant larvae. To determine whether the families used in our study also

187  displayed an increased rate of ICH, embryos were treated with 0.003% PTU to
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188 reduce pigmentation and examined for cranial hemorrhages each day from 2-4
189  dpf. The highest ICH rates observed among all families screened were 12.5%,
190 15.3%, and 16.6% in the ift172, ift67, and ift88 mutants, respectively (Fig. 3). While
191 these rates are significantly higher than the 0 - 3% ICH rates observed in their wild
192  type and heterozygous siblings, the majority of clutches had 0% ICH in the IFT
193  mutant embryos (15/18 ift172 clutches, 13/15 ift57 clutches, and 6/10 ift88 clutches
194  screened). Additionally, most incidences of ICH were not detected until 3 dpf, and
195  usually resolved by 4 dpf (Fig. S1).

196 Fig. 3 — Ift mutant fish with ICH maintain an intact BRB

197 Embryos were screened daily for ICH and BRB integrity was assessed at 5 dpf.
198 (A) Average percentages of ift172, ift577-, and ift88”- embryos and their wild type
199 and heterozygous siblings with ICH (n = 18 ift172 crosses, 15 ift57 crosses, and 6
200  ft88 crosses of = 50 embryos each). Error bars = SEM. *P < 0.05 by Fisher’s exact
201 test. (B) An ift887-embryo with ICH at 3 dpf (bright field image at left, arrowheads)
202 and anintact BRB at 5 dpf (confocal micrograph at right). Scale bar = 50 uym.

203

204 Inhibition of hedgehog signaling does not sensitize zebrafish ift57, ift88, and
205 ift172 mutants to BRB breakdown.

206 In the previous report by Kallakuri et al., ift87-mutant fish were sensitized to
207 ICH induced by treatment with cyclopamine, an antagonist of the hedgehog
208 signaling pathway, even in families without spontaneous ICH. To determine
209  whether the IFT mutant fish in this study were likewise sensitized to cyclopamine-

210 induced ICH, fish were subjected to cyclopamine treatment following the protocol
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211 used by Kallakuri et al. in which embryos were treated from 25 hours post-
212  fertilization (hpf), and analyzed for ICH at 52 hpf. We initially treated IFT mutant
213  embryos and their siblings with the 30 uM concentration used by Kallakuri et al. As
214  previously reported, this concentration did not significantly affect embryo
215 morphology. However, treatment with the 30 uM concentration resulted in severe
216 ICH in 98-100% of all treated fish, making it difficult to determine whether the IFT
217  mutant fish were sensitized. High variability in the response of different zebrafish
218 strains to cyclopamine treatment has been previously reported (32). Thus, we
219 titrated the cyclopamine dosage to look for a concentration at which the mutants
220 are sensitized compared to their wild type and heterozygous siblings. Nearly 100%
221  of the treated fish developed ICH in concentrations as low as 5 uM. Treatment with
222 1 uM cyclopamine resulted in ICH in 20-30% of all treated fish, though the
223 incidence of ICH was not significantly different between the IFT mutant fish and
224  their wild-type and heterozygous siblings (Fig. 4A).

225 Fig. 4 — Early inhibition of the hedgehog signaling pathway results in severe
226 edema and BRB non-perfusion.

227  Zebrafish embryos were treated with 1 uM cyclopamine starting at 25 hpf. (A)
228 Percentages of cyclopamine-treated IFT mutant and non-mutant embryos that
229 developed ICH by 52 hpf. (B) Image of a 6 dpf wild-type fish that had cyclopamine-
230 induced pericardial edema (arrow).

231

232 Treatment with 1 uM cyclopamine starting at 25 hpf did not affect the BRB,

233 although it resulted in pericardial edema in 97.3% of treated wild type zebrafish

10
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234 larvae by 6 dpf (Fig. 4B). While treatment with 10 uM cyclopamine starting later in
235  development (5 dpf) rarely resulted in edema/non-perfusion of the hyaloid vessels
236  (Fig. 5B) in wild-type larvae, the number of fish with edema/non-perfusion was
237 variable in the clutches of ift mutant larvae and their wild-type and heterozygous
238 siblings (Fig. 5C). Among the clutches without edema/non-perfusion, 10 yM
239  cyclopamine treatment starting at 5 dpf resulted in BRB breakdown in 82.8 + 8%
240  of wild-type larvae by 7 dpf (Fig. 5A). No significant difference in the rate of
241  cyclopamine-induced BRB breakdown was observed in the IFT mutant larvae (Fig.
242  5C). This indicates that hedgehog signaling is necessary for BRB integrity,
243  although endothelial cilia are likely not involved in this maintenance.

