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Abstract
Objective—The zebrafish is an established model system for studying the embryonic emergence
of tissues and organs, including the hematopoietic system. We hypothesized that key signaling
pathways controlling embryonic hematopoiesis continue to be important in the adult, and we sought
to develop approaches to test this in zebrafish, focused on the BMP signaling pathway. Functions
for this pathway in adult hematopoiesis have been challenging to probe in other models.

Methods—Several approaches tested the function of BMP signaling during adult zebrafish
hematopoiesis. First, we evaluated steady-state hematopoiesis in adult fish that are heterozygous for
mutant alleles of Smad5, or are homozygous for mutant alleles, and rescued to adulthood by injection
of RNA encoding Smad5. Second, we tested the relative ability of smad5 mutant fish to recover from
hemolytic anemia. Third, we generated a transgenic line that targets the expression of a dominant-
negative BMP receptor to adult-stage Gata1+ progenitor cells.

Results—Adult fish with a strong mutant smad5 allele are anemic at steady state, and in addition
respond to hemolytic anemia with kinetics that are altered compared to wild-type fish. Fish expressing
a mutant BMP receptor in early Gata1+ definitive progenitors generate excessive eosinophils.

Conclusions—Our study provides proof of principle that regulation of adult hematopoiesis can be
studied in zebrafish by altering specific pathways. We show that the BMP signaling pathway is
relevant for adult hematopoiesis to maintain steady state erythropoiesis, control the erythropoietic
response following stress anemia, and to generate normal numbers of eosinophils.
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Introduction
The zebrafish system provides a powerful model for investigating the establishment of
progenitor cells, tissues, and organs [1]. Genetic screens can identify key hematopoietic
regulatory genes; for example vlad tepes is a mutant in the gene encoding Gata1 [2,3]. Mutants
that affect earlier stages of mesoderm development are also relevant, since the hemato-vascular
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system is derived from lateral mesoderm that is dependent on ventralizing signals, including
those from the Bone Morphogenetic Protein (BMP) pathway. BMP signaling is required to
specify the fate of the mesoderm from which embryonic blood and vascular progenitors
develop. For example, knockout of mouse Bmp4 [4] or Smad5 [5,6] causes early embryonic
lethality and severe hematopoietic defects. The dependency of embryonic hematopoiesis on
BMP signaling is a conserved feature in the early vertebrate embryo that is independent of the
initial steps of mesoderm induction [7-9]. Indeed, a number of zebrafish mutants that display
a dorsalized phenotype and defects in hematopoiesis are known to affect specifically the
function of BMP signaling components [10,11]. We showed that during embryogenesis
Smad1/Smad5 signaling has both early redundant functions for progenitor specification, and
later distinct functions for primitive hematopoietic lineage differentiation [12].

Given the importance of BMP signaling during embryonic hematopoiesis, the pathway is likely
involved in stem or progenitor cell biology relevant to adult (definitive) stages of blood
development [13]. While this has been supported by experiments using in vitro cell culture
models [14,15], it is challenging to investigate the issue in mice due to early embryonic lethality
caused by manipulating components of the pathway. The zebrafish system has recently been
adapted to study adult stages of hematopoiesis [16,17]. In adult zebrafish the site of
hematopoiesis is the kidney [18,19]. The separation of distinct cell types from whole kidney
marrow (WKM) can be achieved through the use of flow cytometry (FACS), which is further
enhanced using transgenic reporter lines, for example, by sorting GFP+ cells from peripheral
blood or WKM of fish that are transgenic for the gata1:gfp reporter gene [17,20]. Here we
tested several approaches to evaluate the effect of altered BMP signaling in adult animals. Our
study provides proof of principle that the zebrafish system can be used to study signaling
pathways relevant to adult hematopoiesis.

Materials and Methods
Zebrafish

Zebrafish were raised and staged as described by Westerfield [21]. Wild-type fish were a hybrid
of AB and TUB strains or +/+ siblings when comparing to mutant strains. Pgy and sbn
heterozygotes were crossed to gata1:gfp homozygous fish to generate smad5 mutants on the
gata1:gfp background. Due to poor survival of embryos derived from sbn/+ (male) ×
gata1:gfp (female), fertilized eggs were injected with 75 pg capped smad5 mRNA to facilitate
growth to adulthood. Capped mRNA was prepared from linearized template DNA using the
Sp6 mMessage mMachine kit (Ambion) according to the manufacturer's instructions. The
pgy, sbn, and m169 mutants were genotyped by restriction digestion of fin-clipped DNA. The
tc227 homozygous mutants were identified as juveniles by a consistent facial deformity. The
gata1:urod-gfp transgene [22] was provided by Shuo Lin (UCLA). The ΔBR sequences [23,
24] were amplified by PCR to incorporate an EcoRI site at the 5′ end and a BamHI site at the
3′ end, which facilitated replacement of the UROD sequences and in-frame fusion of the ΔBR
sequences with GFP. The purified transgene was injected into fertilized eggs (100 pg) as
described [25]. Embryos were raised to adulthood and transgenic founders identified by
germline transmission of GFP expression.

