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Endothelial Signaling in Kidney Morphogenesis:
A Role for Hemodynamic Forces

postfertilization (hpf, Figure 1A) and later give rise to the
midline glomerulus (Figure 1B). The glomerular podo-
cytes coalesce around a vascular sprout from the aorta
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do not migrate medially. We noted that they shared the
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Summary val containing the titin gene. This mutation did not com-
plement an allele of a mutation we have identified as

The local presence of endothelial cells seems neces- causing a cardiac-specific mutation in titin, a compo-
sary for proper embryonic development of several or- nent of the myofibril of the heart, and not expressed in
gans. However, the signals involved are unknown. The the kidney [36]. This suggested that the glomerular de-
glomerulus is generated by the coalescence of podo- fect might arise secondary to the cardiac dysfunction.
cytes around an ingrowing capillary and is the site of We therefore examined pronephric morphogenesis in
blood ultrafiltration. In the absence of vessels, glomer- embryos without a circulation due to other mutations,
ular assembly does not occur. We describe mutations including island beat (isl), valentine (vtn), and silent heart
in the zebrafish that prevent glomerulogenesis. All mu- (sih). An example is shown in Figure 1C. island beat
tants display cardiac dysfunction. Pharmacological embryos have a mutation in the pore-forming �1c sub-
interference with cardiac output and focal laser oc- unit of the L-type calcium channel, a gene expressed
clusion of the vessel similarly prevent glomerular for- in the nervous system, pancreas, and heart but not in the
mation. The unifying feature of all these perturbations kidney [9]. Its cardiac defects include a silent ventricle,
is absence of blood flow. We find that expression of fibrillating atrium, and absent circulation. In isl, wt1-
matrix metalloproteinase-2 (MMP-2), known in other expressing cells remain unmerged and ventral to the
systems to be regulated in a stretch-responsive man- somites. Similar unfused primordia were observed in
ner, is in renal endothelial cells and is regulated by valentine embryos (Figure 1D), which have a weak heart-
flow, suggesting that an MMP-2-sensitive event may beat and lack circulation, and in silent heart embryos
be downstream of the flow-related signal. In support of (Figure 1E), which fail to initiate a heart beat [10, 11].
this, blockade of MMP-2 activity by injection of TIMP-2 Podocytes in isl appear to differentiate normally, ex-
does not perturb circulation but does prevent glomer- pressing wt1 and vascular endothelial growth factor
ular assembly. Thus, vascular flow is required for glo- (VEGF) but remain unmerged (Figures 2A and 2B). By
merular assembly, most probably acting via a stretch- electron microscopy, the glomerulus of a 48 hpf wild-
responsive signaling system in the vessel wall. type embryo is a spherical mass ventral to the dorsal

aorta containing, at its center, interdigitating endothelial
cells (Figure 2C). In isl, endothelial cells from the dorsalResults and Discussion
aorta do not invade the clusters but are found instead
surrounding the podocytes (Figure 2D). The endothelialVessels are needed in all tissues to deliver oxygen. Re-
cells are normal in appearance and form normal cellcent work suggests that they may also act as signaling
junctions (Figure 2E). Podocytes are also wild-type incenters to help to organize particular organs during em-
appearance, manifesting foot processes, even thoughbryogenesis, such as the pancreas and liver [1, 2]. The
they remain in bilateral clusters (Figure 2F). Elsewhere,zebrafish mutant cloche lacks endothelial cells and does
circulatory anatomy appears normal; vasculogenesisnot form a normal pronephric glomerulus [3]. The zebra-
and sprouting angiogenesis, for example, the intersomi-fish embryo is a useful system in which to examine the
tic vessels, are apparently unaffected at this stage.effects of vessels on development, because they do not

If blood flow is directly involved in the triggering ofdepend upon blood cells to deliver oxygen but rather
glomerular assembly, its effect should be maximal atrely upon diffusion from the environment [4–6]. This
the time of medial migration of the wt1-expressing cells.means that effects of vessel per se can be more readily
The heart beat starts at 24 hpf, and glomerular assemblydistinguished from secondary effects of hypoxia.
occurs between 36 and 48 hpf [7, 8]. We therefore usedThe glomerulus of the zebrafish is generated by medial
2,3-butanedione monoxime (BDM), an inhibitor of themigration of intermediate mesoderm (IM) precursor cells
myofibrilar ATPases [12], to stop the heart reversiblyexpressing the Wilms’ tumor suppressor gene (wt1) [7].
during this time window and showed that the glomerulusThese cells form bilateral pronephric primordia at 36 hr
fails to form (Figure 3A). When BDM is withdrawn from
the embryo media, glomerular morphogenesis is re-
stored, provided that BDM is removed prior to 55 hr of4 Correspondence: fishman@cvrc.mgh.harvard.edu
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Figure 1. Glomerular Morphogenesis in Mu-
tant Embryos with Cardiovascular Dysfunc-
tion Is Disrupted

