The College at Brockport: State University of New York

Digital Commons @Brockport
Biology Faculty Publications

Department of Biology

2006

Ultrastructure of Zebra Fish Dorsal Aortic Cells
Joseph A. Miano
University of Rochester

Mary A. Georger
University of Rochester

Adam Rich
The College at Brockport, arich@brockport.edu

Karen L. De Mesy Bentley
University of Rochester

Follow this and additional works at: http://digitalcommons.brockport.edu/bio_facpub
Part of the Biology Commons
Repository Citation
Miano, Joseph A.; Georger, Mary A.; Rich, Adam; and De Mesy Bentley, Karen L., "Ultrastructure of Zebra Fish Dorsal Aortic Cells"
(2006). Biology Faculty Publications. 1.
http://digitalcommons.brockport.edu/bio_facpub/1
Citation/Publisher Attribution:
Miano, J. M., Georger, M. A., Rich, A., & De Mesy Bentley, K. L. (2006). Ultrastructure of Zebra Fish Dorsal Aortic Cells. Zebrafish,
3(4), 455-463.
This Article is brought to you for free and open access by the Department of Biology at Digital Commons @Brockport. It has been accepted for
inclusion in Biology Faculty Publications by an authorized administrator of Digital Commons @Brockport. For more information, please contact
kmyers@brockport.edu.

ZEBRAFISH
Volume 3, Number 4, 2006
© Mary Ann Liebert, Inc.

Ultrastructure of Zebrafish Dorsal Aortic Cells
JOSEPH M. MIANO,1,2 MARY A. GEORGER,1 ADAM RICH,3
and KAREN L. DE MESY BENTLEY2

ABSTRACT
Expression of vascular smooth muscle cell (VSMC) markers such as serum response factor (SRF) is complicated
in zebrafish because of the ill-defined histology of the dorsal aorta and the presence of perivascular pigment. We
report the ultrastructure of aortic cells in 7-day, 1-month, and 3 month-old zebrafish and provide clear evidence
for the presence of perivascular melanocytes harboring an abundance of melanin. In 7-day-old larvae, endothelial
cells (EC) and synthetic mural cells that display little evidence of VSMC differentiation comprise the dorsal aorta.
The latter mural cells appear to fully differentiate into VSMC by 1 month of age. In 3-month-old adult zebrafish,
EC exhibit greater differentiation as evidenced by the accumulation of electron-dense bodies having a diameter
of 200 nm. Adult zebrafish aortae also exhibit at least one clear layer of VSMC with the characteristic array of
membrane-associated dense plaques, myofilament bundles, and a basement membrane. Subjacent to VSMC are
collagen-producing adventitial fibroblasts and melanocytes. These studies indicate that fully differentiated VSMC
occur only after day 7 in zebrafish and that such cells are arranged in at least one lamellar unit circumscribing the
endothelium. These findings provide new data about the timing and accumulation of VSMC around the zebrafish
aorta, which will be useful in phenotyping mutant zebrafish that exhibit defects in blood circulation.

INTRODUCTION

T

is the first organ
system to develop in vertebrates. Its role in
both sustaining normal development and contributing to a variety of diseases has been appreciated for over a century. Only recently have
genetic studies begun to assign functions of
genes to specific processes related to the cardiovascular system. In mammals, evaluating
the consequence of deleting cardiovascular
genes on the development of this critical organ
system is complicated due to the inherent difficulties in assessing cardiovascular form and
function in utero.
Over the past decade, the zebrafish has
emerged as a powerful model system for evaluating gene mutations and morphogenesis at
HE CARDIOVASCULAR SYSTEM