Preparation of whole kidney marrow or peripheral blood from adult zebrafish
WKM was prepared as described [17]. Cells were resuspended in 200 μl PBF (0.9× PBS + 5%
FCS) + 1 μg/ml propidium iodide or 0.1 μg/ml DAPI (Molecular Probes) and analyzed by flow
cyometry. Data analysis was performed using FlowJo software (Tree Star Inc.). Gating to
identify polychromatic erythroblasts and proerythroblasts was done as described [17]. To
determine the number of apoptotic cells within a sample of cells prepared from WKM, the cells
were incubated 5 min with Alexa647-conjugated annexin V (5 μl per 1 ml sample, as described
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by the manufacturer, Invitrogen). Cells were co-stained with 0.1 μg/ml DAPI. Peripheral blood
was obtained via cardiac puncture and 1 μl counted on a Beckman Coulter Z1 Particle Counter.

Stress anemia induction by phenylhydrazine treatment
Genotyped adult fish (6-18 months; compared samples were always siblings) were placed in
a solution of 0.003 mg/ml phenylhydrazine with 0.2 mM Tris pH 7.2 in fish system water for
20 minutes. Fish were then rinsed by four net changes in clean system water and returned to
the system. Fish were sacrificed on days 2, 5, 12 or 20 for analysis by flow cytometry of
hematopoietic cells from whole blood and WKM.

Real-time quantitative PCR
Total RNA was extracted using the RNeasy Micro Kit (Qiagen) according to the manufacturer's
instructions. First-strand cDNA synthesis was performed using Superscript III First-Strand
Synthesis System for RT-PCR (Invitrogen). The cDNA was used for quantitative real-time
PCR analysis (Opticon DNA Engine 2, MJ Research). The PCR reaction was performed using
Qiagen SYBR Green mixture, and the data was analyzed by the 2-ΔΔCT method [26]. Primers
were:

β-actin [27] F:5′CGCGCAGGAGATGGGAACC; R:5′CAACGGAAACGCTCATTGC

gata1 F:5′GTTGTAGTACTAGTGTGGCAGTTGG; R:5′
AACTGCGCAACAAGATGAGC

pu.1 F:5′CCACATCAGCTCTACAACAGGA; R:5′GCAGAAGGTCAAGCAGGAAC

c/ebpα F:5′ACCCATCTACGACAGCCAAG; R:5′GAGTCGCCAAGCTCATCTTC

smad1 F:5′GGCACAGTCAGTCAATCACG; R:5′ATCCTGCCGATGGTACTCTG

smad5 F:5′CTTTGAGGCCGTCTATGAGC; R:5′GGGTGCTTGTCACATCTTGT

ef1α F:CTGGAGGCCAGCTCAAACAT; R:5′
ATCAAGAAGAGTAGTACCGCTAGCATTAC

Results
Flow cytometry quantifies hematopoietic cell types from adult zebrafish WKM

Traver et al. [17] described an approach using forward scatter (FSC) and side scatter (SSC) to
separate four major (definitive) blood cell populations from adult zebrafish WKM. We tested
this protocol to evaluate steady state hematopoiesis in the wild-type fish used in our laboratory,
which are of a distinct genetic background. As shown in Fig. 1A, the following cell populations
were purified by FACS: erythrocytes (35%), lymphocytes (14%), precursor cells, consisting
of a mixed population of early lineages (6%), and a myelomonocyte population, including
granulocytes and monocytes (23%). A small population of myelomonocytic cells (3%) is also
distinguished at high side scatter that is comprised of eosinophils (described also in ref. 17).
We next confirmed that defined subsets of erythroid progenitors can be purified by FACS using
fish that are transgenic for the gata1:gfp reporter [20]. Adult erythrocytes in the WKM (Fig.
1B) and in the peripheral blood (not shown) are strongly GFP positive. In the WKM a second,
GFP+ “low” population can be distinguished that contains the erythroid progenitor populations.
As described [17] the relative number of proerythroblasts or polychromatophilic erythroblasts
can be measured by gating on the percentage of GFP+ (low) cells in the “precursor” or
“lymphocyte” populations, respectively (Fig. 1C). The identity of the purified cell types was
confirmed by standard histology (Fig. 1D). All relative cell numbers in our wild-type fish are
consistent with those from the previous study [17], suggesting that the protocols developed by
Traver and colleagues can be generalized across different zebrafish strains.
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Development of a model to study stress hematopoiesis in zebrafish
Phenylhydrazine treatment has been used to induce hemolytic anemia in mice, rats, Xenopus
and other animals in order to study stress hematopoiesis [28-33]. We established a comparable
model in zebrafish, inducing lysis of mature erythrocytes by treating adult fish with
phenylhydrazine and defining a time-frame to study recovery (Fig. 2A). All fish survived the
procedure, and anemia was induced. At day 2 the circulating blood isolated by cardiac puncture
is visibly thin and the spleen is missing, while biliverdin is visible in the body cavity. The
normal adult zebrafish spleen is comprised largely of erythroid cells. Phenylhadrazine
treatment, resulting in extensive red cell lysis, therefore renders the spleen extremely
hypocellular. By day 5, the spleen has recovered and is greatly enlarged compared to untreated
fish. The kidney is relatively pale, and some biliverdin is still present in the body cavity. By
day 12, the kidney is returning to normal color and the spleen of normal size, and by day 20
full recovery is seen with normal peripheral blood color, a normal kidney, and a normal spleen.

