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Abstract
Cyanobacteria produce a diverse array of toxic or otherwise bioactive compounds that pose
growing threats to human and environmental health. We utilized the zebrafish (Danio rerio)
embryo, as a model of vertebrate development, to investigate the inhibition of development
pathways (i.e. developmental toxicity) by the cyanobacterial toxin, cylindrospermopsin (CYN), as
well as extracts from various isolates of Cylindrospermopsis raciborskii and Aphanizomenon
ovalisporum. CYN was toxic only when injected directly into embryos, but not by direct
immersion at doses up to 50 μg/ml. Despite the dose dependency of toxicity observed following
injection of CYN, no consistent patterns of developmental defects were observed, suggesting that
toxic effects of CYN may not target specific developmental pathways. In contrast, direct
immersion of embryos in all of the extracts resulted in both increased mortality and reproducible,
consistent, developmental dysfunctions. Interestingly, there was no correlation of developmental
toxicity observed for these extracts with the presence of CYN or with previously reported toxicity
for these strains. These results suggest that CYN is lethal to zebrafish embryos, but apparently
inhibits no specific developmental pathways, whereas other apparent metabolites from C.
raciborskii and A. ovalisporum seem to reproducibly inhibit development in the zebrafish model.
Continued investigation of these apparent, unknown metabolites is needed.
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1. Introduction
Cyanobacteria (“blue-green algae”) produce a diverse array of toxic or otherwise bioactive
metabolites. In freshwater environments, in particular, these compounds can pose serious
threats to human and environmental health via contamination of drinking water, recreational
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exposure to waterborne toxins and possible accumulation of toxins in the food-web (e.g.
Chorus et al., 2000; Paerl et al., 2001; Rao et al., 2002; Codd et al., 2005; Falconer and
Humpage, 2006). Though toxicoses associated with exposure to cyanobacterial toxins are
typically recognized from cases of acute poisoning, emerging studies support a likely role of
these compounds in sub-acute health effects (e.g. Milutinovic et al., 2002; Dos et al., 2005;
Falconer and Humpage, 2006; Sukenik et al., 2006). One such example is the growing
evidence to indicate cyanobacterial (and other marine and freshwater algal) toxins may act
as developmental toxins, inhibiting or impairing various pathways of vertebrate
development (Oberemm et al., 1997; Papendorf et al., 1997; Pilotto et al., 1999; Jacquet et
al., 2004; Wang et al., 2005; Bu et al., 2006; Sukenik et al., 2006; Berry et al., 2007;
Palikova et al., 2007; Rogers et al., 2007; Wright et al., 2006; Lecoz et al., 2008).

The cyanobacterial toxin, cylindrospermposin (CYN; Fig. 1), is a hepatotoxic alkaloid first
isolated from Cylindrospermopsis raciborskii, and subsequently characterized chemically,
by Ohtani et al. (1992). Toxicity of CYN was first recognized when more than 100 children
of Aboriginal families on Palm Island in Queensland, Australia were admitted to hospitals
for various symptoms of gastroenteritis (Griffiths and Saker, 2003). The illness was
eventually linked to contamination of the local water supply with a dense algal bloom, and
specifically a strain of C. raciborskii. From this isolate, CYN was purified and characterized
chemically as a highly water-soluble cyclic guanidinium alkaloid, containing a unique
tricyclic hydroxymethyl uracil (Fig. 1; Ohtani et al.,1992). Subsequently, the toxin has been
identified in at least five additional genera of cyanobacteria, including Anabaena,
Aphanizomenon, Raphidiopsis, Lyngbya and Umezakia (Harada et al., 1994; Banker et al.,
1997; Li et al., 2001a; Seifert et al., 2007), and CYN-producing strains of C. raciborskii and
other cyanobacteria are being found to be increasingly prevalent in temperate and tropical
freshwaters (Saker and Griffiths, 2001; Neilan et al., 2003; Saker et al., 2003).

