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Objective. We investigated the regulatory mechanism of primitive hematopoiesis in zebrafish
(Danio rerio) embryos with particular reference to the role of a death receptor (zDR) gene,
based on a morpholino (MO) knockdown approach.

Methods. MOs targeting the zDR and chordin (Chd) were injected into naturally spawned
embryos at one- to four-cell stage. A random sequence (RS) MO was used as a control. Effects
on hemoglobin formation (Hb), apoptosis, and lineage-specific gene expression were exam-
ined. Embryos injected with zDR, Chd, and RS-MOs were denoted zDRmo, zChdmo, and
zRSmo, respectively. Those coinjected with Chd+zDR-MOs and Chd+RS-MOs were abbrevi-
ated zChd+DRmo and zChd+RSmo.

Results. zDR mRNA expression was restricted to the intermediate cell mass of wild-type (WT)
and zChdmo embryos. At 48 hours postfertilization, zDRmo embryos showed increased Hb
compared with WT or zRSmo embryos (2.36 3 1022 6 1.13 3 1023 vs 1.85 3 1022 6 5.60
3 1024 vs 1.79 3 1022 6 1.31 3 1023 U, p ! 0.05). zChd+DRmo embryos also showed in-
creased Hb compared with zChdmo or zChd+RSmo embryos (4.60 3 1022 6 2.79 3 1023 vs
3.17 3 1022 6 1.07 3 1023 vs 3.05 3 1022 6 1.25 3 1023 U, p ! 0.05). zDR-MO reduced
apoptosis, as shown by reduced terminal transferase-mediated dUTP nick end-labeling stain-
ing in zChd+DRmo compared with zChd+RSmo embryos and caspase-3 activity in zDRmo vs
zRSmo (0.525 6 0.094 vs 0.953 6 0.113 U, p ! 0.05), and zChd+DRmo vs zChd+RSmo embryos
(0.247 6 0.121 vs 1.180 6 0.082, p ! 0.05). zChd+DRmo embryos showed upregulation of
erythroid-specific embryonic hemoglobin gene expression but not that of a myeloid-specific
myeloperoxidase gene.

Conclusion. Knockdown of zDR in zebrafish embryos decreased apoptosis and increased
Hb, suggesting that zDR may regulate primitive hematopoiesis during development. � 2006
International Society for Experimental Hematology. Published by Elsevier Inc.
Blood formation during embryonic development in verte-
brates is characterized by successive waves of primitive
and definitive hematopoiesis. In mammals, primitive and
definitive hematopoiesis arises from the extraembryonic
yolk sac and the aorto-gonado-mesonephros region, respec-
tively [1]. In zebrafish, primitive hematopoiesis arises from
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the intermediate cell mass (ICM) [2]. Primitive circulation
begins at 24 to 26 hours postfertilization (hpf) and is pri-
marily erythroid in lineage. This primitive wave lasts 3 to
4 days and is followed by a definitive wave that arises at
48 hpf from the ventral wall of the dorsal aorta [2]. The dis-
tinctive nature of these waves is exemplified by the blood-
less mutants that have defective primitive but normal
definitive hematopoiesis [3].

Data from the studies of Xenopus [4,5], zebrafish [6],
and mice [7] showed that primitive hematopoiesis is spec-
ified by bone morphogenetic proteins (BMPs). In zebrafish,
Experimental Hematology. Published by Elsevier Inc.

mailto:ayhleung@hku.hk


28 T.T. Kwan et al./ Experimental Hematology 34 (2006) 27–34
both chemical-induced mutagenesis and gene knockdown
studies have identified factors that are important for the ini-
tiation of primitive hematopoiesis [2]. However, the regula-
tory mechanism whereby primitive hematopoiesis naturally
regresses as it is taken over by the definitive wave has not
been elucidated.

