


















for commissure formation (Erskine et al., 2000; Plump et al., 2002).
However, these molecules are unlikely candidates to prevent
midline vessel ingression at the presumptive chiasm, because we
observed that loss of Slit1 and Slit2 does not promote ectopic vessel
sprouting in this area, even though it results in aberrant axon growth
(Plump et al., 2002). Alternative factors with dual functions in blood
vessel patterning and axon guidance are class 3 semaphorins, netrin
1 and SHH; however, none of these factors is expressed within the
diencephalon midline (Deiner and Sretavan, 1999; Erskine et al.,
2011; Torres et al., 1996). Beginning around E12.5, the vascular
patterning cue Efnb2 is expressed within the presumptive
chiasmatic region to promote the ipsilateral projection of RGC
axons (Williams et al., 2003). However, the midline region is
avascular prior to this time, whereas surrounding diencephalic areas
arewell vascularised. Another signal for RGC axons that localises to
the ventral diencephalic midline is SEMA6D (Kuwajima et al.,
2012), but a role in modulating angiogenesis has not been reported
previously. Further work will therefore be required to establish the
importance of inhibitory signalling in regulating vessel sprouting
into the ventral diencephalic midline.

Conclusions
Through the analysis of tissue-specific knockouts, we have shown
here that NRP1 has a dual role in patterning optic pathway
development by acting directly in RGC neurons as an axon
guidance receptor that promotes commissural axon sorting and

indirectly by regulating neurovascular co-patterning through its role
in endothelial cell signalling. Disrupting VEGF-A gradient formation
also impacted indirectly on optic tract morphology through defective
blood vessel patterning, highlighting the importance of normal
vascular development for correct axon tract formation.

MATERIALS AND METHODS
Animals
Animal procedures were performed in accordance with institutional Animal
Welfare and Ethical Review Bodies (AWERB) and UK Home Office
guidelines. Mice were mated and the morning of vaginal plug formation
counted as E0.5. Embryos were fixed overnight in 4% formaldehyde in PBS
or used as donors for tissue culture experiments. We used the following
mouse strains: wild-type C57BL/6J mice; mice carrying a Nrp1 null allele
on a mixed CD1:JF1 background that extends embryonic survival to E15.5
(Schwarz et al., 2004);Nrp1fl/flmice carrying the Rosa26Yfp reporter crossed
to mice carrying a heterozygous Nrp1 null allele together with a Tie2-Cre
(Fantin et al., 2013), Six3-Cre (Furuta et al., 2000) or Nes-Cre (Tronche
et al., 1999) transgene or to mice carrying a Brn3bCre knock-in allele
(Simmons et al., 2016), all on a C57BL/6J background; mice carrying the
Vegfa120 or Vegfa188 knock-in alleles (Ruhrberg et al., 2002), all on a
C57BL/6J background; and Slit1� /� and Slit1� /� ;Slit� /� compound mutants
on a mixed C57BL/6J:129/Sv background (Plump et al., 2002). The
Brn3bCre allele was generated by homologous recombination in mouse
embryonic stem cells using analogous strategies to the ones used previously
to generate the Brn3bCKOAP alleles (Badea et al., 2009). For gene targeting, a
vector was used in which a PLAP-Neo cassette in the first exon of Brn3bwas
replaced with a Cre-Neo cassette that contained a preceding IRES sequence.

Fig. 8. Vessels are not inhibitory to RGC axon growth in vitro or in vivo . (A-F) Retinal explants from E14.5 wild-type ventrotemporal (VT; source ipsilateral
RGCs) or dorsotemporal (DT; source contralateral RGCs) retina cultured for 48 h in collagen gels with control or endothelial cell-conditioned medium (A,B) or co-
cultured with an aortic ring (C,D). Cultures were stained for β-tubulin (A,C) and axon outgrowth quantified (B,D). Data are the mean±s.e.m. of at least three
independent experiments. The number of explants analysed for each condition is indicated on each bar. ***P<0.001, **P<0.01 (Student’s two-tailed unpaired
t-test). In E, blood vessels were labelled with IB4 (green) and nerves with antibodies against neurofilaments (NF; red) and are shown as confocal z-stacks (left)
and 3D reconstructions of the z-stacks (centre). The boxed regions are shown at higher magnification (right). Arrowheads indicate axons growing across or
along the surface of vessels. (F) Confocal z-stacks and 3D reconstructions of the boxed region in the z-stacks at different magnifications of coronal sections
through the diencephalon of E13.5 slit mutants. Blood vessels were visualised with IB4 (green) and nerves with antibodies against neurofilaments (red). Scale
bars: 250 µm (A,C); 100 µm (E,F).
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Anterograde and retrograde DiI labelling
Anterograde DiI labelling and calculation of the ipsilateral index was
performed using fixed tissue as described previously (Erskine et al., 2011;
Plump et al., 2002). Briefly, a crystal of DiI (Life Technologies, D282) was
placed over the optic disc of one retina and the embryos were left at 37°C in
PBS for 3-4 days. The brains were dissected and imaged, ventral side up or
laterally, using a Nikon SMZ1500 microscope with a Nikon DXM1200
digital camera. The fluorescence intensity was determined in defined areas
of the ipsilateral and contralateral optic tracts of non-saturated images using
ImageJ (https://imagej.nih.gov/ij/). The ipsilateral index was calculated as
the ratio of fluorescence intensity in the ipsilateral optic tract relative to the
sum of the fluorescence intensity in the ipsilateral and contralateral optic
tracts (Fig. S1A). Quantification of the number of optic pathway holes was
performed using non-saturated images in a 300 µm-wide region at the
midline of the ventral diencephalon and proximal 900 µm of the
contralateral optic tract (Fig. S1B).