the earliest time points of cardiovascular development.1,2 Elegant microangiographic studies, for example, have shown a remarkable consistency in the general organization of blood
vessels between zebrafish and mammals.3 The
high degree of homology in basic patterning of
the vasculature and the definition of common
mutants altering vascular structure have made
the zebrafish an attractive model system to
complement and extend studies in mammals.4
Much of the genetic and anatomical work in
the vasculature has focused on the endothelial
cell (EC), principally because EC define the earliest blood vessels. For example, the zebrafish
cloche mutant manifests as a vascular defect due
to loss of differentiated EC.5 In addition to EC,
vascular smooth muscle cells (VSMC) are recruited to the developing vascular wall where
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they function initially as supportive cells and
later as highly specialized cells that control vessel wall caliber. The ability of VSMC to carry
out such functions in the vessel wall relates to
their unique transcriptome, which encompasses cell-restricted contractile, cytoskeletal,
and transcription factor genes.6,7 To date, there
has been only one report on the expression of
a VSMC-restricted gene (SM22), but its expression in zebrafish has been rather difficult to interpret because of the extremely close juxtaposition of EC and VSMC in this animal.8 Further,
the mutant radar exhibits circulatory arrest at
50 hours post fertilization (hpf), which the authors speculate could be due to defects in
VSMC recruitment or function, though studies
were not undertaken to address this hypothesis because of the lack of VSMC markers in zebrafish.9
To date, no study has reported the essential changes that must occur in zebrafish aortic ultrastructure from development to adulthood. We have been particularly interested in
understanding when and to what extent
VSMC invest the zebrafish aorta (e.g., how
many layers of VSMC exist in the adult
aorta?). Herein, we provide the first ultrastructural analysis of the larval versus adult
zebrafish aorta. We have compared 7 day post
fertilization (dpf) larvae with 1- and 3-monthold zebrafish and report striking differences
in both EC and VSMC ultrastructure at these
time points. At 3 months, but not 7 dpf or 1
month, EC are shown to harbor electrondense organelles of unknown origin and function. While synthetic mural cells are observed
as early as day 7 of development, they do not
exhibit the ultrastructural features of a fully
differentiated adult VSMC (i.e., little evidence
of dense plaques and myofilaments). Finally,
we show that the adult aorta has one clear
layer of differentiated VSMC that lies between the EC layer and an adventitial layer
composed of collagen-synthesizing fibroblasts and melanin-generating melanocytes.
Collectively, these data provide new insight
into the emergence of differentiated VSMC in
zebrafish, thus providing a foundation for future studies on the gene expression profile
and function of these cells in a variety of mutant phenotypes.
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RESULTS
Our studies were motivated by the continuing difficulty in assessing unambiguously the
expression of VSMC markers in adult zebrafish
aorta. For example, expression of serum response factor (SRF), a known VSMC marker, in
wild-type zebrafish aorta is difficult to interpret owing to the presence of pigment circumscribing the entire adult aortic wall (Fig. 1A, B).
On the basis of positive Schmorl’s histochemical staining, we have confirmed the identity of
the pigment as melanin (data not shown).
In rare instances, SRF expression is seen in
longitudinal sections of the dorsal aorta of
wild-type zebrafish (Fig. 1C, D). Golden zebrafish mutants having less pigment exhibit
clear and consistent SRF staining in cross-sections of the adult (3 month) aorta (Fig. 1E, F).
Similar findings have been seen with the VSMC
marker, smooth muscle -actin (data not
shown). The finding of SRF expression in
VSMC was not reported in a previous publication of SRF staining in zebrafish.10
The presence of melanin also complicates a
clear definition of the extent of VSMC investment around the dorsal aorta. To address this
issue and to begin characterizing the onset of
VSMC differentiation in zebrafish, we selected three time points (7 dpf, 1 month, and
3 months) to study the ultrastructure of the
zebrafish aorta. High-powered light microscopic images at these three time points reveal striking differences in vessel wall caliber
(diameters of 10 m, 25 m, and 50 m at
7 dpf, 1 month, and 3 month, respectively)
(Fig. 2). At the light microscopic magnification indicated, we could not ascertain with
certainty the number of VSMC layers circumscribing the EC monolayer. We therefore
prepared samples of dorsal aortae from each
time point for transmission electron microscopic (TEM) examination.
Representative images in Figure 3 show that
7 dpf larvae exhibit an EC tube with closely juxtaposed mural cells rich in synthetic organelles.
The mural cells show occasional myofibrils
(data not shown) but are otherwise devoid of
ultrastructural features consistent with differentiated VSMC (e.g., membrane converging
actin cytoskeletal elements that create dense
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FIG. 1. Immunohistochemistry of SRF in
adult zebrafish. (A) Cross-section of 3 monthold wild-type zebrafish aorta reveals positive
staining for SRF in VSMC (arrow). Note extensive pigment circumscribing the dorsal
aorta. (B) Adjacent section with the SRF antibody preabsorbed to purified peptide reveals
loss in VSMC staining. Note extensive pigment
circumscribing the dorsal aorta. (C) Longitudinal section of wild-type dorsal aorta showing
positive SRF nuclear staining in VSMC (arrows). (D) The positive SRF nuclear staining is
abolished upon preabsorption with SRF peptide; some pigment can be seen at both ends of
the dorsal aorta. (E) Cross-section of 3-monthold golden zebrafish mutant aorta (with minimal pigment) stains positively for SRF in
VSMC of the dorsal aorta (arrows indicate positive VSMC). (F) Preabsorption of antibody
with purified SRF peptide abolishes SRF staining in VSMC. All images, 600 magnification.