(A) Cross-section of a 36 hpf embryo. The
pronephric primordia, marked by wt1 expres-
sion, have not yet merged at the midline (as-
terisks). (B) At 48 hpf, the primordia have
fused, and wt1 marks the glomerular podo-
cytes found at the midline. (C) wt1-expressing
cells form normally but remain bilateral (aster-
isks) in embryos with no cardiac output due
to a mutation in the pore-forming subunit of
the L-type calcium channel gene (isl). Un-
fused pronephric primordia are also observed
in (D) valentine (vtn) and (E) silent heart (sih)
mutants, which also perturb cardiovascular
function.

development. This recovery indicates that there is no How might physical forces be transduced into molec-
ular signals guiding glomerular morphogenesis? Endo-significant cellular damage caused by circulatory failure.

In order to examine whether the apparent flow-related thelial genes have been shown to be sensitive to me-
chanical stretch in their expression levels, and severalsignal derives from the vessel, we focally occluded the

aorta, using a laser to generate a clot at the radix (Figure are in known signaling pathways [17–19]. smad6 and
smad7, in the BMP pathway [20], are not detectable by3B), a region just rostral to the point near which podo-

cytes assemble [13]. In these embryos, a normal heart in situ hybridization using expressed sequence tags in
the embryonic vessels at these stages. Pharmacologicalbeat and cranial circulation are retained, but there is no

glomerular assembly. blockade of the nitric oxide and angiotensin converting
enzyme signaling pathways do not perturb glomerularEmbryos that lack flow do not appear to be delayed

in development. Even as late as 72 hpf, the wt1-labeled assembly (unpublished data).
MMP-2 is expressed in vascular smooth muscle cellsprimordia remain bilateral, and glomerular morphogene-

sis fails to occur (Figure 4A). We assayed the develop- and endothelium in a stretch-sensitive fashion [21–23].
MMP-2 acts to degrade collagen type IV and is involvedment of the emerging liver bud, a neighboring structure,

as well as the size of the growing pectoral fin buds in in permitting cell migration through tissues [24]. We find
that a zebrafish ortholog of matrix metalloproteinase-2both wild-type and isl mutants. The forkhead gene fkd2

labels the emerging liver bud at 48 hpf [14]. Expression (mmp-2) is expressed in endothelium of the trunk but
not in podocytes or podocyte precursors. Its expressionof fkd2 in isl mutants indicates that liver bud formation

initiates at the proper developmental stage (Figure 4B). is dramatically reduced in isl mutant embryos and in
those with cardiac silence induced by BDM (FiguresThe apical ectodermal ridge of the fin buds was assayed

by expression of fgf8/acerebellar [15]. The size of the 5A–5C and the Supplementary Material available with
this article online). The recovery of mmp-2 expressionfin buds in isl mutants appear indistinguishable from

wild-type siblings (Figure 4B). The size of the brain in after removal of BDM anticipates the restoration of nor-
mal glomerular morphogenesis (Figures 5D and 5E).isl mutants is typically smaller than that of wild-type

siblings. This observation has been previously noted for The activity of MMP-2 can be abrogated by tissue
inhibitor of metalloproteinase-2 (TIMP-2), a stochiome-mutants that lack circulation and may reflect a failure

of the brain ventricles to inflate [16]. tric MMP inhibitor with a relatively high affinity for
MMP-2 among MMPs [25]. We therefore injected TIMP-2The genetic, pharmacological, and physical obstruc-

tion experiments all indicate that blood flow to the aorta by micropipette into the circulation of the 36 hpf embryo.
Injected embryos maintain their circulation and areis essential for glomerulogenesis. Hemodynamic forces

seemed the most likely stimulant, but, alternatively, it motile. Notably, TIMP-2-treated embryos exhibit mild
edema, suggesting a defect in osmoregulation. Exami-could be a circulating factor. To examine this latter pos-

sibility, we developed a means to replace all blood com- nation at 48–60 hpf shows that these embryos, despite
a normal circulation, cannot form the glomerulus (Fig-ponents with saline. In these bloodless embryos, cardiac

function is remarkably unperturbed. The process of ures 5F and 5G). This demonstrates that MMP-2 activity
or that of a closely related MMP (such as MMP-9) isglomerulogenesis proceeds normally (Figure 4C) with

formation of a midline glomerulus by 48 hpf. It seems essential for assembly of the glomerulus. The sensitivity
to TIMP-2 does not require blood. Even in the bloodlesshighly unlikely that a circulating constituent would be

replenished over this time frame as an explanation, es- embryos, TIMP-2 injection prevents fusion of the kidney
primordia (n � 8).pecially since removal of blood does not delay the for-

mation of the glomerulus. Hence, hemodynamic forces This work indicates that local flow to the aortic region
adjacent to the nascent glomerulus drives glomerularper se seem to be the proximate stimulus.
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assembly. The absence of flow does not appear to inter-
fere with normal cellular differentiation. Both endothelial
and podocytic cell fates are achieved. Rather, it is the
medial migration and midline coalescence of these cells
that is affected. The dependence upon flow might con-
tribute to the absence of vascularization noted pre-
viously in cultured mouse metanephric kidney rudiments
when explanted [26].