Retrograde labelling was performed as described previously (Erskine
et al., 2011). Briefly, the cortex was removed on one side of formaldehyde-
fixed brains and small crystals of DiI placed in a row over the dorsal
thalamus. The fixed tissue was left at room temperature for 12-16 weeks
before the ipsilateral and contralateral retina were flat-mounted and
photographed as described above. The number of all labelled cells in the
ipsilateral and contralateral retinas was determined by manual counting, and
the percentage of labelled ipsilateral relative to the total number of labelled
RGCs in both the ipsilateral and contralateral retina calculated. Analyses
were performed blind to genotype.

Immunofluorescence
Formaldehyde-fixed tissue was cryopreserved in 30% sucrose in PBS and
embedded in OCT before snap freezing for cryosectioning at 15 µm.
Alternatively, fixed tissue was embedded in 3% agarose and sectioned at
100 µm on a vibratome. Staining was performed as described (Thompson
et al., 2009, 2006b). Primary antibodies used were: rabbit anti-
neurofilament M (1:250; Millipore, AB1987), mouse anti-neuronal class
III β-tubulin (TUJ1, also known as TUBB3; 1:1000; Cambridge Bioscience,
MMS-435P) and goat anti-NRP1 (1:100; R&D Systems, AF566).
Secondary antibodies were: Cy3-conjugated goat anti-rabbit IgG or
anti-mouse IgG and Cy3-conjugated donkey anti-goat Fab fragment
(Jackson ImmunoResearch). No staining was detected using the anti-
NRP1 antibody in Nrp1 null tissue (Fig. 2A,B; Fig. 3A,B; Figs S3 and S4).
Blood vessels were detected using biotinylated IB4 (Sigma-Aldrich)
followed by Alexa-Fluor633- or Alexa-Fluor488- conjugated streptavidin
(Life Technologies). For combined DiI and IB4 labelling, detergents were
omitted from all solutions. Images were captured using a Nikon SMZ1500
microscope, Zeiss Axiophot microscope or Zeiss LSM 510 or 710 confocal
microscopes. Three-dimensional surface rendering of confocal z-stacks
(optical slice depth, 1 µm; size of z-stacks 45-50 µm) was performed with
Imaris (Bitplane). Quantification of vessel morphology was performed
using ImageJ in confocal z-stacks. Analyses were performed blind to
genotype.

In situ hybridisation
In situ hybridisation was performed on 100 µm vibratome sections as
described (Thompson et al., 2009, 2006a) using digoxigenin-labelled
riboprobes for Vegfa, Flt1, Slit1 or Slit2 (Erskine et al., 2011, 2000). Images
were captured using a Nikon SMZ1500 stereomicroscope with Nikon
DS-Fi1c digital camera.

Retina and aortic ring cultures
Peripheral regions of E14.5 wild-type mouse retinas were cultured in a 1:1
mixture of bovine dermal collagen and rat tail collagen as described (Erskine
et al., 2011, 2000), except that we used MV2 media with endothelial cell
growth supplement (Promocell) before (control) and after (conditioned
media) 72 h incubation with human microvascular endothelial cells
(Promocell). After 48 h, the cultures were fixed and stained with
antibodies for β-tubulin (Sigma-Aldrich, T8660; 1:500) followed by Cy3-
conjugated goat anti-mouse IgG (1:2000). The area covered by RGC axons
was quantified using ImageJ as described (Erskine et al., 2011, 2000).

Analyses were performed blind to condition. Data are the mean (±s.e.m.)
from three or more independent experiments.

