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TECHNIQUES

Quantum Dots Are Powerful Multipurpose
Vital Labeling Agents in Zebrafish Embryos

Sandra Rieger,! Rajan P. Kulkarni,? Dan Darcy,?" Scott E. Fraser,”> and Reinhard W. Koster'*

Recently, inorganic fluorescent contrast agents composed of semiconductor materials have been
introduced to biological imaging approaches. These so-called quantum dots provide unique and promising
properties unreached by organic fluorophores, but their use as contrast agents within live organisms has
been limited, probably due in part to concerns about their in vivo tolerance. Using transparent zebrafish
embryos, we challenged quantum dots with a series of intravital imaging problems. We show that quantum
dots provide a high fluorescent yield within targeted tissues, possess immense photostability, can be
targeted to specific subcellular compartments, remain within targeted cells as lineage tracers, are easily
separable from conventional organic fluorescent dyes, and are fixable, allowing them to be used in
combination with immunohistochemistry after live recordings. Thus, quantum dots combine the specific
advantages of different organic fluorescent contrast agents and promise to become the first fluorophore
feasible for long-lasting intravital time-lapse studies. Finally, we show by colabeling blood vessels of the
vasculature and major axon tracts of the nervous system that, for establishing these networks, the same
guidance cues might be used in some body parts, whereas in others, both networks appear to develop
independently from one another. Thus, the bright fluorescence of quantum dots will help to unravel many
open questions in the fields of embryology, cell biology, as well as phenotyping and disease diagnosis.
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INTRODUCTION

The ever-continuing demand for in-
travital contrast agents of different
and brighter colors, reduced size,
more stability, less toxicity, and
greater versatility has led recently
to the establishment of so-called
quantum dots as biological labeling
agents. Of these semiconductor
nanocrystals, cadmium selenide
quantum dots have been most com-
monly used for biological applica-

tions. Because crystal size alone de-
termines the excitation and emission
characteristics, a crayon box of flu-
orophores can be generated with a
single synthesis strategy (Bruchez et
al., 1998; Jaiswal et al., 2003). Also,
appropriate masking and coupling
chemistry has only to be developed
once. Different coats using zinc sul-
fide (Mattoussi et al., 2001), silica
(Bruchez et al., 1998; Chan and Nie,
1998), or micelles (Dubertret et al.,

2002; Wu et al., 2003) have been de-
veloped to increase the fluorescence
of the quantum dots and to render
them soluble in aqueous medium.
Such quantum dots have been found
to be nontoxic in cultured cells
(Jaiswal et al., 2003), within the
mouse vasculature (Larson et al.,
2003), in Xenopus embryos (Duber-
tret et al., 2002), and in tumor cells
injected into mice embryos (Voura et
al., 2004). Adapter molecules at-
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tached to the outer shells can further
functionalize quantum dots for spe-
cific recognition and binding of dis-
tinct proteins (Jaiswal et al., 2004),
making them suitable for use as di-
agnostic agents (Gao et al., 2004).

The range of applications for quan-
tum dots as biological labeling
agents as well as understanding
their specific advantages and limits
in living specimen has just begun to
be explored. The lack of attention
toward quantum dots by researchers
in the intravital imaging field may
be based on concerns regarding the
potential toxicity of semiconductor
materials, questioning the longevity
of their protective surface coat. Due
to its optical clarity, external devel-
opment, and ease of manipulation,
the zebrafish is perhaps the most
suited vertebrate model organism
for imaging embryogenesis. Morpho-
genetic tissue movements, cellular
interactions, and behaviors, and
even subcellular dynamics can be ob-
served at high resolution within the
living organism (Henry et al., 2000,
Koster and Fraser, 2001a; Niell et
al., 2004). Surprisingly, the use of
quantum dots as a vital labeling
agent has not been explored in ze-
brafish embryos to date. We show
that quantum dots can be injected
into zebrafish embryos in large
amounts with no harm to embryo-
genesis over several days. Further-
more, their superior spectral proper-
ties in live and fixed specimens make
quantum dots a powerful analytical
agent that can be used in combina-
tion with numerous available green
fluorescent protein (GFP) -trans-
genic zebrafish lines. Their easy em-
ployment as lineage tracer or bright
microangiography agent broadens
their applicability in living embryos
and promises that quantum dots will
become a routine intravital labeling
agent for analyzing many aspects of
embryogenesis within the living and
developing organism.

RESULTS

Quantum Dots Provide a
Bright Vital Label in
Zebrafish Embryos

Quantum dots have been used for
many in vitro applications, but proba-

bly based on the assumption that
semiconductor materials are toxic,
few in vivo approaches using quantum
dots as a vital labeling agent have
been reported so far. Thus, we tested
streptavidin-conjugated QD605 quan-
tum dots (Quantum Dot Corporation)
that consist of a core of cadmium se-
lenide surrounded by a zinc sulfide
shell enhancing the quantum yield for
brighter fluorescence (http:/www.
qdots.com/live/render/content.asp?id=
71) in zebrafish embryos. A secondary
outer coat provides a hydrophilic sur-
face and attachment sites for strepta-
vidin, rendering these dots soluble for
in vivo applications such as cytoplas-
mic microinjection.

To test whether zebrafish embryos
tolerate these quantum dots during
embryogenesis, we injected a bolus
(100 nM, 1.7 nl) of QD605 into the
cytoplasm of one of the two blas-
tomeres at the two-cell stage. Excita-
tion with blue light resulted in a
bright red fluorescent signal emitted
by the descendants of the injected cell
at the eight-cell stage (Fig. 1A). The
quantum dots appeared to spread
through cytoplasmic bridges that con-
nect all zebrafish blastomeres during
the first cleavage stages (Kane, 1999;
Fig. 1A). The injected embryos devel-
oped indistinguishably from unin-
jected counterparts, showing a bright
fluorescence throughout the embryo
during gastrulation (Fig. 1B) and
somitogenesis stages (Fig. 1C). Even
during organogenesis, red fluores-
cence derived from the injected quan-
tum dots could be observed through-
out the body (Fig. 1D).

In some tissues of the embryo, clus-
ters of quantum dots were found (Fig.
1D, Dblack arrowheads), possibly
caused by a tendency of the QD605 to
form small aggregates. These aggre-
gates could also be found when aque-
ous dilutions of QD605 were dispersed
on a coverslip and imaged by confocal
laser scanning microscopy (Fig. 1E,
see yellow arrowheads). Sonication of
the quantum dots for 5 min before in-
jection dissolved the aggregates (Fig.
1F). When sonicated quantum dots
were injected at the one-cell stage, ze-
brafish embryos developed properly
with intense red fluorescence through-
out tissues of all germ layers, indicat-
ing that sonication neither destroys

the quantum dots nor releases toxic
contents from quantum dots (Fig. 1H).

