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Fig. 7. FGF signalling affects NH innervation and vascularisation independently of its effect on AH development and via direct effects on
hypothalamic neurons and endothelial cells. \Whole-mount immunolabelling (A-D) and confocal in vivo images (E-P) of wild-type (wt) or transgenic
fish, as indicated. A-D: lateral views; E-|, M-P: ventral views, anterior to left; J-L: ventral views, anterior to top. (A-D) Double-labelled specimens for AcTub
and Prolactin. (A,B) Maximal confocal projections at 72 hpf (A,B) or 120 hpf (C,D) in wt or after heatshock-activated dnFgfr1 expression at 33 hpf (B) or 42
hpf (D). Prolactin expression in the AH is normal, whereas NH axons appear to stall (compare B with Fig. 51, and D with Fig. 5J). (E-1) Maximal projections
of kdrl-driven mCherry fluorescence in endothelial cells at 72 hpf (E-G) or 75 hpf (H,]). Heatshock-activated dnFgfr1 expression at 33 hpf and 48 hpf leads
to loss of hypophyseal artery and capillaries, but the hypophyseal vein remains present (compare panel G with E and with Fig. 6T). Single heatshock
application at 33 hpf leads to an intermediate vessel phenotype (F), whereas heatshock applications at 48 hpf and 60 hpf leave hypophyseal
vascularisation unaffected (compare panel | with H; inset in | shows strong and widespread expression of dnFgfr1-GFP). (J-N) Injection of UAS:dnfgfri-
mcherry plasmid (J.K,M) or UAS:mCherry plasmid (L,N) into tg(otpb:egfp);tg(avip:gal4) double transgenic animals leads to mosaic expression of dominant-
negative Fgfr1-mCherry fusion protein (J,K) or mCherry protein (L) in a subset of pre-optic hypothalamic cells (marked by otpb-driven EGFP expression,

green). Avpl* neurons expressing dnFgfr1-mCherry (arrowheads in JK) fail to project axons and to innervate the NH (M), whereas neurons lacking
dnFgfr1-mCherry display normal axogenesis (J,K). Axogenesis (L) and NH innervation (N) are also normal in Avpl* neurons of control transgenics
expressing mCherry (arrows in L). (O,P) Injection of UAS:dnfgfr1-egfp plasmid into tg(flil:gal4);tg(kdrl:mcherry) double transgenic animals leads to mosaic
expression of dominant-negative Fgfr1-EGFP fusion protein (green) in a subset of endothelial cells (marked by kdrl-driven mCherry expression, red).
Contribution of cells expressing dnFgfr1 to one of the hypophyseal capillaries abrogates its fusion with the hypophyseal vein (O; arrowhead), whereas
the fusion is not affected by cells carrying a UAS.egfp control plasmid (instead of UAS:dnfgfri-egfp) (P; arrows). Arrow in O indicates normally wired non-
transgenic endothelial cells. cadi, caudal division of internal carotid artery; hya, hypophyseal artery; hyc; hypophyseal capillary; hyv, hypophyseal vein;
nh, neurohypophysis; phs, primary head sinus. Scale bars: 50 um in A-,M-P; 15 um in J-L.

that FGF signalling promoting NH vascularisation is required
between 33 and 48 hpf.

Together, these results point to a concomitant role of FGF
signalling in NH innervation and vascularisation that is independent
of'its earlier role in AH development.

Cell type-specific blockade of FGF signal reception
affects both NH innervation and vascularisation

To determine whether FGF signalling exerts a direct effect, both on
hypothalamic neurons projecting to the NH and on endothelial cells
contributing to the hypophyseal vascular system, we employed
Gal4-UAS transgenesis for specific expression of the dominant-
negative FGF receptor in the respective cell types. For expression
in hypothalamic Avpl neurons, UAS:dnfgfrr1-mcherry responder
DNA was co-injected into tg(avpl:KalTA4) (attenuated Gal4);
tg(otpb:gfp) double-transgenic embryos; for expression in
endothelial cells, UAS:dnfgfrl-gfp DNA was injected into

tg(flila:gald); tg(krdl:mcherry) double transgenics. In agreement
with previous experiences, this approach yields mosaic transgene
expression (Gutnick et al., 2011).

Hypothalamic (ofpb-positive) neurons carrying the UAS:dnfgfil-
mCherry transgene fail to extend axons at 36 and 46 hpf (Fig. 7J,K)
and to innervate the NH (Fig. 7M) (n=9/9). By contrast, axon
formation and NH innervation is normal in o#pb neurons carrying a
UAS:mCherry control transgene (Fig. 7L,N; n=6/6), suggesting that
they need to receive FGF signals directly to project towards the NH.