Aortic rings were prepared as described (Therapontos et al., 2009) and
cultured in 4-well plates at a distance of 100-300 µm from retinal explants in
a mixture of DMEM (Life Technologies), rat tail collagen (3 mg/ml; BD
Biosciences) and collagen type IV (30 µg/ml; BD Biosciences) in
endothelial cell growth medium supplemented with the EGM-2 Bullet Kit
(Lonza). Cultures were fixed after 48 or 96 h and stained with rabbit anti-
neurofilament M and biotinylated IB4 followed by Cy3-conjugated goat
anti-rabbit IgG and Alexa-Fluor488-conjugated streptavidin. Retinal axon
outgrowth was quantified as described above. Confocal z-stacks were
captured using a Zeiss LSM 710 confocal microscope and 3D
reconstructions of the z-stacks generated using Imaris.

Statistical tests
All data sets were analysed using the Shapiro–Wilk normality test. For
normally distributed data, comparisons of two groups were made using
Student’s unpaired, two-tailed t-test, and comparisons of more than two
groups by one-way ANOVAwith Tukey post-hoc analysis. For data that did
not appear normally distributed, comparisons were made using Kruskal–
Wallis rank sum test with Tukey post-hoc analysis. The specific tests used
are indicated in the figure legends. Because of background stain differences,
direct statistical comparisons were not made between mutations on different
genetic backgrounds.

Acknowledgements
We thank Vann Bennett and Daizing Zhou (Department of Biochemistry, Duke
University Medical Center) for the design and generation of the Brn3bCre knock-in
mice. We are grateful to Bennett Alakakone and Susan Reijntjes for help with
preliminary experiments and to Anastasia Lampropoulou for preparing tissue culture
media. We thank the staff of the Biological Resource Unit at the UCL Institute of
Ophthalmology and the University of Aberdeen Institute of Medical Sciences
Microscopy and Histology Facility and Medical Research Facility for technical
assistance.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: L.E., C.R.; Methodology: L.E., N.V., C.R.; Formal analysis: L.E.,
U.F., L.D., A.J., M.T., F.B., N.V.; Investigation: L.E., U.F., L.D., A.J., M.T., F.B., N.V.;
Writing - original draft: L.E., C.R.; Writing - review & editing: U.F., L.D., A.J., M.T.,
F.B., N.V.; Supervision: L.E., C.R.; Funding acquisition: L.E., C.R.

Funding
This research was funded by project grants from theWellcome Trust [085476/A/08/Z
to L.E., C.R.] and Biotechnology and Biological Sciences Research Council
(BBSRC) [BB/J00815X/1 to L.E.; BB/J00930X/1 to C.R.] and aWellcome Trust PhD
Fellowship [092839/Z/10/Z to M.T.]. Deposited in PMC for immediate release.

Supplementary information
Supplementary information available online at
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental

References
Aspalter, I. M., Gordon, E., Dubrac, A., Ragab, A., Narloch, J., Vizán, P.,

Geudens, I., Collins, R. T., Franco, C. A., Abrahams, C. L. et al. (2015). Alk1
and Alk5 inhibition by Nrp1 controls vascular sprouting downstream of Notch.Nat.
Commun. 6, 7264.

Badea, T. C., Cahill, H., Ecker, J., Hattar, S. and Nathans, J. (2009). Distinct roles
of transcription factors brn3a and brn3b in controlling the development,
morphology, and function of retinal ganglion cells. Neuron 61, 852-864.

Cariboni, A., Davidson, K., Dozio, E., Memi, F., Schwarz, Q., Stossi, F.,
Parnavelas, J. G. and Ruhrberg, C. (2011). VEGF signalling controls GnRH
neuron survival via NRP1 independently of KDR and blood vessels.Development
138, 3723-3733.

Carmeliet, P., Ng, Y.-S., Nuyens, D., Theilmeier, G., Brusselmans, K.,
Cornelissen, I., Ehler, E., Kakkar, V. V., Stalmans, I., Mattot, V. et al. (1999).
Impaired myocardial angiogenesis and ischemic cardiomyopathy in mice lacking
the vascular endothelial growth factor isoforms VEGF164 and VEGF188. Nat.
Med. 5, 495-502.

Colello, S. J. and Coleman, L.-A. (1997). Changing course of growing axons in the
optic chiasm of the mouse. J. Comp. Neurol. 379, 495-514.