To evaluate a tolerable QD605 dose,
zebrafish embryos were injected with
sonicated quantum dots at varying con-
centrations. Up to 10® quantum dots
could be injected with most embryos
showing no malformations or develop-
mental problems during embryogene-
sis, similar to injection results that are
usually obtained with mRNA or plas-
mid DNA. Further increase of the injec-
tion concentration resulted in elevated
levels of malformations and embryonic
death (Fig. 1G).

Emission Properties of
Quantum Dots Remain
Unaffected by the Cellular
Environment

One of the characteristics of quantum
dots is their narrow emission band,
separated by a large Stoke’s shift from
the excitation wavelength. This fea-
ture allows an easy separation of ex-
citation and emission signals and of-
fers the simultaneous detection of
multiple nonoverlapping quantum dot
colors (Bruchez et al., 1998; Jaiswal et
al., 2003; Voura et al., 2004).

To investigate whether these emis-
sion characteristics are influenced by
their surrounding environment in vivo,
the emission spectra of QD605 were
compared in water (Fig. 2A), phosphate
buffer (Fig. 2B), and intravitally in ze-
brafish embryos (Fig. 2C) using laser
scanning confocal microscopy combined
with liquid crystal tunable filters for
spectroscopy (Lansford et al., 2001). As
observed in vitro, intracellular QD605
show an emission maximum at 605 nm.
Also, the narrow emission profile of ap-
proximately 60 nm in width, ranging
from approximately 580 nm to 640 nm,
remains unaltered when compared
with QD605 spectra obtained in vitro.
This stability indicates that the intra-
cellular environment of zebrafish em-
bryonic cells does not affect the charac-
teristic emission properties of QD605.

Subcellular Localization of
Quantum Dots Can Be
Regulated by Different Coats

Quantum dots coated with trimethox-
ysilylpropyl urea and acetate groups
bind with high affinity components in
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the nucleus (Bruchez et al.,, 1998).
Also, quantum dots that had been en-
capsulated by micelles using reagents
that are applied in lipofection strate-
gies have been reported to preferen-
tially accumulate in the nucleus in Xe-
nopus embryonic cells (Dubertret et
al., 2002). In contrast, streptavidin-
conjugated QD605 injected at the one-
cell stage into zebrafish embryos ap-
peared to be excluded from the
nucleus. When imaged in the embry-
onic eye at higher magnification using
laser scanning confocal microscopy, the
quantum dots appeared to outline the
cellular morphology of lens fiber and
retinal cells (Fig. 2F). Thus, we com-
pared their cellular fluorescence with
vital fluorescent labels of defined local-
ization.

Bodipy Ceramide labels the extra-
cellular matrix and cell membranes,
but its signal obtained from embry-
onic zebrafish eyes appeared to be
more restricted than QD605 (com-
pare Fig. 2D with F). In contrast,
mRNA injection of a nuclear local-
ized histone 2B fusion protein to
monomeric red fluorescent protein
(mRFP; Campbell et al., 2002) la-
beled the bean-shaped nuclei within
lens fiber and retinal cells, resem-
bling the unlabeled structures in
QD605-containing cells (compare
Fig. 2G with F). Finally, injections of
mRNA encoding the fusion protein
unc76:GFP (Dynes and Ngai, 1998),

85.4% viable

eye (32hpr)

BodipyGeramide unc76:GFR quantum dots QD605 histon2B:RFP

Fig. 2.
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which labels the cytoplasm but is
excluded from the nucleus, appeared
to result in a very similar fluorescent
label of lens fiber and retinal cells in
the zebrafish embryonic eye as
QD605, copying their cellular local-
ization (compare Fig. 2E with F).
This finding suggests that streptavi-
din-conjugated QD605 localize to the
cytoplasm and are excluded from the
nucleus and indicates that, by using
differently tailored coats, quantum
dots can be localized to distinct cel-
lular compartments.

Fig. 1. Quantum dots provide bright vital label-
ing during zebrafish embryogenesis. A-D: Lat-
eral views of embryo injected with QD605 (100
mM, 1.7 nl) at the two-cell stage. A-D: Bright
red fluorescent labeling can be observed during
the first cleavage stages (A, weaker labeling of
descendants from the uninjected blastomere
(white arrowhead) indicates spreading of the
quantum dots during first cleavage stages),
gastrulation (B), somitogenesis (C), and organo-
genesis (D) without affecting embryonic devel-
opment. E: The tendency of QD605 to form
aggregates (aqueous QD605 dispersion on a
coverslip, see yellow arrowheads for aggre-
gates) results in bright fluorescent clusters in
some tissues (D, arrowheads). F,H: These ag-
gregates can be dissolved by sonication (F,
sonicated aqueous QD605 dispersion on cov-
erslip) before embryonic injection, resulting in
evenly labeled embryos (H). G: Whereas 108
injected quantum dots are being tolerated by
developing zebrafish embryos, higher injection
amounts appear to interfere with embryogene-
sis. hpf, hours postfertilization.

Fig. 2. Emission and localization properties of
QD605. A-C: Comparison of the emission
spectra of QD605 measured in water (A), phos-
phate buffered saline (PBS, B), and within reti-
nal cells of zebrafish embryos (C) indicates that
the QD605 emission spectra remain unaltered
in vitro and in vivo irrespective of their environ-
ment. Spectroscopy was performed using laser
scanning confocal microscopy combined with
liquid crystal tunable filters (LSM510 Meta sys-
tem, Zeiss). The cross hair demarcates the spot
from which the spectra were obtained. Relocat-
ing the cross hair to different points of fluores-
cence did not affect the emission spectra sig-
nificantly. D-G: Comparison of differently
localized cellular fluorescent labels within lens
fiber and retinal cells in developing zebrafish
eyes using laser scanning confocal microsco-
py; whereas the membrane-localized dye
Bodipy Ceramide (D) and the nuclear-localized
histon2B-mRFP fusion protein (G) result in a
different vital cellular label, the signal obtained
from streptavidin-conjugated QD605 (F) ap-
peared to resemble very closely the labeling of
the unc76:GFP fusion protein, which labels the
cellular cytoplasm but is excluded from the nu-
cleus (E). hpf, hours postfertilization; RFP, red
fluorescent protein.