Mosaic expression of the UAS:dnfgfri-gfp transgene in
endothelial cells results in a reduced contribution of transgenic cells
to the hypophyseal blood vessel system (in 12/30 embryos: 40%),
compared with cells carrying a UAS-egfp control transgene (in
25/32 embryos: 78%), despite similar contribution rates to other
cephalic vessels (supplementary material Fig. S6A,B). Furthermore,
when UAS:dnfgfri-gfp cells contribute to one of the two
hypophyseal capillaries, this branch fails to fuse with the posteriorly
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located hypophyseal vein, but instead fuses with the opposing
capillary (Fig. 70; n=8/8). Capillaries lacking transgenic cells, or
capillaries containing UAS-egfp control cells (n=13/13) fuse in the
normal pattern (Fig. 7P). The hypophyseal vein itself, which forms
normally in fgf3 mutants (see above; Fig. 6T) is unaffected by
incorporated UAS:dnfgfir1-gfp cells (supplementary material Fig.
S6C,D). Together, this suggests that direct reception of FGF signals
by endothelial cells has an impact on their recruitment to the NH
vasculature and on the wiring of the system. However, the direct
effect on endothelial cell recruitment is not absolutely essential, but
is complemented by indirect mechanisms and other (Fgf3-
dependent) factors (see Discussion).

DISCUSSION

The functioning of neurohemal organs depends on the intimate
association of axonal terminals with vascular capillaries. Many
studies have pointed to the common usage of guidance cues in the
directed growth of axons and blood vessels (Carmeliet and Tessier-
Lavigne, 2005; Adams and Eichmann, 2010). Here, we investigated
whether Fgf3 and Fgf10 might display such a dual role during the
formation of the neurohypophyseal neurohemal system to ensure
proper convergence of hypothalamic nerves and capillaries. Our
studies reveal a direct effect of FGFs in H-NH axonal guidance. Fgf3
and Fgf10 exert striking orienting effects on hypothalamic axons in
chick explant cultures, and analyses of zebrafish fgf3 mutants and
transgenic fish after temporally controlled or cell type-specific
blockade of FGF signalling reveal a direct and indispensible effect of
FGFs on hypothalamic axons in vivo. By contrast, our studies suggest
that, although FGFs can exert a direct effect on endothelial cells, this
role is not absolutely essential to the formation of a H-NH vasculature.
Thus, FGFs secreted from the chick NH can promote endothelial
cellular outgrowth in vitro, but this effect is weak. Consistent with
this, in zebrafish, endothelial cells expressing a dominant-negative
FGF receptor display a reduced, but not completely abrogated,
contribution to the hypophyseal blood vessels that are missing in fgf3
mutants. These results, together with the demonstration that Oxtl
released by neurohypophyseal nerve endings is required for proper
hypophyseal vascularisation (Gutnick et al., 2011), suggest a multi-
step model in which FGFs have direct effects both on NH innervation
and on NH vascularisation, but in which vascularisation involves the
concerted action of FGFs and hormones from (FGF-dependent)
neurohypophyseal axon terminals, thereby ensuring proper
integration of the neuro-vascular wiring of this neurohemal organ.

NH-derived FGFs mediate a direct chemoattractive
effect on developing H-NH axons

Molecular gradients play a pivotal role in directing axonal growth
(Charron and Tessier-Lavigne, 2007; Sanchez-Camacho and
Bovolenta, 2009; Chédotal and Richards, 2010). Although not as
well-studied as other gradient-forming ligands, FGFs may operate
as a gradient cue (Irving et al., 2002; Shirasaki et al., 2006) and can
govern axonal extension (McFarlane et al., 1995; Szebenyi et al.,
2001; Gill et al., 2004; Webber et al., 2005; Shirasaki et al., 2006).
Early reports, moreover, suggest a role for FGF signalling in H-NH
pathfinding, with compromised FGF signal transduction leading to
defects in GnRH axonal extension (Gill and Tsai, 2004).

Our studies support and extend these observations, suggesting
that an FGF ligand gradient forms in the hypothalamus that directs
nascent H-NH axons towards their target area, the forming NH. In
the chick, the FGF7 subfamily members Fgf3 and Fgfi0 are
expressed appropriately, confined to the forming NH when
pioneering H-NH axons extend. /n vitro, point-sources of Fgf3 or

Fgfl10 exert a chemotropic effect on chick H-NH axons, and can
stimulate and re-orient their growth. /n vitro, the NH exerts a
chemoattractive effect on H-NH axons. Temporal blockade of NH-
derived Fgf3 or Fgf10 results in a significant decrease in the directed
growth of H-NH axons; this effect is potentiated by simultaneous
blockade of Fgf3 and Fgf10. Abrogation of FGF signalling does not
lead to a simultaneous decline in progenitor cells or differentiated
neurons. Thus, although we cannot exclude some involvement of
other factors (as small numbers of short fascicles continue to emerge
in the presence of Fgf3- and Fgf10-blocking antibodies), our studies
suggest that Fgf3 and Fgf10 from the forming NH play direct and
indispensible roles in attracting H-NH axons towards the midline.

