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activation from 50% epiboly to 12 ss led to a 66% increase in the
area of the KV lumen (Fig. 7A-C). We also tested whether the KV
lumen could be reduced in size by inhibiting fluid secretion. The
ion gradients driving Cftr-dependent fluid secretion are generated by
the Na+/K+-ATPase. Treatment with low concentrations of ouabain,
a potent and specific inhibitor of the Na+/K+-ATPase, from 50%
epiboly to 10 ss decreased the area of the KV lumen by 33%
(Fig. 7D-F). We further investigated the morphology of KV in fish
treated with activators or inhibitors of fluid secretion using live
confocal imaging and found that, although the lumen size was
changed, the structure was otherwise organized properly, including
the development of motile cilia (Fig. 7G-I).

We next tested whether Cftr function is required for fluid
secretion specifically in KV by rescuing lumen expansion defects in
several ways. We began by injecting WT and cftr mutant embryos
with RNA encoding a Cftr-GFP fusion. Because we used the KV
phenotype to distinguish mutant from WT embryos, we assayed KV
rescue by examining the percentage of phenotypically mutant KV
in whole clutches. A cross between parents heterozygous for
cftrpd1049 resulted in a failure of KV lumen inflation in 25% of the
clutch. Injection of cftr-GFP RNA at the one-cell stage reduced the
proportion of the clutch that failed to undergo KV lumen expansion
to ~10%, indicating that homozygous cftrpd1049 mutants were
partially (~60%) rescued by RNA injection at the one-cell stage
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Fig. 4. Apical-basal polarity is not affected in cftrpd1049 mutants. (A,B) Confocal image and associated orthogonal projections of WT and cftrpd1049

mutant fish stained for ZO-1 and Cadherin. (A�-A �,B�-B�) Magnification of the KV epithelium to show localization of the polarity markers. ( C,D) Confocal
image and associated orthogonal projections of WT and cftrpd1049 mutant fish stained for aPKC and expressing Tg(sox17:GFP). (E,F) Confocal image of WT
and cftrpd1049 mutant KV expressing apically localized, GFP-tagged Podocalyxin. (G,H) Live confocal images of WT and cftrpd1049 mutant fish co-expressing
an apical marker, RFP-Clic5b, and Tg(sox17:GFP). Scale bars: 50 μm.

Fig. 5. cftr expression is enriched in
KV. (A) At 3 ss, in situ hybridization
detects cftr expression specifically in KV
(arrow). (B) In situ hybridization
showing cftr expression in KV (arrow)
and the chordamesoderm in 10 ss
embryos. (C) Schematic of the BAC
recombineering procedure, showing
the recombination target and the
expected structure of the resulting GFP
fusion protein. (D,F) DIC images
showing ventral (D) and lateral (F) views
of 10 ss embryos expressing TgBAC(cftr-
GFP). The arrow marks the characteristic
KV structure. (E,G) Whole-mount
epifluorescence of the embryos shown
in D and F demonstrate specific KV
expression of Cftr-GFP (arrows) at 10 ss.
Scale bars: 50 μm. D
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(Fig. 8A-D). The failure to completely rescue KV lumen expansion
was probably due to mosaicism of the injected RNA (Carmany-
Rampey and Moens, 2006). To test whether cftr is required in KV,
we crossed cftrpd1049 mutants to the TgBAC(cftr-GFP) line, which
is almost exclusively expressed in KV during lumen
morphogenesis. This transgene was able to completely rescue lumen
expansion, whereas non-expressing siblings maintained a 25%
failure of KV lumen expansion (n=289) (Fig. 8E). Additionally, all
TgBAC(cftr-GFP)-expressing fish had normal heart looping,
indicating that the transgene was also able to rescue organ laterality.
The TgBAC(cftr-GFP) rescue suggests that Cftr function is required
specifically in KV and that the BAC transgene encodes a functional
fusion protein.

We also attempted to phenocopy the cftrpd1049 KV phenotype by
injecting a morpholino against Cftr (Bagnat et al., 2010) into DFCs
(Amack and Yost, 2004). We found that DFC-specific injections
were unable to prevent KV lumen expansion owing to mosaic
uptake of the morpholino (Amack and Yost, 2004) (data not shown).
This is not surprising given that fluid secretion is expected to
function non-cell-autonomously.