Quantum Dots as Lineage
Tracer in Zebrafish Embryos

To test whether streptavidin-conju-
gated QD605 can be used to reliably
mark descendants of injected -cells,
QD605 were coinjected with mRNA en-
coding GFP, an established lineage
tracer in zebrafish embryos, into indi-
vidual blastomeres at the 32- and 64-
cell stage. At this developmental stage,
the cytoplasmic connections between
embryonic blastomeres have ceased to
exist (Kane, 1999). The successful re-
striction of the injection to a subset of
blastomeres can be ensured right after
the injection using a fluorescence ste-
reomicroscope to detect the red fluores-
cence of the QD605 (Fig. 3A,B).

At 30% epiboly, a cluster of ap-
proximately 20 cells close to the an-
imal pole displayed strong red fluo-
rescence emitted by the QD605 (Fig.
3C,D). The same cells also emitted a
green fluorescent signal derived
from the translated GFP (Fig. 3E) as
the overlay of both fluorescent sig-
nals showed a perfect match (Fig.
3F). This finding indicates that
QD605 had been passed to the
daughter cells of the initially in-
jected blastomeres through rounds
of cell division. As the quantum dots
had not been able to spread any fur-
ther, these results show that
streptavidin-conjugated QD605 can-
not pass through gap junctions in
zebrafish embryonic cells.

After onset of gastrulation, the clus-
ter of fluorescent cells dispersed,
likely due to extensive movements
and relocation of gastrulating cells
(Fig. 3G). Whereas most cells still dis-
played fluorescence of both QD605
(Fig. 3H) and GFP (Fig. 3I), some of
the cells appeared to display GFP flu-
orescence only (Fig. 3J, white arrow-
heads). This finding could be caused
by the tendency of QD605 to form ag-
gregates unlike GFP, thereby being
passed on to only one of the daughter
cells during a cell division. In con-
trast, cells emitting QD605 fluores-
cence independently of the GFP signal
could not be found. These coinjection
results show that streptavidin-conju-
gated QD605 quantum dots reliably
mark descendants of individually in-
jected cells in zebrafish embryos and
can be used as lineage tracer. One has
to bear in mind though that the finally

labeled cell population may not repre-
sent the entire but rather a large sub-
fraction of the descendants.

Quantum Dot Labeling to
Follow Cell Dynamics and
Changes in Morphology

To directly address the potential of
quantum dot labeling for following in-
dividual cells and their dynamic be-
havior during embryonic develop-
ment, zebrafish embryos were injected
at the one-cell stage with mRNA en-
coding a nuclear localized histone 2B—
EGFP fusion protein. Subsequently,
individual blastomeres were injected
at the 64-cell stage with QD605. This
approach resulted in a green fluores-
cent labeling of the nuclei of nearly
every cell during gastrulation stages,
with a few cells being colabeled in
their cytoplasm with red fluorescent
quantum dots. Such QD605-marked
cells were followed by time-lapse im-
aging over several hours during gas-
trulation (Fig. 3K-R).

The cytoplasmic quantum dot fluo-
rescence was able to reveal the contact
and release of individual cells during
gastrulation (Fig. 3K-P, yellow ar-
row). This contact release occurred
past several other cells (Fig. 3N), as
judged by the number of interspersed
labeled nuclei. Subsequently, the
chromatin in one of the cells con-
densed (Fig. 30, white arrow) followed
by the division of the double-fluores-
cent cell, with both emerging daugh-
ter cells carrying the red fluorescence
of the QD605 label in their cytoplasm
(Fig. 3Q,R white arrows).

To address whether more elaborate
cell morphology can be visualized us-
ing quantum dots, a skin cell from a
similarly injected embryo was imaged
at high magnification at 36 hours
postfertilization (hpf; Fig. 3T). In ad-
dition, individual notochord cells were
injected with QD605. Their bright flu-
orescence revealed the polygonal
shape of differentiated notochord cells
with the nucleus and vacuoles being
spared by the quantum dots. Thus,
quantum dots, when being used as lin-
eage tracers, can reveal dynamic
changes in morphology and cell behav-
ior during embryonic development,
with image recording at high magnifi-
cation displaying the morphology of
individual cells.
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Fig. 3. Lineage tracing of zebrafish embryonic cells using QD605. A: Two blastomeres of a zebrafish embryo at the 64-cell stage (overlay of transmitted light
image with QD605 fluorescence) have been coinjected with QD605 and mRNA encoding green fluorescent protein (GFP), an established lineage tracer in
zebrafish embryos. B: The restriction to two individual blastomeres can be observed immediately after the injection by the red fluorescence of QD605 using
a fluorescence stereomicroscope. C-E: At 30% epiboly (C, overlay of transmitted light image with QD605 fluorescence), green fluorescence emitted by the
meanwhile translated GFP can be observed (E) in addition to the red QD605-derived fluorescence (D). Both fluorescent signals are localized to a single
continuous cell cluster of approximately 20 cells close to the apical pole of the embryos. F: The overlay of both fluorescent channels shows that both signals
overlap completely. This finding indicates that streptavidin-conjugated QD605 do not spread to neighboring cells through gap junctions but are being passed
on to descendants of the initially injected blastomeres through rounds of cell divisions. G: At 60% epiboly, the single cell cluster of fluorescent cells has
dispersed, likely due to extensive cell movements of gastrulating cells. H,I: Red QD605-derived fluorescence (H) and green GFP-emitted fluorescence (I) can
still be detected in numerous cells. J: The overlap of both fluorescent channels shows that most fluorescent cells co-emit GFP and QD605 fluorescence,
indicating that streptavidin-conjugated QD605 can be used to mark descendants of individually injected cells. Some cells appear to display green GFP
fluorescence only (J, white arrowheads). The lack of QD605 in this subfraction of cells may be caused by QD605 being propagated to only one daughter cell
during a round of cell division, due to their tendency to form aggregates. G,J: A few red fluorescent signals emitted from QD605 that do not co-emit GFP
fluorescence appear to be derived from quantum dots that are not localized within the embryo, perhaps being deposited between the embryo and the chorion
during the injection procedure (compare blue arrowheads in J and G). These results show that streptavidin-conjugated QD605 can be used as lineage tracers
in zebrafish embryos to label the vast majority of descendants from an injected individual precursor cell. K-R: To directly follow individual cell dynamics,
zebrafish embryos were injected with mRNA (150 ng/pl) encoding a histone2B-EGFP fusion protein at the single-cell stage followed by QD605 injection of
an individual blastomere at the 64-cell stage. H: As such labeled cells disperse during gastrulation individually QD605-labeled cells could be followed by
time-lapse recording using laser scanning confocal microscopy. Starting at 8 hours postfertilization (hpf) stacks of images spaced by 5 pm, respectively, were
recorded every 5 min covering an optical section of 30 wm in total. A sequence from a several-hours recording is displayed with images from a 10-pm fraction
of the recorded stacks being projected into single frames by maximum intensity projection. Two cells making and releasing contact (K-P, yellow arrowheads)
while undergoing morphological changes can be observed due to the QD605-derived fluorescence of their cytoplasm. Subsequently, the chromatin of one
of the labeled cells condenses (O,P, white arrows), and two daughter cells (Q,R, white arrows) arise from a cell division, each carrying the QD605 label. T:
To record more elaborate cell morphology, a skin cell from a similarly injected embryo was imaged at 36 hpf. S: In addition, individual notochord cells were
injected at 36 hpf with QD605. Pictures from a recorded stack of images (60 wm at 1 um distance) were projected by maximum intensity projection into a
single plane. Due to the bright fluorescent labeling, the polygonal shape of the notochord cell can be appreciated with the nucleus and vacuoles being spared
by the fluorescent quantum dots. nc, notochord; sm, somitic muscle.