Despite considerable research, much remains to be clarified with respect to the toxicity of
CYN. Initial evaluation of CYN indicated that the most likely mode of action of CYN is
inhibition of protein synthesis, including observed detachment of ribosomes from
membranes of the rough endoplasmic reticulum or possible interaction with soluble proteins
involved in protein translation (Terao et al., 1994; Froscio et al., 2001; Runnegar et al.,
2002; Froscio et al., 2008). Froscio et al. (2001), for example, using an in vitro assay system
based on the rabbit reticulocyte lysate translation system, reported an IC50 of 120 nM and
detection limit of 50 nM (equivalent to approximately 50 ng/mL and 21 ng/mL,
respectively) for inhibition of protein synthesis by CYN. Subsequent studies (e.g. Runnegar
et al., 2002; Froscio et al., 2008) using this same in vitro assay system have consistently
confirmed inhibition at these concentrations. Likewise, evaluation of cellular inhibition of
protein synthesis, specifically in mouse hepatocytes, similarly suggests complete inhibition
at concentrations above 0.5 μM (Froscio et al., 2008). In addition, dose-dependent
cytotoxicity of CYN was also observed in both rat and mouse hepatocytes at concentrations
above 1 μM (Runnegar et al., 1994; Froscio et al., 2003). However, attenuation of this
cytoxicity, and not protein synthesis, by cytochrome P450 inhibitors suggests that this acute
toxicity to liver cells may be related to biotransformation products rather than inhibition of
protein synthesis by CYN (Runnegar et al., 1995). Moreover, recent studies suggest CYN,
with a potentially reactive guanidine, may also act through covalent binding and breakage of
DNA in cells exposed at concentrations in the range of 1–10 μg/mL (Humpage et al., 2000;
Shaw et al., 2000; Shen et al., 2002) leading to various cellular abnormalities. More recent
studies though have suggested that cellular abnormalities may be unrelated to direct
interaction with DNA (e.g. Fessard and Bernard, 2003). Clearly, given the increasing
recognition of the apparently widespread distribution of CYN and CYN-producing
cyanobacteria in freshwater systems, continued toxicological investigation will be essential
to clarifying potential threats to human and environmental health.
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Identification and characterization of developmental toxins from marine and freshwater
algae has been facilitated by the use of several aquatic models, specifically including
embryos of the zebrafish (Danio rerio) and other teleost fish species (reviewed by Berry et
al., 2007). Owing to a number of practical advantages including small size, nearly
transparent embryos, ease of husbandry, short embryogenesis and rapid sexual maturation,
as well as growing knowledge of the species’ genome, the zebrafish has emerged as an
especially important model system (Teraoka et al., 2003; Hill et al., 2005). This includes the
use of zebrafish embryos to characterize developmental toxicity of a number of well-
described toxins from marine algae, including saxitoxin (LeFebvre et al., 2004) and domoic
acid (Tiedeken et al., 2005), and from freshwater cyanobacteria, particularly including
microcystin-LR (Oberemm et al., 1997; Wang et al., 2005). In addition, the zebrafish
embryo has been used to screen algal isolates for developmental toxins (Berry et al., 2007),
and guide purification and characterization of novel or less well-known cyanobacterial
metabolites with respect to their developmental toxicity, including the previously unknown
mueg-gelone (Papendorf et al., 1997) from blooms of Aphanizomenon flosaquae, and
hapalindole alkaloids from Fischerella (Berry et al., 2007). Here we employ the zebra-fish
embryo as a model of vertebrate development to investigate the developmental toxicity of
CYN, as well as other possible metabolites from C. raciborskii and other CYN-producing
taxa of cyanobacteria.

2. Materials and methods
2.1. Chemicals

Solvents, including methanol (MeOH; Omnisolv®, 99.9% purity minimum) and HPLC-
grade chloroform (CHCl3; 99.8% purity minimum), from EMD Chemicals, Inc. were
purchased from Fisher Scientific. CYN, purified as described below, was obtained from the
National Research Centre for Environmental Toxicology at the University of Queensland,
Australia. All other chemicals and reagents were purchased from Sigma–Aldrich (St. Louis,
MO, U.S.A.).