Next, we determined whether forskolin and IBMX were acting
through Cftr in KV by treating WT and cftrpd1049 mutants with these

activators of fluid secretion. Forskolin and IBMX treatment failed
to rescue KV lumen expansion in cftrpd1049 mutants, indicating that
cAMP-stimulated fluid secretion acts through Cftr (Fig. 8F). Taken
together, these studies demonstrate that in zebrafish, Cftr functions
in KV to drive fluid secretion crucial for lumen expansion and
morphogenesis of KV and LR patterning of the embryo.

DISCUSSION
Here, we describe a new role for Cftr in the regulation of fluid
secretion necessary for KV morphogenesis and function. Live
imaging of KV lumen morphogenesis showed several small lumens
that coalesce into a single, central lumen. In the absence of Cftr
activity, the KV lumen fails to inflate, indicating that fluid acts as a
force driving lumen expansion and might also promote lumen
coalescence. The zebrafish gut undergoes a similar process of de
novo lumen formation, beginning with inflation of multiple small
lumens, followed by their coalescence into one (Bagnat et al., 2007)
and a similar role in de novo lumen formation and expansion has
been shown for apical membrane or secreted mucins during
tubulogenesis in the vertebrate vasculature (Strilić et al., 2010) and
in the ommatidium (Husain et al., 2006) and hindgut (Syed et al.,
2012) in Drosophila. The role of luminal content as a driving force
during tube formation is most clearly exemplified by the Drosophila
tracheal system, which becomes filled with a solid chitin matrix,
then liquid and finally gas during its development (Tsarouhas et al.,
2007). Altogether, these studies signify that the filling of the lumen
is crucial for tubulogenesis in metazoans.

Although complete loss of Cftr function abrogated inflation of
the KV lumen, it did not affect the specification, migration or the
clustering of DFCs. Ciliogenesis has previously been shown to
proceed coordinately with KV lumen expansion, raising the
possibility of crosstalk between luminal volume and cilia length
(Oteíza et al., 2010). Here, we found that in the absence of fluid
secretion into the KV lumen, cilia morphogenesis and motility were
unaffected, indicating that fluid secretion and flow are specified
largely independently.

Although KV cilia length and number were unchanged in
cftrpd1049 mutants, the absence of a KV lumen resulted in bilateral
spaw expression. Previous research has demonstrated that bilateral
spaw expression can be caused by defects in the midline barrier,
which functions to prevent the diffusion of Spaw to the right side of
the embryo (Long et al., 2003). In cftrpd1049 mutants, proper midline
expression of ntl and lefty1 indicate that midline integrity is not
perturbed. Moreover, mutations that affect midline integrity result
in heterotaxia, a phenotype rarely observed in cftrpd1049 mutants.
This difference in organ situs in cftrpd1049 mutants can be explained
by the fact that a majority of embryos with bilateral spaw expression
did not show equivalent left and right spaw, but rather that
expression on one side was more pronounced and extended
anteriorly. Previous research in Xenopus has demonstrated that in
embryos with bilateral Nodal, in which one side displays dominant
expression, organ position is specified concordantly (Ohi and
Wright, 2007). The remaining pool of cftrpd1049 embryos with
equivalent left- and right-sided spaw expression might have been
left-biased in a way in situ hybridization was not sensitive enough
to detect. Similar patterns of bilateral spaw expression have also
been observed upon loss of function of the Spaw antagonist Charon
(Dand5 – Zebrafish Information Network), which also has no
associated midline defect (Hashimoto et al., 2004). Although we
are unable to completely rule out a contribution from the midline,
our data strongly suggest that cftr is required specifically in KV for
proper specification of organ laterality. However, the fact that we
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Fig. 6. Cftr is apically localized in KV epithelial cells throughout its
morphogenesis. (A) Live, time-lapse confocal imaging of Cftr-RFP in
TgBAC(cftr-RFP); Tg(sox17:GFP) embryos. Cftr-RFP is expressed and apically
localized in KV throughout the initial stages of lumen coalescence. 
(B) Merge of the RFP and GFP channels. (C,D) Live confocal imaging of
TgBAC(cftr-RFP); Tg(sox17:GFP) embryos at 10 ss shows that Cftr-RFP is
localized apically in KV. (D) Merged view of Cftr-RFP and GFP. (E,F) Live
confocal imaging of TgBAC(cftr-GFP) embryos injected with membrane-
RFP RNA shows continued apical localization of Cftr-GFP until 15 ss. The
dashed line marks the edge of KV. Scale bars: 50 μm.
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observe defects in organ laterality in only ~30% of cftrpd1049

mutants, instead of a complete randomization of laterality (50%
penetrance), suggests that fluid flow in KV is not the only source of
asymmetric information in the early zebrafish embryo. Consistent
with this interpretation, previous studies in chicken, frog and
zebrafish (Kawakami et al., 2005; Levin et al., 2002) suggested that
KV might function to amplify earlier asymmetries, such as
differences in H+/K+-ATPase activity and thus bias organ laterality
in the absence of KV function.