Fig. 4. Quantum dot microangiography. Living zebrafish embryos of progressing developmental stages were injected into the heart ventricle with a 1
M suspension of streptavidin-conjugated QD605 to label the vasculature by virtue of the blood flow carrying the quantum dots through the entire
vascular network. Subsequently, laser scanning confocal microscopy was used to record the distribution of the quantum dots. A: Lateral view of a 32
hours postfertilization (hpf) embryo; the vasculature is quite primitive, consisting mainly of a major artery and vein running below the notochord (nc).
B,C: Injected QD605 attach in clusters to the vascular endothelium (B, maximum intensity projection of 100 sections each 3 um apart, see also Movie
1 for motility of attached QD605) and accumulate in reticular cells (A, arrowhead; C, maximum intensity projection of 61 sections each 2.5 um apart).
D,E: These deposited QD605 might serve during ongoing embryogenesis as a source to label the endothelium of newly forming blood vessels (55 hpf,
D, maximum intensity projection of 100 sections each 3 wm apart; E, maximum intensity projection of 85 sections each 2 pm apart). F-K: At 3 days
postfertilization (dpf; F-K, lateral views), the vasculature is by far more elaborate, forming a dense network in the head (F,G, maximum intensity
projection of 71 sections each 5 um apart) and trunk (H,l, maximum intensity projection of 71 sections each 3 um apart). G,|,K: Counterstaining with
Bodipy Ceramide was used to visualize the morphological context. L-0: At 5 dpf (L-O, lateral views), the gills (L,M, maximum intensity projection of
51 sections each 5 um apart) and intestinal region (N,O, maximum intensity projection of 115 sections each 2 um apart) have acquired a branched
vascular network. M,0,Q: Bodipy Ceramide counterstaining. P,Q: Finally, at 9 dpf (dorsal views, maximum intensity projection of 122 sections each
2 wm apart) the vasculature interweaving the midbrain hindbrain region was imaged deep to the ventral brain area. For three-dimensional animations
of the vasculature at 3, 5, and 9 dpf, see also Movies 2-4. SIV, subintestinal vein.

Fig. 5. Streptavidin-conjugated QD605 are extremely photostable in vivo and withstand fixation forimmunohistochemical analyses. A-F: Lateral views of the
trunk of a 5-day-old zebrafish larva that has been soaked overnight in Bodipy Ceramide (green fluorescence) and was subsequently subjected to QD605
microangiography (red fluorescence). Bodipy Ceramide fluorescence in the trunk muscles and notochord diminishes after 150 consecutive 488-nm laser
scans (7.9 sec each) of 3.75 mW (compare A and C), whereas the QD605 fluorescence of the reticular cells remains unaltered (compare B and D). E,F: Thus,
at lower magnification, an area with bleached Bodipy Ceramide labeling can be observed (E) when compared with adjacent tissue, whereas the strength of
the QD605 fluorescence appears equally strong throughout the trunk (F, see also Supplementary Movie 5 for bleaching dynamics). G-L: Lateral views of the
head of a 3-day-old zebrafish larva that has been subjected to streptavidin-conjugated QD605 microangiography; strong labeling of the vasculature can be
observed in the living specimen (G,H) that remains after fixation overnight in 4% paraformaldehyde in phosphate buffered saline containing 0.1%Tween 20
(I,J) and appears still unaffected after storage in methanol at —20°C and subsequent rehydration (K,L). M-P: Such embryos were subsequently subjected
to immunohistochemistry using an antibody against acetylated tubulin to mark axon tracts of differentiating neurons in the brain (M, dorsal view, maximum
intensity projection of 49 sections each 2 um apart; N, lateral view, maximum intensity projection of 29 sections each 2 um apart; images were recorded using
the Meta channel of a Zeiss LSM510 laser scanning microscope, fluorescence was recorded from 499 to 670 nm in steps of 10.7-nm intervals, the emission
of both fluorophores was subsequently separated by linear unmixing) and the trunk (O, lateral view, maximum intensity projection of 57 sections each 2 pm
apart; P, QD605 emission only, to highlight the blood vessel network within the trunk; images were recorded using the Meta channel of a Zeiss LSM510 laser
scanning microscope, fluorescence was recorded from 499-670 nm in steps of 10.7-nm intervals, the emission of both fluorophores was subsequently
separated by linear unmixing) for double-labeling purposes. This finding shows that blood vessels obey the segmented pattern of the brain and trunk. cb,
cerebellum; 1, lens; ot, optic tectum; ret, retina; rh, rhombencephalon; te, telencephalon; dpf, days postfertilization.