In vitro studies using human hematopoietic progenitor
cells have demonstrated negative regulation of erythropoie-
sis by apoptotic signals mediated by multiple death recep-
tors, including Fas, tumor necrosis factor (TNF) receptor
1, TNF-related apoptosis-inducing ligand (TRAIL) recep-
tor-1 and -2 [8]. In zebrafish, the gene encoding for a death
receptor (zDR) has been cloned that represents a novel
member of the TNF receptor family [9]. It comprises two
conserved extracellular cysteine-rich domains, a transmem-
brane domain, and an intracellular death domain that is
similar to those of previously described TNF receptor fam-
ily. zDR is expressed exclusively in hematopoietic tissues,
including embryonic ICM, adult kidneys, and circulating
erythroid cells. Adult zebrafish that carry a dominant nega-
tive form of zDR exhibit features of polycythemia, suggest-
ing that zDR is important for regulation of erythropoiesis in
definitive hematopoiesis [9]. However, it is not clear if it
regulates primitive hematopoiesis during early embryonic
development.

We have previously shown that knockdown of chordin
(Chd) gene [10] (a BMP antagonist) using morpholinos
(MOs) results in expanded hematopoiesis and concomitant-
ly increased apoptosis in the ICM of zebrafish embryos
[11]. Gene array analysis identified upregulation of the
zDR gene, among others, in the tail of these (zChdMO) em-
bryos. In this study, we examine the role of zDR and apo-
ptosis in the regulation of primitive hematopoiesis in
zebrafish embryos. We also investigate whether increased
expression of zDR may be, at least in part, responsible
for apoptosis of hematopoietic cells in zChdMO embryos.

Materials and methods

Zebrafish
Danio rerio (wild-type) were obtained from a local aquarium and
maintained and raised under standard conditions at 28�C. Wild-
type embryos were obtained from natural spawning and were
staged according to Kimmel et al. [12].

Morpholinos injection
Antisense MOs (Gene Tools, LLC, Philomath, OR, USA) were de-
signed to target at the 5# untranslated region or flanking, including
the initiation codon of the respective genes. MO sequences
were: Chd-MO: 5#-ATCCAC AGCAGCCCCTCCATCATCC-3#;
zDR-MO 5#-GTAATGTATCTCATAGTAGTCCAAT-3#. Random
sequence (RS) MO as control for zDR-MO: 5#-CCTCTTACCT
CAGTTACAATTTATA-3#. Search of the TIGR database did not
identify sequence similarity with any known zebrafish gene with
the RS-MO. Solutions were prepared and injected at one- to
four-cell stage as described [13]. Injected embryos were main-
tained at 28�C until analyzed.
Whole-mount in situ hybridization
Identification of zebrafish hematopoietic death receptor (ZH-DR)
and synthesis of riboprobes for ZH-DR have been described pre-
viously [9]. Whole mount in situ hybridization was performed ac-
cording to standard protocols. Digoxigenin-labeled probes were
detected with alkaline phosphatase conjugated with anti-digoxige-
nin antibody. 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium was used as substrate to develop purple color (Roche
Molecular Biochemicals, Mannheim, Germany).

Dianisidine staining
Embryos were dechorionated at 48 hpf and stained for 15 minutes
in the dark in O-dianisidine (0.6 mg/mL), sodium acetate (0.01 M,
pH 4.5), H2O2 (0.65%), and ethanol (40%) (Sigma, St Louis, MO,
USA). Presence of brown coloration indicates presence of hemo-
globin in zebrafish embryos.

Hemoglobin quantification
Hemoglobin (Hb) content in zebrafish embryos was quantified by
a modified cyanomethemoglobin method as per manufacturer’s
protocol. Embryos at 24 and 48 hpf were dechorionated and son-
icated in Drabkin solution (Sigma) and centrifuged at 14,000 rpm
for 15 minutes. Absorbance of the supernatant, measured spectro-
metrically at 540 nm, has been shown to correlate with the amount
of Hb in adult fish blood in a linear fashion [9].