plaques at the periphery of VSMC and a basement membrane). Moreover, no internal elastic lamina (IEL) is seen between EC and the underlying mural cells in 7 dpf larvae, though
tight junctions between EC are readily evident
(data not shown). Finally, very few melanin-

producing cells are observed at this time point.
These data suggest that while both EC and
mural cells (presumably fated for the VSMC
lineage) are present in close association to one
another in 7 dpf larvae, differentiation, particularly of VSMC, is incomplete.

FIG. 2. Comparative light microscopy of developing dorsal aorta. One micron cross-sections of 7 dpf larval (A), 1
mpf juvenile (B), and 3 mpf adult (C) zebrafish aorta (denoted with arrows in each panel) stained with toluidine blue.
Dorsal aspect of each panel is at top. Even at 600 magnification, it is difficult to ascertain the extent of VSMC investment. Scale bar at bottom of A  10 m. Note progressive increase in caliber of dorsal aorta from 7 dpf to 3 mpf.
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VSMC with peripheral dense plaques indicative of a mature actin cytoskeleton, and EC (Fig.
4B). We could readily observe the polymerization of collagen within adventitial fibroblasts

FIG. 3. Ultrastructure of 7 dpf larval aorta. (A) Transmission electron micrograph (TEM) of a mural cell
(boxed) opposite a large EC nuclear profile at the 7 dpf
stage. The lumen of this section contains 5 red blood cells.
Magnification, 4000. (B) Higher magnification of the
mural cell boxed in A and rotated 90 degrees clockwise.
Note the absence of any dense plaques at the cell’s periphery (see Figs. 4B and 6B for comparison). Magnification, 15000. (C) Higher magnification of region marked
with asterisk in B showing rough endoplasmic reticulum
(black arrow) and mitochondria (white arrow) with little
evidence of packed myofilaments (see Fig. 6 for comparison). Arrowheads indicate extended EC process into lumen. Magnification, 30000.

By 1 month of age, the zebrafish aorta shows
clear evidence of melanin pigment (Fig. 4A).
TEM identifies periaortic melanosomes within
the melanocyte. Internal to the melanocytes
are collagen-generating adventitial fibroblasts,

FIG. 4. Ultrastructure of 1 mpf aorta. (A) Low power
TEM showing the dorsal aorta with melanin pigment surrounding much of the periphery. Magnification, 1500.
(B) Higher magnification of boxed region in A. Shown are
4 cell types, labeled E (EC), S (VSMC), F (adventitial fibroblast), and M (melanocyte) from lumen to outer wall.
Arrows point to peripheral dense plaques in a mature
VSMC. Note electron-dense melanosomes within the
melanocyte external to the vessel wall. Magnification,
15000. (C) High magnification image of region marked
with asterisk in B. The arrow points to a region of the adventitial fibroblast in which mature collagen fibers are
clearly evident. Magnification, 80000.
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(Fig. 4C). As in 7 dpf aortae, no IEL could be
seen in the dorsal aorta of 1-month-old zebrafish (Fig. 4B and data not shown). These
findings reveal that VSMC differentiation and
the recruitment and differentiation of periaortic melanocytes occur between 1 and 4 weeks
of development in wild-type zebrafish.