Fig. 6. Combining green fluorescent protein (GFP) and quantum dot fluorescence in living specimens. A-C: Maximum intensity projection of 82
sections each 1.97 um apart; dorsal views of the midbrain and anterior hindbrain of a 5-day-old homozygous gata1:GFP (strain 781) zebrafish larvae.
Laser scanning confocal microscopy with excitation at 488 nm reveals both green fluorescent blood vessels and cell clusters in the brain due to GFP
expression in erythrocytes and distinct neuronal populations (see also Movie 6 for their three-dimensional organization). C: The vasculature also
displays an intense red fluorescence due to quantum dots carried along with the blood serum. B: Note that the signal from the neuronal clusters does
not appear in the red channel and is not double stained in the merged image, indicating that there is no bleeding of the GFP fluorescence into the red
channel. Thus, both fluorescent signals can be separated using conventional filter sets. D-F: In the lateral views of the trunk of the same specimen,
all the characteristic blood vessels can be detected by both GFP (D) and quantum dot (F) fluorescence, demonstrating that both fluorophores can be
efficiently separated when colocalized within the same structure (note the exclusively green signal of GFP-expressing cells in the ventral neural tube,
white arrowheads in E). G-O: Projections of image stacks recorded by laser scanning confocal microscopy. Lateral views of heterozygous 5-day-old
islet1:GFP zebrafish larvae after QD605 microangiography. The GFP-expressing vagus sensory ganglion (H, white arrow) and the primordial hindbrain
channel (I, white arrow) appear to share a common trajectory (G, maximum intensity projection of 35 sections each 1.97 um apart) also verified by
three-dimensional re-sectioning. This coprojection does not appear to be characteristic for the majority of axon tracts (K) and blood vessels (L) in the
brain (J, maximum intensity projection of 100 sections each 3.03 pm apart) and trunk (M-O, maximum intensity projection of 49 sections each 1.98
wm apart), respectively. cb, cerebellum; DA, dorsal aorta; DLAV, dorsal longitudinal anastomotic vessel; ot, optic tectum; PCV, posterior cardinal vein;
PHBC, primordial hindbrain channel; rh, rhombencephalon; Se, intersegmental vessel; dpf, days postfertilization.
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Quantum Dots Are a
Powerful Microangiography
Contrast Agent

Understanding the development and
function of the cardiovascular system is
one of the most pressing research areas to
date, but its in vivo accessibility is lim-
ited. Zebrafish embryos, with their trans-
parency, external development, and ease
of manipulation allow the development of
the cardiovascular system to be followed
and influenced directly in vivo (Isogai et
al., 2001; Hove et al., 2003).

Microangiography (Weinstein et al.,
1995) was attempted by injecting pulses
of 1 pM QD605 suspension in water
into the ventricle of the zebrafish em-
bryonic heart at 32 hpf. The quantum
dots were immediately carried away
with the blood stream, resulting in a
bright fluorescent labeling of the entire
vasculature, which is quite simple at
this developmental stage (Fig. 4A).

Soon after the intracardial injection,
quantum dots began to accumulate, prob-
ably through phagocytosis within the re-
ticular cells of the trunk and tail (Fig.
4B,C) that line the dorsal aorta and pos-
terior cardinal vein. Nevertheless, not all
of the quantum dots were cleared from
the blood stream, and some selected cells
of the vascular endothelium deposited the
quantum dots as clusters on their outer
membranes (Fig. 4B). High-speed laser-
scanning microscopy of a part of the pri-
mordial hindbrain channel (PHBC), a
vein just posterior to the otic vesicle, re-
vealed that these quantum dot clusters
were not stationary but could move along
the endothelial wall, probably providing a
source of quantum dots for further label-
ing of blood vessels (see Supplementary
Movie 1, which is available at www.inter-
science.wiley.com/jpages/
1058-8388/suppmat). When the injected
embryos were continued to be raised,
newly formed blood vessels were outlined
by such quantum dot clusters on their
endothelial wall (compare Fig. 4B,C with
D,E), thereby documenting the embry-
onic pattern of vasculogenesis.

Quantum Dot
Microangiography in
Zebrafish Larvae

The bright labeling of the zebrafish
embryonic vasculature by quantum
dots prompted us to investigate
whether embryos at older stages re-

quiring increasing imaging depths are
still accessible for microangiography.
First, 3-day-old anesthetized larvae
were subjected to QD605 injection
into the beating left heart ventricle.
Immediately, the entire vasculature of
the head and trunk was fluorescently
labeled (Fig. 4F,H, see also three-di-
mensional [3D] animation in Supple-
mentary Movie 2), revealing the pro-
gression in vasculogenesis that has
occurred from 32 hpf until 3 days of
development (e.g., compare Fig. 4B
with F). Counterstaining with Bodipy
Ceramide allowed placing the blood
vessels into the context of the larval
body plan (Fig. 4G,I). In addition to a
more complex brain vasculature, the
gills have already formed at 3 days
postfertilization (dpf). Also, the seg-
mented nature of the trunk vascula-
ture with the repetitive pattern of dor-
soventral running intersegmental
vessels (Fig. 4H,I; see also higher
magnification in Fig. 4J,K) has ma-
tured. At this stage, the vasculature
surrounding the developing gut ap-
pears to form on top of the yolk (Fig.
4F,G) with the subintestinal vein al-
ready reaching the endgut of the lar-
vae.

A further progression in vasculogen-
esis especially in the gills and intestinal
system was found, when the quantum
dot microangiography was repeated in
5-day-old larvae (Fig. 4L,N, see also 3D
animation in Supplementary Movie 3).
Whereas the gills showed a much more
elaborated vascular network (Fig.
41,M), the gut, which becomes motile
for food transport by 4 days, is now sur-
rounded by a mesh of vasculature (Fig.
4N,0), likely required for the efficient
transport of resorbed nutrients.

Finally, we attempted to image the
vasculature of the mid- and hindbrain
region in 9-day-old larvae (Fig. 4P).
Bodipy Ceramide most intensely la-
bels the neuropil in the brain (Fig.
4Q), thereby providing anatomical
landmarks for orientation. The bright-
ness of the quantum dots provides a
high photon yield that allows even
blood vessels positioned in very ven-
tral aspects of the brain to be visual-
ized by laser scanning confocal mi-
croscopy in living specimens (see also
3D animation in Supplementary
Movie 4). Such vital labeling could be
potentially useful for addressing blood
vessel innervation of early aggressive

brain tumors such as medulloblas-
toma or to analyze the ability of fluo-
rescent compounds to cross the blood—
brain barrier.