Anemia and recovery was evaluated quantitatively, comparing by FACS cells isolated from
WKM of untreated or treated wild-type adults (Fig. 2B). The mature erythrocyte count falls
immediately following treatment. A gradual rise in erythrocyte count is seen over the recovery
time course. The opposite trend is seen in the precursor population, which rises dramatically
in the first two days following phenylhydrazine treatment. This stress-induced erythropoiesis
is rapid and robust, with 100% of the fish recovering within three weeks of treatment.

Adult fish with a mutation in the smad5 gene are anemic
We next compared the steady state hematopoietic populations in WKM of fish that are mutant
for the smad5 gene, a key mediator of the BMP signaling pathway. An allelic series of zebrafish
mutants is available, including piggytail (pgy), caused by a base change in a conserved Asp
(→ Glu) residue at position 447 [10], which confers a hypopmorphic allele, expressing a
weakly functioning mutant Smad5 protein. The homozygous pgy fish are embryonic lethal
with a dorsalized phenotype (C2-3) [11]. The somitabun (sbn) mutation is also homozygous
embryonic lethal, but is maternal zygotic dominant and causes a more severe dorsalization
(C5) phenotype. The sbn mutant is caused by a single base change at position 429 Thr (→ Ile);
it has been proposed that this mutation interferes with the ability of Smad5 to interact with
Smad4 [34]. Thus, the sbn mutant represents a significantly stronger allele.

While both homozygous pgy and sbn embryos die by 3 days post-fertilization, the
heterozygotes survive to adulthood and therefore the effect of Smad5 partial loss-of-function
on definitive hematopoiesis can be determined. For this purpose the WKM derived from adult
wild-type, pgy/+ heterozygotes, and sbn/+ heterozygotes were compared by FACS (Fig. 3A).
No gross differences are seen at steady state in the WKM derived from pgy/+ adults, for any
of the major characterized blood cell populations. In contrast, sbn/+ adults show a significant
decrease in relative erythrocyte count (Fig. 3A). The fish carrying one mutant smad5 allele
have less than half the normal representation of erythrocytes, 16% as compared to 32% for
wild-type or pgy/+. The sbn/+ adults do not have a significant change in the lymphocyte or
precursor population as a percent of whole kidney marrow, but there is a corresponding increase
in the relative percentage of myelomonocytes. These data indicate that alteration of Smad5
function, as represented by the antimorphic sbn allele, leads to a significant defect in
erythropoiesis in adult zebrafish. The WKM can be evaluated quantitatively only for “relative”
cell numbers, since total cell numbers vary based on the kidney preparation. However, a defect
in erythropoiesis was confirmed by counting erythrocytes in a defined volume of peripheral
blood, which again showed a significant decrease in sbn/+ adults (3.56×106 cells/ml) compared
to wild-type (4.03×106 cells/ml; P<0.003, n=4). We did not detect a significant change in the
numbers of myeloid cells in the peripheral circulation, which were few (data not shown).
Although the sbn/+ embryos survive to adulthood, the fish are anemic.
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A unique advantage of the zebrafish model is that embryonic lethal alleles can sometimes be
rescued to adulthood by injection at the one cell stage with mRNA encoding the wild-type gene
product. While this was not possible for the sbn or pgy fish, we were able to evaluate
hematopoiesis in rescued mutant adults carrying two other smad5 alleles: the captain hook
(m169) mutant, which contains an insertion that generates a non-functional protein, and the
tc227 allele, which is thought to be null [10]. Both m169/m169 and tc227/tc227 adult fish are
anemic, showing that the phenotype is due to loss of smad5 function, and is not specific to the
sbn/+ fish (Fig. 3B). In the case of tc227/tc227 fish, other lineages besides erythrocytes are
affected, including lymphocytes. We note that smad5 transcripts are readily detected by qPCR
of cDNA derived from each of these cell populations isolated from wild-type fish (data not
shown).