FIG. 5. Ultrastructure of 3 mpf aorta with focus on EC.
(A) Low power TEM showing collections of electron
dense periaortic melanosomes (arrows) and two valve
leaflets (small arrowheads) extending into the lumen of
the aorta. Magnification, 1000. (B) Higher magnification
of an independent adult aorta showing the EC layer containing electron dense bodies (boxed) and a differentiated
VSMC with peripheral membrane-associated dense
plaques. Magnification, 6000. (C) High magnification of
boxed EC in B. These organelles have a membrane and
are typically, though not always, concentrated nearest the
luminal edge of EC. Magnification, 40000.

459

In 3-month-old adult zebrafish aorta, several
features beyond the much greater diameter of
the vessel seen in Fig. 2 are evident. Aortic
valves are seen sporadically in these vessels,
presumably to maintain forward flow of blood
under low systolic pressure (Fig. 5A). EC in
adult aorta show an accumulation of electrondense structures that measure 200 nm in diameter (Fig. 5B, C). These electon-dense EC
structures are never seen in 7 dpf larvae and
only rarely seen in 1-month-old fish. Because
of their position in the EC, their smaller size,
and weaker electron density, we do not believe
the electron-dense EC structures represent
melanosomes. A previous publication suggested these may be lipid inclusions;11 however, staining of frozen sections with Oil-RedO failed to support this suggestion (data not
shown). High magnifications of these electrondense EC-associated structures indicated the
presence of a membrane, strongly suggestive
of an identity related to an organelle (Fig. 5C
and data not shown). The definitive identity
and function of these organelles is presently
unclear; we refer to them here as electron-dense
EC organelles.
In contrast to 7 dpf larvae and 1-month-old
zebrafish aorta, the adult zebrafish aorta exhibits a clear IEL that separates the EC of the
tunica intima from the underlying VSMC comprising the tunica media (Fig. 6A, B). Immediately subjacent to the IEL are highly differentiated VSMC as evidenced by the presence of
numerous dense plaques at the periphery of
these cells (Fig. 6B), arrays of tightly packed
myofilaments (Fig. 6C, D), and a basement
membrane (Fig. 6E, F). At least one layer of
VSMC is present in adult dorsal aorta and, in
some regions, a potential second lamellar unit
of VSMC is observed (Fig. 6B). Dense plaques
are not seen in either EC or adventitial fibroblasts, the latter of which are frequently associated with a network of collagen fibers (Fig.
6A), likely of the type I isoform.12
Collectively, these results reveal a basic ultrastructural organization of the dorsal aorta in
zebrafish that is similar to that in mammals
with the notable exceptions of arterial valves,
electron-dense EC organelles, reduced investment of VSMC, and an outer layer of melaningenerating melanocytes.
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FIG. 6. Ultrastructure of 3 mpf aorta with focus on VSMC. (A) TEM of adult zebrafish aorta showing clear evidence
of a wavy IEL separating EC from contractile VSMC having dense plaques at their periphery. Note the electron-dense
melanosomes outside the vessel wall as well as the rich accumulation of collagen (col) fibers. Magnification, 5000.
(B) Higher magnification TEM of the boxed region in A. The asterisk denotes the IEL. Small black arrows point to
peripheral dense plaques that define two apparent layers of differentiated VSMC. The melanosomes (mel) contained
within a cell membrane (large black arrow) are bigger and more electron-dense that the EC organelles (white arrow).
Magnification, 30000. (C) Differentiated VSMC with large nucleus, myofilaments running throughout the cytosol,
and peripheral dense plaques. The IEL is marked with an asterisk and separates the VSMC from the overlying EC
(larger arrow points to a pair of electron-dense EC organelles). Magnification, 12000. (D) Higher powered TEM of
region marked with asterisk and small arrow in C. The nucleus (nuc) is labeled, as are a bundle of packed myofilaments (arrow) and the IEL (asterisk). Magnification, 40000. (E) Another differentiated VSMC at right of IEL (asterisk). Magnification, 15000. (F) High power TEM of boxed region in E. The arrows point to a classic basement membrane that encapsulates the differentiated VSMC. Magnification, 80000.