Quantum Dots Are
Photostable In Vivo

Organic fluorophores, when scanned re-
peatedly, are subject to photochemical
reactions leading eventually to the de-
struction of their fluorescent properties.
Compared with typical fluorophores
used in immunohistochemistry, quan-
tum dots as inorganic nanocrystals ap-
pear to be far more stable during long-
term light exposure in solution or fixed
cell cultures (Jaiswal et al., 2003; Wu et
al., 2003). Therefore, we set out to com-
pare the photostability of streptavidin-
conjugated QD605 to a vital fluorescent
label of considerable photostability,
Bodipy Ceramide, commonly used in
living zebrafish embryos (Cooper et al.,
1999). After overnight exposure to
Bodipy Ceramide, 5-day-old zebrafish
larvae were subjected to microangiogra-
phy using QD605, which were subse-
quently allowed to settle in reticular
cells of the trunk (Fig. 5A, blue arrow-
heads). The trunk of these double-la-
beled larvae was heavily exposed to
488-nm laser light by 150 consecutive
scans of 7.9 sec at 3.73 mW. With the
exception of the blood serum, all Bodipy
Ceramide labeling in stationary tissues,
such as the trunk muscles and noto-
chord cells, faded almost completely
(Fig. 5C, compare to A, see also time
course of bleaching in Supplementary
Movie 5). This resulted in a dark square
in the zebrafish trunk containing al-
most no Bodipy Ceramide labeling
when compared with adjacent tissues at
lower magnification (Fig. 5E, white ar-
row). In contrast, the fluorescent signal
of the quantum dots appeared unaf-
fected, showing a similar strength be-
fore and after repetitive high power la-
ser scanning (compare Fig. 5C,D). Thus,
the reticular cells in the ventral trunk
remained fluorescently labeled in a con-
tinuous stripe of strong, even fluores-
cence along their anteroposterior distri-
bution (Fig. 5F). This finding indicates
that the immense photostability of
quantum dots is independent of the en-
vironment within the living zebrafish
larvae. Furthermore, as the fluores-
cence yield of the quantum dots does
not increase with the ongoing photode-
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struction of Bodipy Ceramide, quench-
ing of the quantum dot fluorescence
signal by the presence of another fluoro-
phore appears to be unlikely.

Streptavidin-Conjugated
Quantum Dots Combined
With Immunohistochemistry

Most vital fluorescent labels bear the dis-
advantage of escaping fixation and, thus,
are incompatible with immunohisto-
chemical protocols. To test whether
streptavidin-conjugated QD605 re-
main within the labeled tissue and
survive fixation, quantum dot mi-
croangiography was performed on
3-day-old embryos, resulting in bright
labeling of their elaborated vascular
network (Fig. 5G,H). After fixing the
embryos overnight at 4°C in 4% para-
formaldehyde, the quantum dots still
marked the entire vasculature of the
embryos with nearly no loss of the flu-
orescent signal (Fig. 51,J). When sub-
sequently transferred to methanol
and rehydrated after several days,
embryos still displayed the character-
istic quantum dot fluorescence with
high tissue specificity (Fig. 5K,L).

As these results promised that quan-
tum dot-labeled embryos could be used
for further immunohistochemical dou-
ble labeling approaches, zebrafish em-
bryos were subjected to antibody stain-
ing after microangiography, fixation
and methanol treatment, using an an-
tibody against acetylated tubulin. This
antibody detects differentiating neu-
rons and, thus, reveals the extensive
axonal and dendritic network of the
emerging zebrafish nervous system
(Wilson et al., 1990). Using laser scan-
ning confocal microscopy, both the axon
tracts of the midbrain and cerebellum
could be analyzed in detail in parallel to
the vasculature, providing these brain
areas with oxygen and nutrients (Fig.
5M,N). Also in the trunk, the pattern of
the vasculature and motoneurons re-
flecting the segmented organization of
the neural tube could be displayed in
relation to one another (Fig. 50,P).
Bearing in mind the range of colors and
coupling methods available for quan-
tum dots, these fluorescent semiconduc-
tor crystals promise to make feasible
numerous multicolor labeling ap-
proaches.

Separating Quantum Dot
Fluorescence From GFP
Expression

Due to their transparency, external
development, and accessibility for ge-
netic manipulations, zebrafish em-
bryos are especially suited for intrav-
ital imaging approaches using the
genetically encoded GFP. A continu-
ously growing number of GFP-ex-
pressing stable transgenic zebrafish
lines is being produced, and recent ad-
vances in transposon insertion tech-
niques have increased the number of
such GFP lines manifold (Kawakami
et al., 2004; Parinov et al., 2004). As
the emission profile of GFP is quite
broad, reaching into red wavelengths,
separation of the respective emission
signals of GFP and red fluorophores in
colabeled specimens can be difficult.
Quantum dots are excited at wave-
lengths suitable for coexcitation of
GFP, thus minimizing the amount of
excitation light required compared
with dual excitation of conventional
fluorophores. This feature results in
greatly reduced phototoxicity effects.
The large Stoke’s shift of quantum
dot-emitted fluorescence should allow
GFP and quantum dot fluorescence to
be separated and detected easily. To
test this assumption, we used two dif-
ferent stable transgenic GFP-express-
ing zebrafish lines and subjected their
embryos to streptavidin-conjugated
QD605 microangiography at 5 dpf.
First, embryos of the strain 781 ex-
pressing GFP under the control of the
gatal-enhancer were used (Long et
al., 1997). In this line, GFP is ex-
pressed in circulating blood cells, but
also ectopically in various cell types of
the central nervous system, including
the retina, optic tectum, and cerebel-
lum (Fig. 6A). After microangiogra-
phy, transgenic gatal:GFP larvae
were imaged with a confocal micro-
scope using a single laser line at 488
nm. In addition to the green GFP flu-
orescence in neuronal cell clusters of
the brain, these larvae displayed an
intensely labeled brain vasculature
due to the strong red fluorescence of
the quantum dots (Fig. 6C). Both
emission signals could be easily sepa-
rated with standard filter sets, show-
ing that most blood vessels in the
larval brain either run along rostro-
caudal or mediolateral boundaries,

such as the dorsal midline or the mid-
brain—hindbrain boundary (Fig. 6B,
white arrowheads), with most vessels
respecting the compartmentation of
the brain by remaining on the ipsilat-
eral side within the optic tectum or
hindbrain (see also 3D animation in
Supplementary Movie 6).

To investigate whether the fluores-
cent emission signals can be sepa-
rated efficiently within the same
structure, we turned to the repetitive,
simpler vasculature of the trunk.
GFP-expressing erythrocytes could be
visualized throughout the characteris-
tic trunk arteries and veins (Fig. 6D—
F), such as the dorsal longitudinal
anastomotic vessel, the intersegmen-
tal vessels, the dorsal aorta, or the
posterior cardinal vein. These vessels
could also be displayed by recording
the fluorescence emitted by the quan-
tum dots in the blood serum (Fig. 6F),
showing a good colocalization with the
GFP-expressing erythrocytes.

Pathfinding of the Vascular
and Axonal Network Appear
To Be Independent

During their development, both the
nervous system and the vasculature
face the same challenge: to setup a
complex interwoven network and to
form the right connections. Thus,
blood vessels and axonal tracts could
share guidance signals and substrates
on common highways to simplify path-
finding. Indeed, recent results ob-
tained in mice and fish embryos have
demonstrated that pathfinding axons
and interconnecting endothelial cells
share the use of the diffusible guid-
ance factor Netrinl and its receptor
Unc5B (Lu et al., 2004; Park et al.,
2004).