We focused further on the sbn/+ fish, to evaluate where the defect in erythropoiesis occurs.
For this purpose, we crossed the gata1:gfp reporter onto the pgy and sbn mutant backgrounds.
In the sbn/+ fish both the proerythroblasts and polychromatophilic erythroblast populations
are decreased compared to wild-type or pgy/+ adults (Fig. 4). In the WKM of sbn/+ adults only
7% of the “precursor” gate are GPF(low) proerythroblasts, as compared to 24% and 19% for
wild-type or pgy/+ fish, respectively. A similar relative decrease in polychromatophilic
erythroblasts is seen in the sbn/+ adults, since less than 2% of the cells are GFP(low) in the
“lymphocyte” gate, compared to 12% in wild-type fish. This decrease in the number of
erythroid progenitors in sbn/+ fish is not due to an overall decrease in hematopoietic precursors,
as this population is not changed significantly. The specific decrease in erythroid progenitors
is likely the cause of the baseline anemia in sbn/+ fish, and demonstrates a requirement of
normal smad5 function for definitive erythropoiesis in zebrafish.

Fish carrying a mutation in the smad5 gene have an altered response to stress anemia
We next evaluated the relative ability of smad5 mutants to respond during recovery from
hemolytic anemia. The sbn/+ and pgy/+ fish carrying the gata1:gfp reporter were compared to
wild-type fish treated with phenylhydrazine. Fish were sacrificed on days 2, 5 and 12 post-
treatment and erythropoiesis was analyzed by FACS (Fig. 5). Both sbn/+ and pgy/+ fish recover
from treatment over the time course with full repopulation of the erythrocyte fraction.
Proerythroblasts increased to ∼50% in all genotypes at 2 days post-treatment, including in the
sbn/+ background that started with significantly fewer proerythroblasts (Fig. 5B). However,
the percentage of polychromatophilic erythroblasts, a more mature progenitor cell type, are at
abnormally high levels in both sbn and pgy heterozygotes at 2 days post-treatment, representing
∼30% of the gated cell population compared to ∼15% for wild-type fish (Fig. 5C). This
accumulation of polychromatophilic erythroblasts does not however lead to an overproduction
of mature erythrocytes (Fig. 5D). The aberrant pattern indicates that erythroid progenitors with
a smad5 mutant allele advance precociously to the polychromatophilic stage, or are unable to
progress efficiently past this stage at a normal rate.

We investigated this question further by evaluating the kinetics caused by induced hemolysis
through FACS analysis at an earlier time point following phenylhydrazine treatment. The
experiment was repeated and whole kidney marrow was prepared from wild-type and pgy/+
on the gata1:gfp reporter background at one or two days post-treatment. In addition, the cells
were co-stained with DAPI and Annexin V, in order to quantify relative levels of apoptosis in
defined cell populations. Interestingly, the number of apoptotic proerythroblasts is similar at
day 1 and day 2 in both wild-type and pgy/+ fish (approximately 45 and 32% each, on day 1
and day 2, respectively). However, the number of apoptotic polychromatophilic erythroblasts
is markedly fewer in the pgy/+ fish on day 1 (25% in pgy/+ compared to 52% in wild-type),
which provides a likely explanation for the overproduction of polychromatophilic erythroblasts
in the pgy/+ fish at day 2 (data not shown). By day 2 the percentage of apoptotic
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polychromatophilic erythroblasts falls precipitously and is the same in both genotypes (2%,
data not shown), although the percent of polychromatophilic erythroblasts in total WKM is
much higher in the pgy/+ (Fig. 5C). Since ultimately there is not an overproduction of mature
erythrocytes, it seems likely that the excessive polychromatophilic erythroblasts die in the
pgy/+ fish at a later stage of development. This compensation allows for full recovery of the
pgy/+ mutants despite abnormal developmental kinetics.

Expression of a dominant-negative BMP receptor isoform in Gata1+ cells
An alternative approach to study deregulated BMP signaling is by expression of a dominant-
negative receptor. We showed previously that expression of a type II BMP receptor truncated
to lack the kinase domain (ΔBR) is sufficient to blocking BMP signaling during gastrulation,
and this inhibits erythropoiesis [9]. In contrast, expression of the same receptor in committed
cells of the hemato-vascular system does not block erythropoiesis, and can even enhance it
[24]. We therefore generated a transgenic line of fish expressing a ΔBR-GFP fusion isoform
in Gata1+ cells, and confirmed that such embryos survive. The construct used for transgenesis
is depicted in Fig. 6A. In embryos derived from the gata1:Δbr-gfp transgenic line, GFP
expression is seen as expected beginning around 12 hpf in two bilateral stripes of the lateral
mesoderm, and then in the ICM, the site of primitive erythropoiesis (Fig. 6B). These embryos
appear similar to gata1:gfp transgenic fish, with GFP expression restricted to the early
hematopoietic progenitors [20].