DISCUSSION
We were prompted to examine the ultrastructure of the zebrafish aorta because of difficulties in interpreting our own and other reported data8,13,14 on the expression of VSMC

differentiation markers in VSMC of this animal.
In this report, we have for the first time defined
the temporal changes in ultrastructure between
larval and adult zebrafish dorsal aorta. Incompletely differentiated EC and VSMC circumscribe a 10 m diameter dorsal aorta in 7 dpf
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larvae. In adult zebrafish dorsal aorta, the diameter increases 5-fold and consists of differentiated EC overlying a well-developed IEL.
Adult, but not larval or 1-month, aortic EC contain electron-dense organelles of unknown origin and function.
At least one and possibly two lamellar units
of VSMC invest the adult lumen wall, and these
cells have the signature ultrastructural characteristics (peripheral dense plaques, myofilaments, and basement membrane) of a differentiated phenotype that is not evident in 7 dpf
larvae, but appears to be manifest by 1 month
of age. Fibroblasts within the tunica adventitia
appear to organize a rich collagen network similar to that seen in higher animal species.12
Thus, the zebrafish aorta shares the same tissue organization as mammalian aortae, although the number of VSMC layers in zebrafish is only one or two.
Relatively little information exists regarding
the ultrastructure of zebrafish blood vessels.
Eriksson and Löfberg first commented on zebrafish aortic ultrastructure in the context of
the hypochord, a transient structure immediately ventral to the notochord that is thought
to position the dorsal aorta.15 Their study was
confined to early aortic development (less than
24 hours pf, hpf) and showed an EC tube first
emerging around the 17–20 somite-stage (19
hpf) with no mention of mural VSMC. While
we report the occasional presence of synthetic
mural cells in the 7 dpf larval dorsal aorta,
VSMC may in fact be recruited to the EC tube
as early as 96 hpf.16 Very recently, however, EM
analysis of the dorsal aorta did not reveal the
presence of VSMC between 1 and 5 dpf of zebrafish development.17
Whether VSMC first emerge on 7 dpf or
earlier, they are not fully differentiated, since
the presence of membrane-associated dense
plaques, basement membrane, and a rich array
of myofilaments is not evident in such cells. We
conclude therefore that fully differentiated
VSMC arise only after 7 dpf. In this context, we
suggest exercising caution in the interpretation
of whole mount immunostaining of larval zebrafish aortae since it is impossible at the level
of low-power light microscopy to discriminate
EC versus VSMC expression of a gene. Further,
histologic sectioning and colorimetric im-
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munostaining of VSMC-restricted proteins
(e.g., SRF) on even adult dorsal aorta are
complicated by the presence of periaortic
melanosomes, which we observe to confound
accurate localization of signal to VSMC. Thus,
until more VSMC-restricted genes are cloned
from zebrafish and carefully analyzed, perhaps
with the aid of an EM, it will be difficult to ascertain with precision the timing of VSMC differentiation.
In this report, we have defined an unusual
organelle in EC that only emerges after 1 month
of zebrafish development. Similar electrondense bodies were previously reported in EC
of the bulbous arteriosus and suggested to be
of lipid origin.11 If these were lipid droplets,
they would stain readily for lipophilic stains
such as Oil-Red-O and would not be membrane-bound. In fact, we could not demonstrate
any positive staining for Oil-Red-O and, under
high magnification, the electron-dense bodies
clearly contain a membrane.
Based on these findings and a previous ultrastructural study of another teleost,18 it is
possible the electron-dense EC organelles represent Weibel-Palade bodies which store clotting factor VIII. It is important to point out
however that the electron-dense EC organelles
reported here do not exhibit obvious tubulations that typify mammalian Weibel-Palade
bodies19 and are not manifest in EC until after
1 month of development. The precise identity
of these organelles awaits future investigative
work.
In the mouse aorta, the presence of advanced
differentiated VSMC (e.g., Myh11-staining)
around the EC tube coincides with the establishment of functional circulation (e10–e10.5),
rapid myocardial expansion, and elevations in
blood pressure.20,21 In contrast, there appears
to be a protracted time period between blood
circulation in zebrafish (24 hpf) and the emergence of differentiated VSMC (later than 7 dpf).
One reason for this may relate to the very low
blood pressures that likely exist in the early developing zebrafish. Hu and colleagues measured blood pressure in the adult zebrafish and
found peak systolic pressure gradients of 2.16
and 1.51 mm Hg in ventral and dorsal aorta,
respectively.11 Consistent with these low pressure gradients, the adult zebrafish aorta has
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only one clear lamellar unit of VSMC circumscribing the endothelium.
Nevertheless, knockdown of radar (Gdf6) results in circulatory arrest at 50 hpf that is not
associated with perturbations in vascular patterning, raising the possibility that a defect in
recruitment of VSMC may underlie the phenotype.9 Given the myriad number of mouse
knockouts exhibiting clear circulatory defects
associated with impaired VSMC recruitment
and/or differentiation,22–30 it will be of major
interest to better explore the role of VSMC in
many zebrafish mutant phenotypes. Such an
analysis will be facilitated by the accurate determination of VSMC marker expression during development and the use of EM techniques.