Transgenic zebrafish larvae ex-
pressing GFP under control of the ist-
letl:enhancer display an intense
green fluorescence in cranial motor
neurons and their axon tracts (Hi-
gashijima et al., 2000). When QD605
microangiography was performed in
these larvae, it appeared that some
axon tracts and blood vessels such as
the vagus sensory ganglion and the
PHBC just posterior to the otic vesicle
share common trajectories (Fig. 6G-I,
white arrows). However, other GFP-
expressing axonal tracts in the brain,
when examined for their alignment
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with blood vessels, did not seem to
coalesce with the vasculature (Fig.
6J-L), as observed in larvae stained
against «-tubulin expression (Fig.
5M,N). Similarly, in the trunk, the
blood vessels and axon tracts with
their segmented repetitive organiza-
tion form individual nonoverlapping
networks along both the dorsoventral
and rostrocaudal axis (Fig. 6M-0).
Thus, pathfinding within the vascula-
ture and the nervous system may co-
alesce by sharing the use of the same
directional guidance signals in some
tissues, whereas in others, their path-
finding may be independent of one an-
other, following independent routes
and guidance cues.

DISCUSSION

Recently, inorganic chemistry ad-
vances have provided fluorescent
semiconductor nanocrystals of unique
properties for use as contrast agents.
With the development of hydrophilic
coats and conjugation chemistry,
these inorganic materials quickly en-
tered the field of bioimaging and diag-
nosis. Here, they mostly served to re-
place organic dyes as fluorophores
coupled to secondary antibodies com-
monly used in immunohistochemical
techniques on fixed biological mate-
rial. Despite their clear advantages
such as the pronounced photostability
or the large Stoke’s shift and narrow
bandwidth of their emitted light,
quantum dots have not yet obtained
significant attention as intravital la-
beling agents. This finding is perhaps
due to concerns regarding the toxicity
of semiconductor materials, such as
cadmium selenide, but might also be
caused by the currently small product
palette that is commercially available.
To encourage further product develop-
ment, these inorganic contrast agents
must be tested directly in vivo and the
properties of the currently available
compounds examined in detail.

By exploiting the transparency of
the zebrafish embryo and its easy ac-
cessibility for in vivo manipulation,
we showed that the unique in vitro
spectral properties of quantum dots
are being conserved in vivo, display-
ing a huge Stoke’s shift of the emitted
light covering only a narrow band-
width of approximately 60 nm. This
finding allows quantum dot fluores-

cence to be separated very easily from
the emission of conventional organic
fluorophores and GFP variants and,
thus, offers many new colabeling
strategies. Furthermore, red-emitting
quantum dots are efficiently excited
with blue light, enabling the simulta-
neous excitation and signal separa-
tion of quantum dots and green-emit-
ting organic fluorophores. So far, the
use of conventional red-emitting or-
ganic fluorophores required additional
excitation of double-labeled samples
with green light. Therefore, imaging
quantum dots together with green-
emitting fluorophores saves an entire
excitation step and imposes far less
phototoxicity to live specimens. More-
over, for simultaneous signal detec-
tion of green- and red-emitting or-
ganic fluorophores (such as the
commonly used Alexa 488 and Alexa
546 in antibody or Dil/DiO double-la-
beling approaches), the requirement
to separate green excitation (for the
red-emitting fluorophore, e.g., Alexa
546, DiO) from green-emitted fluores-
cence (e.g., Alexa 488, Dil) by narrow
filter sets can be completely neglected.

By direct delivery through cytoplas-
mic injection at the single cell stage,
we found that quantum dots are toler-
ated by the zebrafish embryo at high
quantities and are carried through
successive developmental stages with
no obvious influence upon embryogen-
esis over several days. The tendency of
the quantum dots to aggregate could
be overcome by sonicating them before
injection. This aggregation behavior
might not be intrinsic to quantum
dots, but could be caused by the con-
jugated streptavidin. Recently re-
leased nonconjugated quantum dots
(http://www.qdots.com/live/index.asp)
that have been coated with polyethyl-
ene glycol to minimize interactions
may prove to be more powerful for in
vivo labeling, thereby allowing even
higher quantities to be microinjected
into zebrafish cells.

Our finding that quantum dots do
not pass through gap junctions but re-
main within the injected cells renders
them useful as lineage tracers with a
high photon yield. Furthermore, we
showed that quantum dots could be
used to follow labeled cells during
their developmental course to reveal
cellular behavior. In addition, quan-
tum dots could be useful to mark do-

nor cells in transplantation and tissue
recombination experiments, with the
quantum dots not only discriminating
between host and donor cells but also
revealing the morphology of the differ-
entiated transplanted cells. As we
showed that quantum dots can be eas-
ily separated from GFP fluorescence
and represent a powerful colabeling
strategy in stable transgenic GFP-ex-
pressing zebrafish strains, they prom-
ise to become a powerful cell lineage
and cell population marker for label-
ing individual cells or to address fate
mapping questions with respect to ge-
netically marked GFP-expressing cell
populations. This long-lasting integ-
rity of their surface-coat together with
the longevity of their photon yield
makes quantum dots the first fluoro-
phores suitable for long-term time-
lapse imaging, even deep within the
organism.

Furthermore, the small net charge
should allow quantum dots to be ap-
plicable in electroporation and ionto-
phoresis labeling strategies, deliver-
ing them to individual cells during
organogenesis stages (Fraser, 1996;
Concha et al., 2003; Teh et al., 2003).
This feature could be used to study the
fate and differentiation behavior, such
as migration of single cells, to obtain a
detailed understanding of single-cell
morphology or to address projection
patterns of individual neurons. As
quantum dots are very efficient multi-
photon fluorophores, even cells deep
inside embryonic tissues should be ac-
cessible for detailed morphological
analysis (Larson et al., 2003). Finally,
transfecting a mixture of differently
colored quantum dots could represent
an alternative to the “DiOlistic” label-
ing approach for color-coding cells
(Gan et al., 2000). In fact, mixtures of
cells labeled with five different quan-
tum dot samples of varying emission
spectra have been successfully dis-
criminated by emission-scanning mul-
tiphoton microscopy (Voura et al.,
2004).

In many experiments involving live
observations of cells, it is desired to
subsequently relate the dynamic ob-
servation to the expression of distinct
proteins, for example to identify spe-
cific cell types, to monitor the organi-
zation of subcellular components (e.g.,
microtubules), or to analyze a certain
cell state (e.g., mitotic, apoptotic). As
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many vital labeling strategies do not
withstand tissue fixation protocols,
such questions often pose great diffi-
culties to the experimental design. We
demonstrated that streptavidin-con-
jugated quantum dots remain within
the labeled tissue, with their bright
fluorescence surviving the fixation
procedures and dehydration. Thus,
quantum dots promise to better com-
bine the large fields of in vivo and in
vitro imaging, solving a long-standing
problem.