244  Fig. 5 — Later treatment of zebrafish larvae with higher doses of cyclopamine
245 results in BRB leakage

246  Zebrafish larvae were treated with 10 uM cyclopamine from 5 dpf — 7 dpf. (A)
247  Cyclopamine-treated larvae had BRB breakdown at 7 dpf, as seen by the detection
248 of DBP-EGFP (green) outside of the hyaloid vessels (red). (B) Fluorescent
249  micrograph of a cyclopamine-treated zebrafish at 7 dpf with edema around the eye
250 (arrow), and non-perfusion of the hyaloid vasculature (arrowhead). (C) Graph
251  depicting the percentage of WT and Ift mutant fish in each clutch with edema/non-
252  perfusion after treatment with 10 yM cyclopamine from 5 dpf — 7 dpf. (D) Graph
253  depicting the percentage of WT and Ift mutant fish in clutches without edema/non-
254  perfusion that had BRB breakdown upon treatment with 10 yM cyclopamine or 1%
255 DMSO vehicle control. Each data point in (C) and (D) represents a clutch of >50

256 larvae. Error bars represent SEM. Scale bars = 50 pym.

11
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257 Discussion:

258 Endothelial cilia have been proposed to serve a number of different roles
259 including hedgehog signaling (4), mechanosensation of blood flow (33), and nitric
260 oxide signaling (34). We found that the endothelial cells lining the inner retinal
261 vasculature possess cilia during BRB development, though the number of hyaloid
262  endothelial cells possessing a primary cilium rapidly declines by 3 dpf. It is possible
263  that this decline is due to loss of activity of the actb2 promoter driving Arl13b-GFP
264  expression. However, a similar decrease in the number of endothelial cells
265 possessing a primary cilium was reported in the arteries of the developing mouse
266 retina and in the zebrafish caudal aorta (5, 6).

267 Endothelial cilia do not appear to be necessary for development of hyaloid
268  vascular integrity. It is possible that endothelial cilia may be necessary for long-
269 term maintenance of the BRB at adult stages. However, we were unable to assess
270  this due to mortality of the IFT mutant fish at larval stages. Knockout of IFT88 in
271 the mouse endothelial cells has been reported to result in transient decreased
272  radial expansion, decreased vascular density, and fewer sprouting cells at the front
273  of the plexus in the retina (6). Changes were not observed in the developing
274  hyaloid vasculature of ift57, ift172, and ift88 mutant zebrafish, though this may be
275 due to differences in the developmental processes involved in the mouse and
276  zebrafish retinal vasculature.

277 While higher rates of ICH have been reported in IFT mutant zebrafish (4),
278 developmental ICH was not detected in the majority of clutches screened in this

279  study. Also contrary to the previous report, our IFT mutant fish did not appear to

12
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280  be more sensitized to cyclopamine treatment-induced ICH than their wild-type and
281 heterozygous siblings. These contrasting results may be due to other currently
282 unknown genetic risk factors that vary between the fish stocks used in the
283  respective studies.

284 Sonic hedgehog signaling has been proposed to be involved in establishing
285  vascular integrity in both the brain and the retina (4, 19). While we did not observe
286  anincreased incidence of ICH in IFT mutant fish upon treatment with cyclopamine
287  at 25 hpf, later treatment at 5 dpf with higher doses of cyclopamine resulted in BRB
288 breakdown. No differences in the rates of cyclopamine-induced BRB breakdown
289 were detected between IFT mutant larvae and their non-mutant siblings. This
290 indicates that hedgehog signaling is necessary for BRB integrity, though

291 endothelial cilia are not necessary for this process.
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