Our in vivo work in the zebrafish substantiates these results and
suggests a conserved role for FGFs in guiding H-NH axons. Zebrafish
fef3 is expressed in the ventral hypothalamus, its profile similar to
that of its close relative Fgfl0 in the chick and mouse. Vp* neurons
differentiate in fgf3 zebrafish mutants, but Vp* axons fail to project to
the NH. Similar results were obtained for Oxytocin” magnocellular
neurons (Gutnick et al., 2011) (H.-M.P. and M.H., unpublished data)
and for TH" parvocellular cells. The innervation defects in fgf3
mutants are apparent at a time when the NH itself appears unaltered,
making it unlikely that these are a secondary consequence of
compromised NH development. Rather, the NH defects seen in later-
stage fgf3 mutants might be secondary consequences of a late
requirement for FGF signalling in NH maintenance (Pearson et al.,
2011) and/or a consequence of the failed innervation and/or
neurohormone release, consistent with data reporting effects of Vp
release on pituicyte morphology (George et al., 1987; Rosso et al.,
2004). Using heatshock-inducible temporally controlled transgenic
expression of a truncated, dominant-negative version of Fgfr1, which
cross-reacts with all FGF receptor subtypes (Lee et al., 2005), we
further show that the innervation and vascularisation defects of the
NH are independent of the earlier role of Fgf3 in AH specification
(Herzog et al., 2004). Finally, lack of NH innervation specifically was
also seen in mosaic transgenic embryos for hypothalamic neurons
expressing the dominant-negative FGF receptor under the control of
a Vp-specific promoter. In sum, these in vitro and in vivo data strongly
suggest that the chemoattractive effect of Fgf3 and Fgf10 on magno-
and parvocellular axons is direct.

A dose-dependent dual function for FGFs in NH
innervation

Our studies in chick suggest a dual role for FGFs in regulating H-
NH axonal projections, attracting and facilitating growth at lower
concentrations, but stalling/repelling growth at high concentrations.
Chick Fgf10 and zebrafish fgf3 are expressed in a graded fashion,
with highest levels in the posterior-ventral NH, anticipating the
anterior-to-posterior innervation of the NH. Strikingly, axons
initially avoid regions that display the highest and most persistent
fef3 and Fgfl0 expression levels, in line with a dual role. We
speculate that this provides a mechanism to ensure that H-NH axons
project to, but do not cross, the ventral midline; uniquely in this
region of the CNS, axons are non-commissural (see Chédotal,
2011). Our studies raise the possibility that H-NH growth cones
integrate FGF signalling over space or time (Dessaud et al., 2008),
with low levels of FGF signalling attracting them towards the NH,
and higher levels stalling their growth.

FGFs regulate NH vascularisation in partial
functional redundancy with other factors

Early in development, both the chick and the zebrafish prosp-NH
are surrounded by isolated endothelial cells that subsequently
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assemble to capillary-like structures. This suggests that rather than,
or in addition to, angiogenesis (vessel formation via sprouting of
pre-existing blood vessels), NH vascularisation is driven by
vasculogenesis (the de novo formation of vessels via the assembly
of endothelial cells, which subsequently connect to the existing
vascular system).

Our studies reveal both a direct and an indirect contribution of
FGFs to NH vascularisation. Chick [CAMv] explants respond to
the NH with enhanced outgrowth of endothelial cell projections.
This effect is abrogated by pre-exposure of the prosp-NH to Fgf3-
and Fgf10-blocking antibodies; conversely, Fgf3 and Fgf10 mimic
the ability of the prosp-NH to promote endothelial outgrowth.
However, blockade of Fgf3 and Fgfl0 only fully eliminates E4
prosp-NH-stimulated endothelial outgrowth. By contrast, blockade
is incomplete for E6 NH explants, when the NH is already
innervated, indicating a transient FGF requirement and the presence
of other vascularisation-promoting factors in the innervated NH. In
zebrafish, fgf3 mutants lack both hypothalamic axonal projections
and the hypophyseal artery and capillaries. However, transgenic
endothelial cells expressing the dominant-negative FGF receptor
driven by the cell type-specific fli/a promoter do contribute to
pituitary vessel formation, albeit with lower frequencies than do
cells carrying a control transgene. This indicates that direct
reception of FGF signalling by endothelial cells has an impact on
their recruitment to the pituitary vessel system, but is not essential.
FGF signal reception by endothelial cells contributing to the
hypophyseal capillaries seems to be necessary for proper wiring of
the hypophyseal capillaries to the hypohyseal vein, possibly
pointing to a crucial role of FGF signalling during the remodelling
of the initial capillary plexus to a properly connected and closed
vessel system.

Together, our in vitro and in vivo data indicate that although direct
FGF signalling does stimulate NH vascularisation, this function is
partly redundant with other vascularisation-stimulating factors,
possibly neuropeptides released from H-NH axonal termini, as
recently revealed for Oxtl in the zebrafish (Gutnick et al., 2011) (see
above).
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