Cardiovascular diseases are among
the most common and life-threatening
afflictions in modern industrialized
countries. As zebrafish and their vas-
cular system are accessible to genetic
manipulation (Chen et al., 1996;
Stainier et al., 1996) and the develop-
ment of their vascular system can be
followed easily due to the transpar-
ency of the embryos, vasculogenesis is
one of the major research topics in the
field of zebrafish developmental biol-
ogy. Detailed knowledge about the
progression of vascular system devel-
opment has been derived from mi-
croangiography experiments, mount-
ing in the establishment of a stage-
dependent vascular atlas (Isogai et
al., 2001). Previously, green fluores-
cent latex beads (fluoresceinated)
were used to label the blood serum of
zebrafish embryos and larvae (Wein-
stein et al.,, 1995). Using quantum
dots, we were able to obtain a resolu-
tion of the vascular system at compa-
rable detail, ranging from early differ-
entiation to late larval stages. The
embryos and larvae survived the
quantum dot load in their blood sys-
tem and could be imaged repeatedly,
with the quantum dots marking newly
formed vessels.

Of interest, although of different
composition than latex-beads, strepta-
vidin-conjugated quantum dots accu-
mulate after microangiography in se-
lective cells that line the vasculature
and become especially enriched in tail
reticular cells. Thus, it appears that
some cells of the vascular endothelium
have a tendency to bind substances
carried by the blood serum. Quantum
dot microangiography in transgenic
zebrafish strains expressing GFP-fu-
sion proteins under control of the flil-
enhancer to label different compounds
of the vascular endothelium (Lawson
and Weinstein, 2002), therefore,

might help better understand pro-
cesses of material deposit and accu-
mulation along vascular walls, a com-
mon cause for arteriosclerosis. Using
intravital laser scanning confocal mi-
croscopy, the required intensity of a
fluorescence signal for this bio-imag-
ing approach may be ensured by the
bright fluorescent emission of the
quantum dots, and intolerable photo-
toxicity will be avoided.

Recently, molecular evidence has
been presented in mouse and ze-
brafish that the vascular and the neu-
ronal network share common attrac-
tive and repulsive guidance cues for
establishing their connectivity, re-
spectively (Park et al., 2003; Wang et
al., 2003; Lu et al., 2004; Park et al.,
2004; Torres-Vazques et al., 2004;
Gitler et al., 2004; Gu et al., 2005).
This finding would suggest common
trajectories along which axon tracts
and blood vessels project. Our finding
from quantum dot double-labeling ex-
periments that, during embryogene-
sis, blood vessels and axon tracts coa-
lesce only in distinct tissues argues for
local coregulation of both networks in
distinct tissues through common guid-
ance factors, but not for a global
theme of neural and vascular codevel-
opment throughout the embryo. Thus,
quantum dots offer many new strate-
gies in the field of intravital imaging
and may soon become a standard phe-
notype analysis and diagnosis tool in
the research fields of cardiovascular
development and disease.

EXPERIMENTAL
PROCEDURES

Zebrafish Maintenance

Raising, spawning, and maintaining
of zebrafish lines were performed as
described previously (Westerfield,
1995; Kimmel et al., 1995).

Injection

Zebrafish embryos were injected at
the one-cell stage with 1.7 nl of a 100
nM suspension of streptavidin-conju-
gated Quantum Dots QD605 (Quan-
tum Dot Corporation, Hayward, CA)
in water. Sonication of the quantum
dot solution to disperse aggregates
was performed in a PC3 sonicator
(L&R Ultrasonics, Keary, NJ) at 55

kHz for 5 min. Capped mRNA encod-
ing cytoplasmic GFP or a nuclear lo-
calized fusion of GFP with histone 2B
(Kanda et al., 1998) for coinjection
with QD605 dots was synthesized
from respective pCS2+ expression
vectors (Rupp et al., 1994) using the
SP6 mMESSAGE mMACHINE Kit
(Ambion, Inc., Austin, TX) and in-
jected at a concentration of 150 ng/pl.

Immunohistochemistry

Antibody staining was performed as
described (Lyons et al., 2003) with
the following modifications. Embryos
were incubated with the primary (1:
500 dilution of mouse anti-acetylated
tubulin, Sigma) and secondary anti-
body (1:200 dilution of anti-mouse IgG
conjugated to Alexa-Fluor 488, Molec-
ular Probes) in phosphate buffered sa-
line (PBS) containing 10% normal
goat serum, 1% Triton X-100, and
0.1% Tween 20. Before image record-
ing, embryos were fixed in 4% parafor-
maldehyde/PBS/0.1% Tween 20.

Microangiography

For microangiography, zebrafish em-
bryos were anesthetized in 0.01% tric-
aine in 30% Danieau medium and em-
bedded on their back in 1.2% ultra-low
gelling agarose (Sigma). A glass capil-
lary filled with 1 uM of QD605 in wa-
ter was inserted into the atrium or
ventricle of the beating heart. Using
mild air pressure, several pulses of
QD605 suspension were delivered into
the pierced heart chamber with wait-
ing intervals between each delivery to
allow the heart to clear injected
QD605 from the chamber through the
blood stream, thereby labeling the en-
tire vasculature. Successful labeling
of the vasculature was confirmed im-
mediately after the injection under a
fluorescent stereomicroscope using a
590-nm-long pass filter. To obtain a
morphological counterstain, embryos
were soaked in 0.001% Bodipy Cer-
amide for 12 hr before quantum dot
injection (Cooper et al., 1999; Koster
and Fraser, 2001b).

Intravital Imaging

Noninvasive intravital imaging was
performed as described in detail (Koster
and Fraser, 2005). Shortly, embryos
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were anesthetized in 0.01% tricaine in
30% Danieau medium containing 0.75
mM phenylthiourea to prevent pigmen-
tation before image recording. Still im-
ages of QD605-injected embryos were
either recorded with a digital camera
(Axiocam Hre, Zeiss) on a fluorescence
stereomicroscope (MZ16FA, Leica) or
by laser scanning confocal microscopy
(LSM510Meta, Zeiss), which was also
used for recording stacks of pictures for
3D reconstruction and time-lapse re-
cording. Subsequent image processing,
projections, and animations were per-
formed using Photoshop 6.0 (Adobe),
LSM software (Zeiss) and QuickTime
6.5.1 (Apple), respectively.
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