2514

RESEARCH ARTICLE Development (2017) 144, 2504-2516 doi:10.1242/dev.151621

D
E
V
E
LO

P
M

E
N
T

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.151621.supplemental
http://dx.doi.org/10.1038/ncomms8264
http://dx.doi.org/10.1038/ncomms8264
http://dx.doi.org/10.1038/ncomms8264
http://dx.doi.org/10.1038/ncomms8264
http://dx.doi.org/10.1016/j.neuron.2009.01.020
http://dx.doi.org/10.1016/j.neuron.2009.01.020
http://dx.doi.org/10.1016/j.neuron.2009.01.020
http://dx.doi.org/10.1242/dev.063362
http://dx.doi.org/10.1242/dev.063362
http://dx.doi.org/10.1242/dev.063362
http://dx.doi.org/10.1242/dev.063362
http://dx.doi.org/10.1038/8379
http://dx.doi.org/10.1038/8379
http://dx.doi.org/10.1038/8379
http://dx.doi.org/10.1038/8379
http://dx.doi.org/10.1038/8379
http://dx.doi.org/10.1002/(SICI)1096-9861(19970324)379:4%3C495::AID-CNE3%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1096-9861(19970324)379:4%3C495::AID-CNE3%3E3.0.CO;2-Y


Deiner, M. S. and Sretavan, D. W. (1999). Altered midline axon pathways and
ectopic neurons in the developing hypothalamus of netrin-1- and DCC-deficient
mice. J. Neurosci. 19, 9900-9912.

Erskine, L. and Herrera, E. (2014). Connecting the retina to the brain. ASN
Neuro 6.

Erskine, L., Williams, S. E., Brose, K., Kidd, T., Rachel, R. A., Goodman, C. S.,
Tessier-Lavigne, M. and Mason, C. A. (2000). Retinal ganglion cell axon
guidance in the mouse optic chiasm: expression and function of robos and slits.
J. Neurosci. 20, 4975-4982.

Erskine, L., Reijntjes, S., Pratt, T., Denti, L., Schwarz, Q., Vieira, J. M.,
Alakakone, B., Shewan, D. and Ruhrberg, C. (2011). VEGF signaling through
neuropilin 1 guides commissural axon crossing at the optic chiasm. Neuron 70,
951-965.

Fantin, A., Vieira, J. M., Gestri, G., Denti, L., Schwarz, Q., Prykhozhij, S., Peri, F.,
Wilson, S. W. and Ruhrberg, C. (2010). Tissue macrophages act as cellular
chaperones for vascular anastomosis downstream of VEGF-mediated endothelial
tip cell induction. Blood 116, 829-840.

Fantin, A., Vieira, J. M., Plein, A., Denti, L., Fruttiger, M., Pollard, J. W. and
Ruhrberg, C. (2013). NRP1 acts cell autonomously in endothelium to promote tip
cell function during sprouting angiogenesis. Blood 121, 2352-2362.

Fantin, A., Herzog, B., Mahmoud, M., Yamaji, M., Plein, A., Denti, L., Ruhrberg,
C. and Zachary, I. (2014). Neuropilin 1 (NRP1) hypomorphism combined with
defective VEGF-A binding reveals novel roles for NRP1 in developmental and
pathological angiogenesis. Development 141, 556-562.

Fantin, A., Lampropoulou, A., Gestri, G., Raimondi, C., Senatore, V., Zachary, I.
and Ruhrberg, C. (2015). NRP1 regulates CDC42 activation to promote filopodia
formation in endothelial tip cells. Cell Rep. 11, 1577-1590.

Furuta, Y., Lagutin, O., Hogan, B. L. M. and Oliver, G. C. (2000). Retina- and
ventral forebrain-specific Cre recombinase activity in transgenic mice. Genesis
26, 130-132.

Gelfand, M. V., Hagan, N., Tata, A., Oh, W.-J., Lacoste, B., Kang, K.-T.,
Kopycinska, J., Bischoff, J., Wang, J.-H. and Gu, C. (2014). Neuropilin-1
functions as a VEGFR2 co-receptor to guide developmental angiogenesis
independent of ligand binding. Elife 3, e03720.

Gerhardt, H., Ruhrberg, C., Abramsson, A., Fujisawa, H., Shima, D. and
Betsholtz, C. (2004). Neuropilin-1 is required for endothelial tip cell guidance in
the developing central nervous system. Dev. Dyn. 231, 503-509.

Gu, C., Rodriguez, E. R., Reimert, D. V., Shu, T., Fritzsch, B., Richards, L. J.,
Kolodkin, A. L. and Ginty, D. D. (2003). Neuropilin-1 conveys semaphorin and
VEGF signaling during neural and cardiovascular development. Dev. Cell 5,
45-57.

Himmels, P., Paredes, I., Adler, H., Karakatsani, A., Luck, R., Marti, H. H.,
Ermakova, O., Rempel, E., Stoeckli, E. T. and Ruiz de Almodóvar, C. (2017).
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