TUNEL assay
Apoptosis in the ICM of zebrafish embryos was examined using
terminal transferase-mediated dUTP nick end-labeling (TUNEL)
assay as per manufacturer’s protocol with some modifications
(ApopTag Fluoresecent direct In situ Apoptosis Detection Kit;
Chemicon, Temecula, CA, USA). Briefly, dechorionated and
staged embryos were fixed in 4% paraformaldehyde and stored
in methanol at 220�C. They were rehydrated, permeabilized by
proteinase K (Sigma) (10 mg/mL) and refixed in paraformalde-
hyde. After washing, embryos were incubated in equilibration
buffer for 1 hour, followed by overnight incubation with terminal
deoxynucleotidyl transferase and digoxigenin-labeled dUTP. The
labeling reaction was stopped by the stop/wash buffer. Embryos
were incubated with fluorescein-tagged anti-Dig antibody,
washed, and thereafter analyzed under a fluorescence microscope.
TUNEL assay was also performed similarly in paraffin sections (5
mm) of zebrafish embryos. Serial sectioning was performed to
compare the fluorescent signal against a hematoxylin and eosin
histological section.

Caspase-3 assay
Caspase-3 activity in zebrafish embryos was examined using BD
ApoAlert Caspase-3 Assay as per manufacturer’s protocol (BD
ApoAlert Caspase-3 Colorimetric Assay Kit; BD Biosciences
Clontech, Mountain View, CA, USA). Groups of 30 embryos at
48 hpf were used. A total of 50 mL chilled cell lysis buffer was
added to each sample, and the sample was then homogenized
and incubated on ice for 10 minutes. The sample was vortexed
and centrifuged at 14,000 rpm for 10 minutes in a 4�C refrigerated
microfuge. Supernatant was then transferred to a new microcentri-
fuge tube and placed on ice. Fifty microliters 23 reaction buffer/
dithiothreitol mix was added to the supernatant. To verify that the
signal detected was due to protease activity, 1 mL of caspase-3 in-
hibitor (DEVD-fmk) was added in negative control samples and
1 mL dimethylsulfoxide was added to samples without inhibitor
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to ensure all samples were tested under similar conditions. Five
microliters 1 mM caspase-3 substrate (DEVE-pNA; 50 uM final
concentration) was then added to each tube and all tubes were
incubated at 37�C for 1 hour in a water bath. Samples were then
read at 405 nm in a spectrophotometer using a 100-mL quartz
cuvette.

Quantitative polymerase chain reaction assay
Real-time quantitative polymerase chain reaction (Q-PCR) was
performed to examine relative gene expression of erythroid (a
and b embryonic Hb, ahe1 and bhe1) and myeloid lineages (mye-
loperoxidase [mpo]) using the ABI Prism 7700 Sequence Detector
(Applied Biosystems, Foster City, CA, USA). Embryos at 48 hpf
were dechorionated and RNA was extracted using Trizol reagent
as per manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).
Thirty embryos were included in each experiment. RNA was re-
verse transcribed and PCR was performed using the SYBR green
method. Sequences of primers used for Q-PCR were as follows:

ahe1f: 5# AAG ATT CTG TCC CAC AAC ATC C 3#
ahe1r: 5# GCT GAG AGG AAC TTG TCC ATT G 3#
bhe1f: 5# GTC TTA TCG TGT ACC CCT GGA C 3#
bhe1r: 5# GAC CCT TGA GCA CAG TTT TAC C 3#
mpof: 5# TGC CTA CAT GTT TGG TGA AGT C 3#
mpor: 5# CAT TAG TAA GGT CCC GCA GTT C 3#

Before the start of the project, a group of 40 embryos at 48 hpf
were dechorionated and RNA was extracted and reverse tran-
scribed. Serial dilutions of cDNA from that sample corresponded
to 25, 2.5, 0.25, 0.025, 0.0025 ng (for ahe1 and bhe1 Q-PCR) and
125 ng, 25, 5, 1, 0.2 ng (for mpo Q-PCR) of input RNA were
frozen at 220�C in small aliquots (standards). Once thawed, each
aliquot was used only once.

Standard curves for the quantification of ahe1, bhe1, and mpo
were constructed by plotting the CTs against the logarithm of the
starting amount of serial dilution of standards. Each sample was
tested in triplicates, their respective CTs were determined and
the initial amount of gene expression calculated from the standard
curve. Only groups of embryos at the same developmental stage
were compared and results (which corresponded to the input
RNA in the standards) were expressed as ratios.

Statistical analysis
Comparisons of numerical data were evaluated by Mann-Whitney
U-test and Kruskal-Wallis test. A p-value of !0.05 was consid-
ered statistically significant.