MATERIALS AND METHODS
Microscopy
Adult zebrafish (3 months pf), 1-month-old
juveniles, and 7 dpf zebrafish larvae (n  4 for
each time point) were fixed overnight at 4°C in
0.1M phosphate buffered 2.5% glutaraldehyde,
postfixed 60 min in phosphate buffered 1.0%
osmium tetroxide, dehydrated in a graded series of ethanol to 100% (3 times), transitioned
to propylene oxide, infiltrated with EPON/
Araldite resin, embedded in fresh resin, and
polymerized for two days at 70°C. One-micron
sections were stained with a 1.0% toluidine
blue stain and photographed with a digital
camera at a magnification of 600. Thin sections were cut at 70 nm and placed onto copper grids, stained with 2.0% aqueous uranyl acetate, and subsequently stained with lead
citrate. The grids were examined using a Hitachi 7100 transmission electron microscope
and digital images were captured using a
Megaview III digital camera with AnalySIS
software.
Immunostaining
Adult zebrafish were fixed in 4% buffered
paraformaldehyde, paraffin embedded, and cut
at 5-micron thickness. All slides were deparaffinized and rehydrated to PBS (pH, 7.4). Endogenous peroxidase activity was quenched using 3% aqueous hydrogen peroxide for 10 min

and antigen retrieval was performed utilizing
heat-induced epitope retrieval in 0.05% citraconic anhydride.31 Smooth muscle -actin
(Acta2) slides were blocked in 5% normal horse
serum (Vector Laboratories S-2000, Burlingame,
CA) for 30 min and incubated in anti-Acta2
1:1000 (DAKO M 0851, Carpinteria, CA) for 90
min at room temperature. The secondary antibody, biotinylated horse anti-mouse 1:400 (Vector BA-2000), was applied for 30 min at room
temperature. Alkaline phosphatase detection
system (Vector AK-5000) was applied for 30
min followed by Vector Red chromagen (Vector SK-5100) in the dark for 30 min. SRF slides
were blocked in 5% normal goat serum (Vector
S-1000) for 30 min and incubated in SRF antibody 1:1200 (Santa Cruz sc-335, Santa Cruz,
CA) overnight at 4°C. The secondary antibody,
biotinylated goat anti-rabbit 1:400 (Vector BA1000), was applied for 30 min at room temperature. Alkaline phosphatase detection system
(Vector AK-5000) was applied for 30 min followed by Vector Red chromagen (Vector SK5100) in the dark for 30 min. Melanin detection
was done with Schmorl’s histochemical reagent
kit (Newcomer Supply, Middleton, WI) according to the manufacturer’s instructions.