The ΔBR-GFP fusion protein is functional for blocking BMP signaling, since injection of RNA
encoding the isoform is sufficient to dorsalize embryos (data not shown). Yet the transgenic
embryos showed no obvious abnormal phenotype. In contrast to gata1:gfp fish, there is a
marked decrease in GFP expression at approximately 22-24 hpf. This was seen in multiple
independent lines. We suspect this phenomenon reflects a post-translational decline of the
ΔBR-GFP fusion protein, perhaps mediated by receptor degradation in differentiating erythroid
cells. This down-regulation of the mutant receptor might represent a normal process of receptor
recycling during cell differentiation. This is consistent with previous data showing erythroid
differentiation is not blocked by expression of the mutant receptor in the erythroid lineage
[24], and fortuitously permitted us to establish lines of fish that can tolerate expression of the
mutant receptor isoform in Gata1+ progenitors. Indeed, we found that GFP+ cells can be sorted
from adult gata1:Δbr-gfp WKM, and these can be used to analyze comparable cell populations
derived from gata1:gfp WKM (see Fig. 1C). The same populations can be isolated, although
from the gata1:Δbr-gfp WKM they sort differently according to relative GFP expression levels,
since in these samples the erythrocytes are present in a very low GFP population, below the
erythroid progenitors (Fig. 6C).

Steady state and stress erythropoiesis is not affected in gata1:Δbr-gfp adult zebrafish;
however they display eosinophilia

Analysis of WKM from the gata1:Δbr-gfp fish showed that erythrocytes were present at normal
levels (Fig. 7A). The fish were treated with phenylhydrazine and evaluated for recovery from
hemolytic anemia (Fig. 7B). The treated fish were rendered severely anemic and all of the fish
recovered to baseline during the time course analyzed. The gata1:gfp and gata1:Δbr-gfp fish
recovered at similar rates with similar population profiles, indicating that expression of the
mutant receptor isoform in erythroid progenitors does not alter erythroid differentiation.
However, sorting of hematopoietic cells from WKM showed a consistent alteration of the
myelomonocyte side scatter high population (Fig. 7A), representing eosinophils. This
population is approximately 6% of total cells in the transgenic WKM, as compared to only 3%
for a comparable population derived from WKM of wild-type or gata1:gfp fish (Fig. 7C,
P<0.007). The cells were sorted from WKM of gata1:Δbr-gfp fish, centrifuged onto slides and
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stained, which confirmed they are eosinophils (Fig. 7A|), appearing identical to those isolated
by Traver et al. [17] from the gata2:gfp transgenic line.

To gain insight into the cause of eosinophilia, we isolated comparable populations of wild-type
and transgenic erythroid progenitors, identified by low expression of GFP, low side scatter and
intermediate forward scatter as shown above (Fig. 1B). The corresponding population of
erythroid progenitors was isolated from WKM of gata1:Δbr-gfp fish, avoiding the “very low”
population that is comprised of erythrocytes (Fig. 6C). Purity was confirmed after sorting by
cytospin histology (not shown). Total cDNA was synthesized from each sample and analyzed
by quantitative real-time PCR to measure transcript levels for known key myelo-erythroid
transcription factors. The relative expression levels were decreased significantly for both c/
epbα (82% reduced) and pu.1 (84% reduced) in the samples derived from gata1:Δbr-gfp
progenitors (Fig. 8). In contrast, relative gata1 transcript levels were enhanced by 51% in
samples derived from the gata1:Δbr-gfp progenitors. The results indicate that expression of
the mutant BMP receptor in an early Gata1+ progenitor population alters the expression of key
transcription factors and corresponds with altered eosinophil output.

Discussion
Mouse and fish genetics have shown the importance for BMP signaling and Smad5 in
hematopoiesis, but these studies have been mostly limited to studying early development, since
the defects are embryonic lethal. This limitation is particularly relevant to hematopoiesis,
because the adult stage progenitors develop in a distinct temporal and spatial wave during
development. There is information derived from cell culture studies. BMPs regulate the
proliferation and differentiation of human hematopoietic stem cells isolated in vitro from
umbilical cord blood [14]. Human embryonic stem cells treated with BMP4 form
hematopoietic progenitors with an increased capacity for self-renewal compared to untreated
cell [15]. Also, the Smad5 gene is required to block induction of globin mRNA and effectively
inhibit hematopoietic progenitor growth in day 4 embryoid body cultures treated with TGFβ1
[6].

Two sets of studies have analyzed directly the role of SMAD5 in adult murine hematopoiesis.
The flexed-tail mouse contains a spontaneously derived mutation in the Smad5 gene and the
animals display a specific defect in the ability of a resident splenic population of erythropoietin
responsive progenitors to mount an effective recovery from stress anemia [35]. The normal
population of splenic stress-erythroid progenitors are responsive to BMP4, unlike bone marrow
derived erythroid progenitors [35]. Second, a conditional mutation of Smad5 that depletes a
floxed allele using Mx-Cre showed no significant changes in the adult murine hematopoietic
system [36]. This latter study differs from results we report here studying smad5 mutations in
adult zebrafish.