Results

Expression of zDR in wild-type and zChdmo embryos
zDR mRNA expression is first detected in the ventral
posterior region of zebrafish embryos at 10-somite stage.
Between the 15- and 20-somite stages, its expression is re-
stricted to the ICM [9]. We compared the late zDR expres-
sion in wild-type (WT) and zChdmo embryos at 24 and 48
hpf to investigate if it is upregulated in the latter embryos in
which primitive hematopoiesis is accentuated (Fig. 1a–d).
At 24 hpf, zDR is expressed in the ICM of WT embryos.
In zChdmo embryos, zDR is upregulated in the expanded
posterior ICM. At 48 hpf, zDR expression is virtually unde-
tectable in WT and faintly expressed in the ICM of zChdmo

embryos.

Effects of zDR-MO on zebrafish morphology
Adult zebrafish carrying a dominant negative form of zDR
exhibits increased Hb content reminiscent of human poly-
cythemia [9]. This has led us to examine the effect of
zDR-MO in zebrafish embryos. zDR-MOs were injected
at 3 ng in all experiments because initial dose-finding stud-
ies showed toxicity and mortality at higher doses (not
shown). There was no difference in gross morphology be-
tween zDRmo and WT embryos (Fig. 1e and f) and between
zChdDDRmo and zChdmo embryos (Fig. 1g and h) at either
48 hpf or 24 hpf (not shown).

Effects of zDR-MO on embryo Hb content
We next examined the effects of zDR-MO on primitive he-
matopoiesis, which can be assessed at 48 hpf by the pres-
ence of Hb stainable by O-dianisidine. In WT embryos,
Hb staining was positive in the great vein on the surface
of the yolk (Duct of Cuvier [DC]) (Fig. 1i and j). In zDRmo

embryos, the axial circulation and the DC appeared more
congested (inserts). In zChdmo embryos, Hb staining is sig-
nificantly increased in the ICM as well as the DC, which is
further enhanced in zChdDDRmo embryos (Fig. 1k and l).
This was confirmed with a quantitative assay using a modi-
fied cyanomethemoglobin method in which the absorbance
varies linearly with the amount of Hb [9]. In our initial val-
idation of this method, published by Long et al. [9], we es-
tablished that the absorbance also varied linearly with the
number of input 48 hpf embryos over the range of 5 to
40 embryos (data not shown). Therefore, in all subsequent
experiments, the number of input embryos was standard-
ized to 20 per experiment so that comparison of Hb con-
tents between different experimental groups can be made.
As a control, embryos were injected with an equivalent
amount of RS-MO. At 24 hpf, the Hb content is low and
there is no significant difference between WT, zDRmo,
zChdmo, and zChdDDRmo embryos (Fig. 2). At 48 hpf,
zDRmo embryos showed an increase in Hb content com-
pared with WT and zRSmo embryos (2.36 3 1022 6 1.13
3 1023 vs 1.85 3 1022 6 5.60 3 1024 vs 1.79 3 1022

6 1.313 1023 U, p! 0.05). zChdmo embryos also showed
a higher level of Hb compared with WT and zRSmo embry-
os (3.17 3 1022 6 1.07 3 1023 vs 1.85 3 1022 6 5.60 3

1024 vs 1.79 3 1022 6 1.31 3 1023 U, p ! 0.001). Co-
injection with zDR-MO (zChdDDRmo embryos) further in-
creased Hb content (4.60 3 1022 6 2.79 3 1023 vs 3.17 3

1022 6 1.07 3 1023 U, p ! 0.05) whereas coinjection of
zRS-MO (zChdDRSmo embryos) (3.05 3 1022 6 1.25
31023 U) had no additional effect on Hb content of
zChdmo embryos.
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Figure 1. zDR gene expression and the effects of zDR morpholino on primitive hematopoiesis in wild-type (WT) and embryos. (a–d): zDR expression in