Although our results demonstrate that Cftr plays an important
role in the development of LR asymmetry in the zebrafish, it should
be noted that organ laterality defects have not been observed in
cystic fibrosis (CF) patients. This is probably due to morphological
differences between the teleost KV and the laterality organs in other
vertebrates. Whereas KV in zebrafish is an enclosed structure, the
node in mammals and the gastrocoel roof plate in Xenopus are

indentations, where fluid may freely diffuse into the organ (Blum et
al., 2007; Shook et al., 2004; Sulik et al., 1994). In fact, passing
artificially generated fluid flow over the mouse node is sufficient
to reverse organ laterality (Nonaka et al., 2002). It is also unknown
whether cftr orthologs are expressed in the mouse node or frog
gastrocoel roof plate. Further investigation will be required to
determine whether embryonic fluid secretion is specifically required
in the laterality organs of other vertebrates or if they utilize fluid
secreted from other sources.

In CF patients, reduced fluid secretion leads to mucus buildup in
the lungs, liver and pancreas, disrupting their function (Durie and
Forstner, 1989; Gaskin et al., 1988; Matsui et al., 1998). The recent
development of new animal models of CF will greatly improve
understanding of the pathophysiology of CF (Rogers et al., 2008;
Sun et al., 2010). Clinical data from patients and new animal
models, such as the pig and the ferret, suggest that some defects
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Fig. 7. Fluid secretion regulates KV size. (A,B) DIC imaging of KV
(arrowheads) in (A) DMSO control and (B) 10 μM forskolin-, 40 μM
IBMX-treated embryos. (C) The KV area of DMSO and treated fish is
quantified. DMSO n=15; forskolin + IBMX, n=13; *P<0.01. (D,E) DIC
imaging of KV (arrowheads) in (D) DMSO control and (E) 1 μM
ouabain-treated embryos at 10 ss. (F) Quantification of KV area in
DMSO-and ouabain-treated embryos. DMSO, n=10; ouabain, n=10;
*P<0.02. (G-I) Live confocal imaging of Tg(sox17:GFP)-expressing fish
treated with (G) DMSO, (H) ouabain or (I) forskolin and IBMX. Error
bars represent s.e.m. Scale bars: 50 μm.

Fig. 8. Expression of Cftr-GFP can rescue lumen expansion
defects in cftr mutants. (A-C) Representative DIC images of KV
(arrows) at 10 ss in embryos (A) heterozygous for cftrpd1049, (B)
homozygous for cftrpd1049 and (C) in cftrpd1049 homozygous
mutants injected with 150 pg cftr-GFP RNA. (D) Quantification
of KV phenotype at 10 ss in control and cftr-GFP-injected
embryos resulting from a cross between cftrpd1049 heterozygous
parents. Control, n=158; Cftr-GFP, n=94; P<0.01. (E) Graph of the
KV phenotype at 10 ss in embryos from a cftrpd1049/+; TgBAC(cftr-
GFP) × cftrpd1049/+ cross, compared by whether the embryos
were Cftr-GFP positive or negative. Cftr-GFP negative, n=140;
Cftr-GFP positive, n=149; P<0.001. (F) Quantification of KV
phenotype in embryos treated with DMSO (n=96) or 10 μM
forskolin and 40 μM IBMX resulting from a cross between
cftrpd1049 heterozygous parents. n=95; P=0.6374. Scale bars: 
50 μm.
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associated with CF might arise during development (Imrie et al.,
1979; Olivier et al., 2012; Sturgess, 1984), a stage that remains
difficult to access in these models with limited genetic tools. A
developmentally accessible model will provide valuable insights
into CFTR regulation and CF pathophysiology in various organs.
The development of zebrafish cftr mutants provides an in vivo
model in which to study human CFTR and assay drugs designed to
correct the ΔF508-CFTR mutation and other pathologically relevant
mutations. Future work may also shed light into the role Cftr plays
in the development of the pancreas and other organs.

In summary, this study identifies a new role for Cftr in the
regulation of fluid secretion into KV and for the development of LR
asymmetry. It also highlights the importance of fluid secretion in
lumen expansion during vertebrate morphogenesis. The relative
simplicity and experimental accessibility of KV compared with
other organs undergoing de novo lumen formation make KV an
attractive model for studying fundamental mechanisms of lumen
formation in vertebrates.
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