We find that Smad5 regulates erythropoiesis in adult zebrafish, demonstrated by the anemia
and the decreased numbers of erythroid progenitors in the sbn/+ and the tc227/tc227 adult fish.
There are several possible explanations for this difference compared with the mouse. First,
hematopoiesis may be regulated differently in the zebrafish kidney marrow compared to
mammalian bone marrow. Second, SMAD5 may be better compensated, for example by
SMAD1, in the mouse compared to the zebrafish. We note that, in three independent
experiments, we were unable to detect RNA encoding Smad1 in samples derived from
proerythroblast or polychromatophilic erythroblasts, suggesting limited potential for
compensation at these stages in zebrafish. In contrast, Smad1 was readily detected both in
sorted precursor cells and in mature erythroid cells, and levels were found to be equivalent to
those in samples from whole kidney marrow (data not shown)
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Third, in our set of experiments the smad5 gene is mutant throughout the life of the animal,
rather than being lost acutely as in the mouse studies. This might reflect developmental defects
in the niche that subsequently impact hematopoiesis. The smad5 mutants likely function non-
cell-autonomously, since transplantation studies [34] showed that smad5 mutant cells survive
in a wild-type environment and can form blood. Indeed, in contrast to the conditional Smad5
knockout results, an earlier conditional knockout of BmprIa is sufficient to alter the adult bone
marrow niche and deregulate HSC numbers [37].

We also found that Smad5 regulates the kinetics of recovery from hemolytic anemia, which is
interesting in the context of altered hematopoiesis shown in the flexed-tail mouse. The mutant
mice are anemic neonatally but recover in adulthood, except under conditions of stress
hematopoiesis [35,38]. It is not known if stress hematopoiesis in fish is comparable to the
program that occurs in mouse spleen in response to anemia. However, as in the mouse, the
kinetics of erythroid recovery following stress anemia in zebrafish is dependent on Smad5
function. We note that pgy/+ fish do not show steady state defects in erythropoiesis, although
(just like sbn/+ fish) they do show overproduction of polychromatophilic erythroblasts
following phenylhydrazine treatment. We suspect that the difference is due to allele strength
and that the two phenotypes have different threshold requirements for levels of Smad signaling.
The sbn allele is stronger than the pgy allele, and has even been suggested to be dominant-
negative. The pgy fish, harboring the weaker allele, are apparently able to compensate at the
steady state level. However, the phenylhydrazine treatment is an acute insult, and thus may
represent a lower threshold for generating the phenotypes described.