Our data strongly implicate MMP-2 as the transducing
signal between mechanical force of the circulation and
glomerular morphogenesis. This is compatible with the
known sensitivity of MMP-2 expression to stretch [21–
23]. The proteolytic activity of MMP-2 upon collagen
could serve to remodel components of the glomerular
basement membrane that separates the podocytes from
the capillary endothelium and thereby would facilitate
medial migration and vessel invasion [27]. Metanephric
glomerular formation is also disrupted in the absence
of the laminin � 5 chain, another component of the base-
ment membrane [28]. Alternatively, MMP-2 may act to
release stores of inactive signals in the extracellular ma-
trix. For example, a related gelatinase, MMP-9, can re-
lease bioactive VEGF from a storage pool in pancreatic
tumors [29].

Why might endothelial cell signaling during organo-
genesis be dependent upon intravascular flow or pres-
sure? In the case of the kidney of fresh water fish, it
may be critical to coordinate glomerulogenesis with
blood flow. It would be detrimental to develop the fenes-
trated endothelium of glomerular vessels, designed to
enhance fluid loss from the vessel, without having the
glomerulus assembled to receive the ultrafiltrate.

Clearly, vascular stretch plays critical roles in adult
cardiovascular pathology, with increased pressure ex-
acerbating atherosclerosis and cardiac hypertrophy
[30–32]. To our knowledge, this report is the first evi-
dence that circulatory force per se drives organogenesis
in the embryo.

Experimental Procedures

Zebrafish Lines
Wild-type zebrafish were maintained and raised as described [33].
Dechorionated embryos were kept in egg water and staged ac-

Figure 2. Endothelial Cells and Podocytes Differentiate but Do Not cording to somite number or hours postfertilization [34]. The wild-
Assemble into a Glomerulus in isl Mutant Embryos type lines were of the TL or Tübingen backgrounds obtained from

the laboratory of Dr. Christianne Nusslein-Volhard in Tübingen, Ger-(A) In wild-type embryos, mature podocytes at the midline express
many. Mutant lines for island beatm458, silent hearttc300b, and valen-VEGF at the 48 hpf stage [3]. (B) In isl embryos, expression of VEGF
tinem201 have been described elsewhere [9–11].is normal, indicating that differentiation is not affected; however,

the podocytes are found in a lateral position. Electron microscopy
2,3-Butanedione Monoxime Treatmentof (C) wild-type and (D) isl mutant embryos. In order to clearly demar-
Embryos were placed in egg water [33] containing 40 mM 2,3-buta-cate zones of endothelial cells and glomerular podocytes, the glo-
nedione monoxime (BDM) for 2–3 min until the heart stopped beat-merular basement membrane was traced, and the image was digi-
ing. The embryos were then transferred to egg water containing 20tally painted to indicate endothelial cells in pink and podocytes in
mM BDM for the desired length of time. Control embryos receivedblue. (C) Endothelial cells from the dorsal aorta normally sprout from
the 40 mM pulsed dose only.its ventral surface and invade the kidney at the midline, ventral to

the notochord. The lumen of the aorta is marked by an asterisk. (D)
Laser Ablation and Diaminofluorene StainingIn isl mutants, the podocyte clusters remain in their primitive lateral
Tissue ablations were carried out as described in Serluca and Fish-positions, although they appear well differentiated, with endothelial
man (2001). We focused upon the left and right dorsal aortae, imme-cells surrounding but not invading the clusters. (E) High-magnifica-
diately anterior to the radix. Ablation of vascular tissue and circulat-tion view of isl endothelial cells forming cell junctions (arrowhead)
ing blood cells creates a clot which prevents trunk circulation. Thethat appear as in wild-type [8]. (F) Foot processes (marked by
embryos were monitored every 2 hr to make sure circulation wasarrows) of the glomerular podocytes are also normal in isl em-
not reestablished. Blood cells were visualized by staining with diami-bryos [8].
nofluorene (DAF). Embryos were fixed in 4% paraformaldehyde
overnight at 4�C, rinsed three times with PBS, and incubated with
0.01% DAF, 200 mM Tris (pH 7.4), and 0.05% Tween-20 for 60 min
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Figure 3. Pharmacological and Surgical Ob-
struction of Vascular Flow in the Aorta Pheno-
copies the Kidney Phenotype of Cardiovas-
cular Mutants