WT (a,b) and zChmo embryos (c,d) at 24 (a,c) and 48 (b,d) hours postfertilization (hpf). (e–h) Gross morphology of 48 hpf WT (e), zDRmo (f), zChdmo (g)

and zChdDDRmo (h) embryos. (i–l): O-dianisidine staining at 48 hpf of WT (i), zDRmo (j), zChdmo (k), and zChdDDRmo (l) embryos. Hemoglobin-con-

taining cells are stained brown in this preparation. Note that circulation of zDRmo embryos appeared more congested than WT embryos as shown by closeups

of the duct of Cuvier (inserts). Similarly, circulation of zChdDDRmo embryos was more congested than that of zChdmo embryos. White arrows: Circulation

in the duct of Curvier. Black arrowheads: Expanded intermediate cell mass in zChdmo embryos with or without coinjection with zDR-MO. Each picture

represents typical results out of three experiments (more than 10 embryos in each experiment). Black arrows: More congested axial circulation in embryos

injected with zDR-MO.
Effects of zDR-MO on ICM histology
To have a closer look at the ICM at the cellular level, we
examined serial sections of the embryos at 24 and 48 hpf.
In WT embryos, the ICM contains only hematopoietic cells
one- to two-cell layers thick [11]. Hence, comparison be-
tween zDR-MO and RS control is difficult. Therefore, we
investigated the effects of zDR-MO in the background of
ICM expansion in zChdmo embryos. At 24 hpf, there was
no significant difference between zChdDDRmo and
zChdDRSmo embryos. At 48 hpf, there was a decrease in
hematopoietic cell density in the expanded ICM, resulting
in cavitations of ICM and the presence of apoptotic bodies
in most zChdDRSmo embryos (Fig. 3). In zChdDDRmo

embryos, however, cellular density is much better preserved
in most cases, suggesting that knockdown of zDR over-
comes the apoptosis seen in ICM of Chdmo embryos.
Effects of zDR-MO on apoptosis
during zebrafish embryonic hematopoiesis
To substantiate that, the increase in Hb content of the
zDRmo and zChdDDRmo embryos is related to perturbation
of apoptosis, we used the TUNEL assay. In WT and zDRmo

embryos, there was very little apoptotic signal in the ICM
area at both 24 (data not shown) and 48 hpf (Fig. 4). In
zChdmo embryos, apoptotic signals were increased, mostly
in the posterior part of the body. At 24 hpf, apoptosis oc-
curred predominantly on the surface of the embryos and
zDR-MO had no effect on this (data not shown). At 48
hpf, apoptosis was extensive in the expanded ICM of
zChdmo embryos. In zChdDDRmo embryos, however, apo-
ptotic signals are significantly reduced, further suggesting
that the increased levels of zDR in zChdmo embryos may
be responsible for the increased apoptosis in this morphant.
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Figure 2. Quantitative effects of zDR-MO on hemoglobin contents in wild-type (WT) and zChdmo embryos at 24 and 48 hours postfertilization (hpf). Rand-

som sequence (RS) morpholino (MO) at 3 ng was injected as a control to zDR-MO. *p ! 0.05; ***p ! 0.001 (Mann-Whitney U-test and Kruskal-Wallis

test). NS5 not significant. Results represent mean6 SEM of three to five separate experiments. Absorbance varies linearly with the number of embryos used

in the assay and for standardization 20 embryos were used in each experiment and the groups of embryos for comparison were at similar developmental stage.
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Figure 3. Effects of zDR-MO on the histology of expanded intermediate cell mass (ICM) in zChdmo embryos. (a–b): zChdmo (a) and zChdDDRMO (b)

embryos at 24 hours postfertilization (hpf). (c–d): Corresponding embryos at 48 hpf. The insert at (c) showed the frequent occurrence of apoptotic bodies

(arrowheads) in zChdmo as compared to zChdDDRMO [insert at (d)] embryos at 48 hpf. All pictures are coronal sections stained with hematoxylin and eosin.