Finally, we found that the expression of a mutant BMP receptor in Gata1+ progenitors alters
the normal numbers of eosinophils. Eosinophils were identified and isolated previously from
adult WKM [18,39,40]. Our study suggests that decreased levels of BMP signaling in an early
Gata1+ progenitor increases commitment toward the eosinophil fate. One possibility is that
decreased levels of BMP signaling in the multipotent progenitor leads to changes in Gata1
levels. Even a modest increase in Gata1 could lead to subsequent decreases in Pu.1 and/or C/
ebpα, and it is known that this network can control lineage output, as shown previously with
respect to erythrocytes and macrophages [41-43]. The mutant BMP receptor provides a
transient inhibition to BMP signaling in a narrow window of progenitor development. For
technical reasons we have so far been unable to measure reliably changes in the levels of nuclear
phospho-Smads in the defined sorted cell populations, although this would provide insight and
is an important future goal. We speculate that there is no erythroid phenotype in the ΔBR-GFP
fish because the mutant receptor is down-regulated post-translationally during erythroid
development (which we confirmed by evaluating GFP expression). This down-regulation
might reflect the normal process of receptor cycling and allow recovery of normal erythroid
development. In contrast, the sbn mutant is an alteration of the downstream target, Smad5, and
is also not restricted to hematopoietic cells. Overall, our study demonstrates feasibility of using
the zebrafish model to probe molecular alterations that effect not only embryonic
hematopoiesis, but also the adult definitive lineages.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Purification of hematopoietic cellular subsets and erythroid progenitors from adult zebrafish
We applied general approaches described by Traver and colleagues [16,17] to purify cellular
subsets from wild-type fish in our system, which are of distinct genetic backgrounds compared
to those used in the published protocols. (A) Whole kidney marrow (WKM) was separated by
flow cytometry (FACS). Dead cells were gated out by propidium iodide (PI) staining and the
live cells analyzed by forward and side scatter profiles. The contour plot demonstrates that
distinct populations can be identified: erythrocytes, myelo-monocytes, lymphocytes, and
precursors. The average percentage of WKM for the populations are shown (n=11):
erythrocytes: 35% ±9.2, lymphocytes: 14% ±3.1, precursors: 5.5% ±2.2, myelo-monocytes:
23% ±5.8. In addition, there is a minor eosinophil gate component that gates with higher relative
side scatter from the myelo-monocyte group, approximately 3%. (B) FACS analysis of WKM
from gata1:gfp reporter fish. A histogram representing relative GFP expression levels in cells
from WKM is shown. Three distinct populations can be seen. A GFP negative peak,
corresponding to the leukocytes, a bright GFP+ (high) peak corresponding to mature
erythrocytes and a GFP+ low population that contains the erythroid progenitors. (C) The
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erythroid progenitors can be further discriminated using the gating strategy shown, similar to
that described [17]. WKM was sorted by forward scatter (FSC), side scatter (SSC) and GFP,
then contour plots of FSC vs. SSC were generated, and lymphocyte and precursor gates drawn.
From each a GFP histogram was generated, and a GFP+ (low) gate drawn. The relative percent
of GFP+ (low) cells was determined and used to track the erythroid progenitor populations.
As shown in the box on the far right, these protocols allow accurate counts of adult erythroid
cells at different developmental stages. (D) Shown are representative cytospin preparations of
sorted cell types, as indicated. Cells were stained with Geimsa and May-Grünwald and
photographed with a 100× oil objective. (i) peripheral erythrocytes, (ii) erythrocytes from
WKM, (iii) myelo-monocytes, (iv) lymphocytes, (v) precursors, (vi) proerythroblasts, (vii)
polychromatophilic erythroblasts.
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Fig. 2. A protocol for inducing hemolytic anemia in adult zebrafish
(A) Phenylhydrazine treatment induces hemolytic anemia by lysis of erythrocytes. Gross
visible signs of anemia can be seen in the fish at the time of sacrifice, as described in the text.
Recovery of the anemia occurs over a 20 day time-course, documented visibly and by flow
cytometry. (B) A group of wild-type fish (n=11) were treated with phenylhydrazine at day 0
and followed over a 20 day time course. Fish were sacrificed at days 2, 5, 12 and 20 following
treatment and WKM prepared for flow cytometry. Data from matched sets of untreated fish
was used to generate the numbers indicated by day 0. Erythrocytes and precursor populations
were quantified at each time point. The line graph shows each as a percent of WKM
(erythrocytes and precursors). As the erythrocyte count falls there is a reciprocal up-regulation
of precursor production to compensate for the induced anemia.
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Fig. 3. Adult zebrafish with mutations in smad5 are anemic
(A) Analysis of heterozygous adults. WKM was collected from adult wild-type, pgy/+ and
sbn/+ fish. Samples were analyzed by flow cytometry for FSC and SSC; dead cells were gated
out by PI staining. Four populations were resolved: erythrocytes, myelo-monocytes,
lymphocytes and precursors. For each genotype, the mean percent of WKM was graphed for
erythrocytes, lymphocytes, precursors and myelo-monocytes. P values were calculated by two-
tailed student's T-test by comparing wild-type to smad5 mutants for each cell type. Sample
numbers for each were: wild-type (n=11), pgy/+ (n=5), sbn/+ (n=5) *P<0.02, **P<0.001. (B)
Homozygous mutants rescued from embryonic lethality to adulthood by injection of mRNA
encoding Smad5. Two mutant alleles that could be rescued are tc227 (believed to be a null
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allele) and m169. Analysis was as described above in (A). Sample numbers for each were:
wild-type (n=4), tc227/tc227 (n=5), m169/m169 (n=2) *P<0.07, **P<0.03. The rescue of
m169/m169 proved very challenging, which precluded generation of sufficient numbers of fish
to test rigorously statistical significance, while the trend toward anemia is evident. Meanwhile,
the tc227/tc227 mutants represent a stronger allele and shows clear anemia and additional
alterations not seen in other mutants, for example in lymphocyte numbers.
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Fig. 4. Sbn/+ heterozygous adults have decreased erythroid progenitors
WKM was collected from adult wild-type, pgy/+ and sbn/+ fish on the gata1:gfp background.
Samples were analyzed by flow cytometry for FSC, SSC and GFP; dead cells were gated out
by PI staining. Two erythroid populations were quantified: proerythroblasts and
polychromatophilic erythroblasts. For each genotype, the mean percent of progenitors within
WKM was graphed for erythrocytes. For proerythroblasts and polychromatophilic
erythroblasts the mean percent graphed, indicated by Gata1+ cells on the axis, refers to the
percent GFP positive in the “precursor” or “lymphocyte” gate respectively, see Fig. 1 for
details. P values were calculated by two-tailed student's T-test by comparing wild-type to
smad5 mutants for each cell type. Sample numbers for each were: wild-type (n=8), pgy/+ (n=5),
sbn/+ (n=3). *P<0.02.
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Fig. 5. Pgy/+ and Sbn/+ heterozygous adults have an altered response to stress anemia
(A) Scheme of erythroid development after commitment to the erythroid lineage. These three
populations can be isolated using the gata1:gfp transgenic reporter line, as indicated in Fig. 1.
(B-D) A cohort of wild-type, sbn/+ and pgy/+ adults carrying the gata1:gfp reporter transgene
were treated with phenylhydrazine at day 0. On days 2, 5, and 12, adults were sacrificed, WKM
prepared and samples analyzed by FACS. Dead cells were gated out using PI staining. The live
cells were analyzed by forward scatter, side scatter, and GFP. Data from matched sets of
untreated fish was used to generate the numbers indicated by day 0. The percent of each sub-
population of erythroid progenitors was determined by gating on either the lymphoid or
precursor fraction and then determining the number of GFP low positive cells in that fraction
(see Fig. 1). The percentages were then graphed and P values were determined by two-tailed
student's T-Test. For each time point, treated smad5 mutants were compared to age-matched
sibling and treated wild-types. P values were as follows: polychromatophilic erythroblasts (day
2), for pgy/+ P<0.001, for sbn/+ P<0.02. For each time point, wild-type n=9, pgy/+ n=6 and
sbn/+ n=3. As indicated in the boxed insert: ●=wild-type, ▲=pgy/+ ■=sbn/+. In B and C, the
percent of Gata1+ cells refers to the “leukocyte” or “precursor” gate, respectively.