(A) 2,3 butanedione monoxime (BDM) was
used to reversibly stop the heart between the
36 hpf and 48 hpf stages. Embryos were im-
mersed in 40 mM BDM for 2–3 min to stop
the heart at 36 hpf and then maintained in a
20 mM BDM solution in embryo media (E3)
until 48 hpf. Control embryos, receiving only
the 40 mM pulse, form a normal midline glo-
merulus (left panel). In embryos kept in BDM
between the 36 hpf and 48 hpf stages, the
pronephric primordia remain in their lateral
positions (middle panel, asterisks, n � 100).
Recovery following BDM withdrawal 12 hr
later (right panel, n � 46).
(B) Physical obstruction of the aorta using a
laser. The embryo, shown in a dorsolateral
view, is stained with diaminofluorene (brown,
left panel) to visualize hemoglobin and shown
diagrammatically in the center panel (red,
blood; green, yolk). Blood can be seen in the

left and right lateral dorsal aorta (lda) and in a large clot (c) adjacent to the radix (r). No circulating blood cells are observed in the midline
dorsal aorta which lies caudal to the radix. Formation of a midline glomerulus is also blocked by this aortic obstruction (right panel, n � 17).

at room temperature and protected from light. Hydrogen peroxide
was added to a concentration of 0.3% to start the reaction. When
the desired staining intensity was achieved, the embryos were rinsed
in PBS and kept in 1% paraformaldehyde.

Electron Microscopy
Homozygous isl embryos and wild-type siblings were fixed overnight
at 4�C in 1.5% glutaraldehyde, 1% paraformaldehyde, 3% sucrose
in 70 mM sodium phosphate buffer (pH 7.2). The tissue was washed
several time in 0.1 M cacodylate buffer (pH 7.4), postfixed for 1 hr
(4�C) in 1% OsO4, 40 mM K4Fe(CN)6, and rinsed twice in cacodylate
buffer. The embryos were embedded and sectioned as previously
described [3].

Exsanguination
Electrolytically sharpened tungsten needles were used to make an
incision in the ventral portion of a 36 hpf embryo, posterior to the
cloaca. Cardiac function is unperturbed and forces all blood into
the buffered solution [1� Danieau’s: 58 mM NaCl, 0.7 mM KCl, 0.6
mM Ca(NO3)2, 0.4 mM MgSO4, 5 mM HEPES (pH 7.6)]. Embryos were
allowed to heal for 45–60 min and then injected by microcatheter
[35] with Hank’s modified saline [33]. The embryos were allowed to
develop until 48 hpf and assayed for wt1 expression.

Cloning of matrix metalloproteinase-2 and Injections
An expressed sequence tag (EST) coding for a zebrafish gene ho-
mologous to human MMP-2 was used to design a primer
(TCTGTCCCCATGAGCTCCTGTTCACA) to amplify the 3� portion of
the gene using a 3� Rapid Amplification of cDNA Ends (RACE) kit
(Clontech) from 2 day embryonic mRNA. The DNA fragment wasFigure 4. Failure of Glomerular Morphogenesis Is Not Due to Devel-
cloned into pCRII (Invitrogen). The cDNA used in this study encodesopmental Delay or a Circulating Blood Component
the C-terminal half of the zebrafish mmp-2 gene. Spe I was used

(A) Kidney primordia (visualized by wt1 staining) in island beat remain to linearize the template and T7 RNA polymerase to transcribe the
in their lateral positions at 72 hpf. antisense riboprobe. Purified TIMP-2 was purchased from Calbio-
(B) island beat and wild-type sibling embryos stained with the fkd2 chem and used as a 7 �g/ml solution. Injection of inhibitors was
probe marking the emerging liver bud at 48 hpf and with fgf8 marking carried out using a previously described microangiography me-
the apical ectodermal ridge, also at 48 hpf. The size of the growing thod [35].
pectoral fin buds appear normal in isl.
(C) Exsanguination of embryos at 36 hpf does not affect glomerular

Supplementary Materialformation. The left panel shows a wild-type control (top) and surgi-
Supplementary Material including the predicted amino acid align-cally exsanguinated embryo (bottom) stained with DAF as a blood
ment of the zebrafish MMP-2 clone used in this study, with gela-marker. The left panel is a wt1-stained exsanguinated embryo. A
tinase (MMP-2 and MMP-9) homologs from fish and mammaliannormal midline glomerulus can form in the absence of blood constit-
species, can be found online at http://images.cellpress.com/uents (n � 15).
supmat/supmatin.htm.
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