ACKNOWLEDGMENTS
This work was supported by National Institutes of Health grants HL-62572 (JMM) and
DK-07158801 (AR). The authors would like to
thank Steven Mellen for assistance with the
preparation of the electron micrographs.

REFERENCES
1. Weinstein BM, Fishman MC. Cardiovascular morphogenesis in zebrafish. Cardiovasc Res 1996;31:E17–E24.
2. Miano JM. Fishing for function in zebrafish. Circ Res
2006;98:723–726.
3. Isogai S, Horiguchi M, Weinstein BM. The vascular
anatomy of the developing zebrafish: an atlas of embryonic and early larval development. Dev Biol
2001;230:278–301.
4. Weinstein BM. Plumbing the mysteries of vascular
development using zebrafish. Semin Cell Dev Biol
2002;13:515–522.
5. Liao W, Bisgrove BW, Sawyer H, Hug B, Bell B, Peters K, et al. The zebrafish gene cloche acts upstream

DORSAL AORTIC CELLS

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

of a flk-1 homologue to regulate endothelial cell differentiation. Development 1997;124:381–389.
Miano JM. Serum response factor: toggling between
disparate programs of gene expression. J Mol Cell
Cardiol 2003;35:577–593.
Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle cell differentiation
in development and disease. Physiol Rev 2004;84:
767–801.
Yang X, Yao J, Cheng L, Wei D, Xue J, Lu D. Molecular cloning and expression of a smooth muscle-specific gene SM22a in zebrafish. Biochem Biophys Res
Comm 2003;312:741–746.
Hall CJ, Flores MVC, Davidson AJ, Crosier KE,
Crosier PS. Radar is required for the establishment of
vascular integrity in the zebrafish. Dev Biol 2002;
251:105–117.
Vogel AM, Gerster T. A zebrafish homolog of the
serum response factor gene is highly expressed in differentiated embryonic myocytes. Mech Dev 1999;81:
217–221.
Hu N, Yost HJ, Clark EB. Cardiac morphology and
blood pressure in the adult zebrafish. Anat Rec
2001;264:1–12.
Carrasco FH, Montes GS, Krisztán RM, Shigihara KM,
Carneiro J, Junqueira LCU. Comparative morphologic
and histochemical studies on the collagen of vertebrate arteries. Blood Vessels 1981;18:296–302.
Pham VN, Roman BL, Weinstein BM. Isolation and
expression analysis of three zebrafish angiopoietin
genes. Dev Dyn 2001;221:470–474.
Roman BL, Pham VN, Lawson ND, Kulik M, Childs
S, Lekven AC, et al. Disruption of acvrl1 increases endothelial cell number in zebrafish cranial vessels. Development 2002;129:3009–3019.
Eriksson J, Löfberg J. Development of the hypochord
and dorsal aorta in the zebrafish embryo (Danio rerio).
J Morphol 2000;244:167–176.
Majumdar A, Drummond IA. Podocyte differentiation in the absence of endothelial cells as revealed in
the zebrafish avascular mutant, cloche. Dev Gen
1999;24:220–229.
Tang J, Hu G, Hanai JI, Yadlapalli G, Lin Y, Zhang B,
et al. A critical role for calponin 2 in vascular development. J Biol Chem 2006;281:6664–6672.
Ferri S, Sesso A. Tubulated bodies in teleost (Pimelodus maculatus) endothelial cells. Archives d’Anatomie
Microscopique 1983;72:19–22.
Michaux G, Cutler DF. How to roll an endothelial
cigar: the biogenesis of Weibel-Palade bodies. Traffic
2004;5:69–78.
Miano JM, Cserjesi P, Ligon KL, Periasamy M, Olson
EN. Smooth muscle myosin heavy chain exclusively
marks the smooth muscle lineage during mouse embryogenesis. Circ Res 1994;75:803–812.