McReynolds et al. Page 19

Exp Hematol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. A mutant receptor isoform is expressed in progenitors of a gata1:Δbr-gfp transgenic line
(A) The diagram represents the construct used to generate the gata1:Δbr-gfp transgenic line.
A 5.4 kb promoter sequence was cloned upstream of a fusion construct encoding a truncated
BMP receptor with a C-terminal GFP tag. (B) A representative example of a gata1:Δbr-gfp
embryo at 22 hpf viewed under fluorescence. The embryo shows GFP expression (arrow) in
the intermediate cell mass (ICM), which recapitulates the endogenous gata1 expression pattern.
GFP expression is significantly down-regulated as the cells differentiate (not shown). (C)
WKM from homozygous adult gata1:Δbr-gfp fish was analyzed by FACS along with WKM
from wild-type (non-transgenic) fish. Samples show three distinct patterns for GFP expression.
An overlay histogram of GFP expression is shown and the corresponding cell types listed,
wild-type (blue), and gata1:Δbr-gfp (red). Wild-type WKM cells have no GFP expression. The
gata1:Δbr-gfp WKM shows a different profile of GFP expression in mature erythrocytes
compared to gata1:gfp adults, because the fusion protein is down-regulated as erythroid cells
differentiate. GFP is expressed at a low level in the progenitor cells of gata1:Δbr-gfp, while
very low levels of GFP are expressed in the mature erythrocytes. These cell types were
confirmed by sorting and cytospins (data not shown). Although not shown here (see Fig. 1B)
WKM from gata1:gfp adults shows high GFP expression in mature erythrocytes and low GFP
expression in the progenitors.
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Fig. 7. The gata1:Δbr-gfp adults have a normal response to stress anemia, but increased eosinophil
production in WKM
(A) A contour plot from FSC vs. SSC analysis of gata1:Δbr-gfp adult WKM is shown. While
the cell numbers of the four major sub-populations are relatively normal, a fifth side scatter
high (very granular) population of cells can be discriminated in these fish, representing
eosinophils. (B) Cohorts of wild-type (gata1:gfp) and gata1:Δbr-gfp adults were treated with
phenylhydrazine at day 0. On days 2, 4, 12 and 19 adults were sacrificed and WKM prepared
and analyzed by FACS. Dead cells were gated out using DAPI staining, and the live cells were
analyzed by forward scatter, side scatter and GFP. The percent of each sub-population of
erythroid progenitors was determined by gating on either the lymphoid or precursor fraction
and then determining the number of GFP(low) positive in that fraction. No significant changes
were seen when comparing wild-type and gata1:Δbr-gfp fish. For each time point n=4. As
indicated in the insert: ●=wild-type ■=gata1:Δbr-gfp. (C) Comparison of WKM sorts with
wild-type (gata1:gfp) shows a relative increase in the number of eosinophils in WKM of
gata1:Δbr-gfp adults; for each n=16, P<0.007. (A′) This population of cells was collected,
centrifuged onto slides and stained with Giemsa and May-Grünwald to confirm their
identification as eosinophils.
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Fig. 8. QPCR analysis shows alterations in the expression levels for key regulatory genes in
gata1:Δbr-gfp progenitors
Gata1 (GFP+) progenitors were isolated from wild-type (gata1:gfp) adult WKM, and a
corresponding population of Gata1+ progenitors was isolated from gata1:Δbr-gfp adult WKM
by FACS, with DAPI-based exclusion of dead cells. Total RNA was isolated from these cells
and cDNA synthesized. QPCR was performed for analyzing expression levels of RNA from
c/ebpα, pu.1 and gata1. The data was processed using the 2-ΔΔCT method [26]. The median of
each sample was normalized to wild-type (gata1:gfp) and the median average was graphed as
fold change in RNA expression. Triplicates were performed in each of 4 independent
experiments. P values were determined by T-test, * P<0.001, ** P<0.02.
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