NC 5 notochord; SC 5 spinal cord; Som 5 somites. The expanded ICM was outlined by dotted white lines in each figure.
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Figure 4. Effects of zDR and chordin-morpholino (MO) injection on apoptosis of intermediate cell mass (ICM) during zebrafish development. (a–b): ICM of

wild-type (WT) (a) and zDRMO embryos (b) showing little fluorescence by the TUNEL assay. (c,d): ICM of zChdmo embryos at 48 hours postfertilization

(hpf) showing terminal transferase mediated dUTP nick end-labeling (TUNEL) staining (apoptosis) in the ICM and adjacent tissues (c). Reduced fluorescence

at ICM in zChdDDRMO embryos (d). (e,f): TUNEL staining on sections of ICM from zChdmo (e) and zChdDDRMO (f) embryos. Embryos were staged at 48

hpf and each picture represent typical results of at least three experiments. Dotted lines defined the hematopoietic compartment of expanded ICM as inferred

from adjacent hematoxylin and eosin sections. Oblique lines indicate the estimated locations of sections as shown in (e) and (f). Injection random sequence

MO at 3 ng did not induce changes in TUNEL staining in either WT or zDRMO embryos (not shown).
Effects of zDR-MO on caspase-3 activity
We further examined if the reduction of apoptotic signals in
zDRmo could also be manifested as a reduction of caspase-3
activity, an effecter caspase for apoptosis. At 48 hpf, cas-
pase-3 activity was significantly reduced in zDRmo com-
pared with zRSmo (0.525 6 0.094 vs 0.953 6 0.113 U, p
! 0.05), and the difference was more prominent between
zChdDDRmo and zChdDRSmo embryos (0.247 6 0.121
vs 1.180 6 0.082, p ! 0.05) (Fig. 5A).

Effects of zDR-MO on hematopoietic gene expression
Previous studies showed that expression of zDR was re-
stricted to the erythroid lineage of zebrafish embryos [9].
We therefore investigated the effects of zDR gene knock-
down on expression of genes encoding for both erythroid
(a and b embryonic Hb, ahe1 and bhe1) as well as myeloid
lineages (myeloperoxidase, mpo). At 48 hpf, zDRmo showed
no difference in ahe1, bh1e, or mpo mRNA expression
compared with zRSmo (Fig. 5B). However, in zChdmo em-
bryos, zDR-MO (zChdDDRmo embryos) increased overall
expression of ahe1 (1.6- 6 0.11-fold) and bhe1 (2.2- 6

0.51-fold), but not of mpo (0.70- 6 0.35-fold) mRNA
expression, as compared with zRS-MO (zChdDRSmo em-
bryos). These findings further supported the notion that
zDR knockdown increased overall erythroid population in
the chordin morphant background.

Discussion
A number of zebrafish genes with homology to mammalian
apoptosis regulators have been identified [14]. Recently,
transgenic fish that overexpress Bcl-2 [15] and caspase-3
[16] have been generated, showing that these regulators
play an important role in the anti- and proapoptotic signal-
ing in zebrafish, similar to their mammalian counterparts.
In the present study, knockdown of zDR using MO in-
creased Hb content in zebrafish embryos, as shown qualita-
tively by increased density of o-dianisidine staining and
quantitatively by a modified cyanomethemoglobin assay.
Effects of zDR-MO were specific, as RS-MO has no effect
on either Hb contents, caspase-3 activity, or erythroid gene
expression. Moreover, the observation that zDR-MO did
not affect embryo morphology is also consistent with the
dominant negative zDR model in which early development
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Figure 5. Effects of zDR-MO on caspase-3 activity (A) and gene expression (B) in wild-type (WT) and zChdmo embryos. Results expressed as mean6 SEM

of three separate experiments. Note that in (B), results represent the fold changes in gene expression of zDRMO as compared with random sequence (RS)MO

embryos (empty columns) and of zChdDDRMO as compared with zChdDRSMO (filled columns) embryos. *p ! 0.05.
of embryos was normal, only became polycythemic at adult-
hood [9]. Effects of zDR-MO were more apparent in the
zChdDDRmo embryos that were sensitized to the ventraliz-
ing effects of BMP signaling [10,11]. This was accomplished
by coinjecting the embryos with chordin morpholino, which
can induce an increase in primitive hematopoiesis in a dose-
dependent and uniform fashion.