463
21. McGrath KE, Koniski AD, Malik J, Palis J. Circulation
is established in a stepwise pattern in the mammalian
embryo. Blood 2003;101:1669–1676.
22. Domenga V, Fardoux P, Lacombe P, Monet M, Maciazek J, Krebs LT, et al. Notch3 is required for arterial
identity and maturation of vascular smooth muscle
cells. Genes Dev 2004;18:2730–2735.
23. Flintoff-Dye NL, Welser J, Rooney J, Scowen P, Tamowski S, Hatton W, Burkin DJ. Role for the alpha7beta1 integrin in vascular development and integrity. Dev Dyn 2005;234:11–21.
24. Hamada K, Sasaki T, Koni PA, Natsui M, Kishimoto
H, Sasaki J, et al. The PTEN/PI3K pathway governs
normal vascular development and tumor angiogenesis. Genes Dev 2005;19:2054–2065.
25. Kuo CT, Veselits ML, Barton KP, Lu MM, Clendenin
C, Leiden JM. The LKLF transcription factor is required for normal tunica media formation and blood
vessel stabilization during murine embryogenesis.
Genes Dev 1997;11:2996–3006.
26. Li DY, Sorenson LK, Brooke BS, Urness LD, Davis EC,
Taylor DG, et al. Defective angiogenesis in mice lacking endoglin. Science 1999;284:1534–1537.
27. Li S, Wang D-Z, Richardson JA, Olson EN. The serum
response factor coactivator myocardin is required for
vascular smooth muscle development. Proc Natl
Acad Sci U S A 2003;100:9366–9370.
28. Liu Y, Wada R, Yamashita T, Mi Y, Deng C-X, Hobson JP, et al. Edg-1, the G protein-coupled recptor for
sphingosine-1-phosphate, is essential for vascular
maturation. J Clin Invest 2000;106:951–961.
29. Miano JM, Ramanan N, Georger MA, de Mesy-Bentley KL, Emerson RL, Balza RO, Jr., et al. Restricted
inactivation of serum response factor to the cardiovascular system. Proc Natl Acad Sci U S A 2004;101:
17132–17137.
30. Oh SP, Seki T, Goss KA, Imamura T, Yi Y, Donahoe
PK, et al. Activin receptor-like kinase 1 modulates
transforming growth factor-beta 1 signaling in the
regulation of angiogenesis. Proc Natl Acad Sci U S A
2000;97:2626–2631.
31. Namimatsu S, Ghazizadeh M, Sugisaki Y. Reversing
the effects of formalin fixation with citraconic anhydride and heat: a universal antigen retrieval method.
J Histochem Cytochem 2005;53:3–11.

Address reprint requests to:
Joseph M. Miano
Cardiovascular Research Institute
University of Rochester School of Medicine
601 Elmwood Avenue, Box 679
Rochester, New York 14642
E-mail: j.m.miano@rochester.edu

This article has been cited by:
1. Matthew G. Butler, Aniket V. Gore, Brant M. WeinsteinZebrafish as a Model for Hemorrhagic Stroke 105, 137-161.
[CrossRef]
2. Massimo M. Santoro, Gabriella Pesce, Didier Y. Stainier. 2009. Characterization of vascular mural cells during zebrafish
development. Mechanisms of Development 126:8-9, 638-649. [CrossRef]
3. P.-P. Zheng, L.-A. Severijnen, M. van der Weiden, R. Willemsen, J. M. Kros. 2008. A crucial role of caldesmon in vascular
development in vivo. Cardiovascular Research 81:2, 362-369. [CrossRef]
4. Aernout Luttun, Peter Verhamme. 2008. Keeping your vascular integrity: What can we learn from fish?. BioEssays 30:5,
418-422. [CrossRef]
5. 2007. Recent Papers on Zebrafish And Other Aquarium Fish Models. Zebrafish 4:1, 79-90. [Citation] [PDF] [PDF Plus]