The apparent increase in erythropoiesis by zDR-MO can
be explained by the diminution of zDR-mediated apoptosis,
as shown by the decrease in TUNEL staining and a better
preserved hematopoietic cell density in the expanded
ICM of the zChdDDRmo embryos as compared with those
of the zChdDRSmo embryos. These tests are qualitative
and may be subject to observers’ bias and variations, espe-
cially when the expected effects might be modest. To cir-
cumvent these inherent difficulties, we performed, in
addition, quantitative assay for caspase-3 activity, an effec-
tor in the apoptosis pathway. Using this assay, we were able
to discriminate the difference in baseline apoptosis between
the zDRmo and zRSmo embryos, which was more pro-
nounced in the chordin morphant background. We chose
to work on 48 hpf, at which apoptosis can be correlated
phenotypically with a change in Hb contents. As zDR is ex-
pressed exclusively in the hematopoietic tissues (see [9]
and Fig. 1), the difference in apoptosis can be explained
by the effects of zDR-MO on primitive hematopoiesis. In
contrast, very little TUNEL staining were detectable in both
zDRmo and WT embryos in normal background, suggesting
that this assay is not sensitive enough in this circumstances.

Our findings are consistent with previous studies show-
ing that dominant negative zDR induced polycythemia in
adult zebrafish [9] and corroborate the notion that recep-
tor-mediated apoptosis plays an important role in the nega-
tive regulation of primitive erythropoiesis. However, the
downstream components of zDR-mediated apoptosis have
not been examined. P53 knockdown in zebrafish embryos



34 T.T. Kwan et al./ Experimental Hematology 34 (2006) 27–34
has been shown to reduce apoptosis induced by drugs
and irradiation [17]. On the other hand, overexpression of
bcl-2 in zebrafish lymphoid cells was able to protect these
tissues against irradiation and steroid-induced apoptosis
[15]. Whether they may recapitulate the effects of zDR-
MO and hence provide a clue to the downstream pathway
for zDR will have to be further examined.

We have also examined the change in gene expression in
zDRmo and zChdDDRmo embryos. In particular, the overall
expression of erythroid-specific genes encoding for ahe1
and bhe1 [18] were significantly increased after zDR knock-
down in zChdmo embryos. The results were consistent with
an increase in erythroid cell population in zChdDDRmo as
compared with zChdmo embryos. In contrast, expression of
myeloid-associated mpo was not affected. Expression of
other hematopoietic genes was not examined and although
zDR is normally restricted to erythroid lineage in WT em-
bryos, whether it is similarly restricted in the chordin mor-
phants has not been investigated. The reason for the lack
of effects for both erythroid and myeloid genes in WT em-
bryos is also unclear. Notwithstanding these limitations,
our results were still consistent with the notion that zDR me-
diates apoptosis of the primitive erythropoiesis during zebra-
fish embryonic development and that the increased apoptosis
of ICM of zChdmo embryos is mediated at least partially by
the zDR gene. Previous studies have demonstrated a recipro-
cal regulatory relationship between erythroid and myeloid
cell fate [19] in zebrafish embryos. Such a relationship
was not apparent in this study.

Although zDR is likely to be important during primitive
hematopoiesis, the increase in Hb in response to zDR
knockdown was only modest. At 48 hpf, the Hb content in-
creased by about 27% in WT embryos and 45% in zChdmo

embryos. This observation thus suggested that other mech-
anisms may also regulate primitive hematopoiesis during
normal development. In quail [20] and murine [5] embryos,
apoptosis of primitive hematopoiesis is initiated by with-
drawal of retinoid and vascular endothelial growth factor
A signaling. Whether these mechanisms are involved in ze-
brafish would have to be investigated. In addition, the iden-
tity of the signaling ligand for zDR has not been elucidated.
In vitro, human erythroid progenitor is regulated by various
apoptotic signals, including Fas ligand, TNF, and TRAIL
[8]. The resulting activation of caspases leads to cleavage
of gata-1, an important transcription factor for erythropoie-
sis. It is unclear whether similar mechanisms might operate
in the regulation of primitive hematopoiesis in zebrafish
embryos.

In conclusion, the present study showed that knockdown
of zDR function in WT and zChdmo embryos using MO led
to a decrease in apoptosis and an increase in Hb content, sug-
gesting that zDR may regulate primitive hematopoiesis dur-
ing zebrafish development. Blastula stage transplantation
may help us to define whether the functions of zDR are cell
autonomous to the blood lineages.
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