2.2. Isolation and culture of cyanobacteria
Seven strains of C. raciborskii (Table 1), and one strain of Aphanizomenon ovalisporum
(Table 1), were isolated (by transfer of a single trichome), and cultured at 20 ± 1 °C with an
incident light intensity of 10 μmol m−2 s−1 provided by cool white fluorescent tubes (14 h:
10 h light/dark cycle), as previously reported by Saker and Eaglesham (1999) and Saker et
al. (2003). Samples of biomass (130–300 mg dry weight) from cultured isolates were
collected and lyophilized for extraction and fractionation of toxins (see below).

2.3. Extraction and fractionation of toxins from cyanobacteria cultures
Samples of lyophilized biomass from cyanobacterial isolates (Table 1) were extracted
sequentially with lipophilic (i.e. CHCl3) and polar (i.e. 30% MeOH in water) solvents.
Specifically, biomass was first extracted in 10 mL of CHCl3 for 48 h with intermittent
sonication (twice for 20 min each) with Biologics, Inc. Model 150 VT Ultrasonic
Homogenizer, and subsequent freeze/thaw (twice). The extracts were filtered (Whatman 540
Hardened Ashless, > 8 μm), and the biomass rinsed with an additional 4 mL of CHCl3. The
pooled extract and “rinse,” were taken to dryness by rotary evaporation. The remaining
(dried) biomass was extracted a second time with 30% MeOH (in water) with sonication
(once for 20 min) and freeze/thaw (once). The extracts were centrifuged, and the supernatant
transferred to clean 50-mL tubes. The pellet was rinsed (by mixing) with an additional 4 mL
of water and re-centrifuged. Subsequently, the “rinse supernatant” was pooled with the
previous supernatant, frozen at −80 °C and lyophilized. For evaluation of developmental
toxicity (see below), extracts were re-suspended in the appropriate extraction solvent (i.e.
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CHCl3 or 30% MeOH), and tested at final concentrations equivalent to approximately 14.3,
71.5 and 143 μg of lyophilized biomass per mL.

2.4. Pure CYN
CYN, obtained from the National Research Centre for Environmental Toxicology at the
University of Queensland, Australia, was purified from spent culture medium by a method
modified from Norris et al. (2001). Specifically, purification included solid-phase extraction
(Alltech® Carbograph cartridges, 1000 mg; elution with 5% formic acid in MeOH) and
sequential HPLC purification using a Prep Nova HR C18 radially compressed column (25 ×
100 mm; 6 μm, 60A), followed by an Alltech, Apollo C18 (22 × 150 mm; 5 μm) column,
using gradients of MeOH in water (W. Wickramasinghe, Pers. Comm.). The identity and
purity (>95%) of CYN was confirmed by NMR and HPLC–MS/MS (Eaglesham et al.,
1999).

2.5. Rearing and breeding of zebrafish
Zebrafish (Danio rerio) of the D31 and DGL lines (Gibbs and Schmale, 2000) were bred and
maintained in the Rosenstiel School of Marine and Atmospheric Science at the University of
Miami. The zebrafish were maintained in 30-L tanks at 28 °C with a 14 h:10 h light/dark
cycle. To obtain embryos for evaluation of developmental toxicity, adults were bred as per
the method described in Berry et al. (2007).

2.6. Zebrafish developmental toxicity assay
Developmental toxicity of CYN and extracts was initially evaluated, using zebrafish
embryos, by a method slightly modified from Berry et al. (2007). Specifically, embryos (4-
to 32-cell stage) were collected within 2 h post-fertilization (hpf), and exposed by direct
immersion of embryos in wells of 24-well polypropylene plates (5 embryos per well)
containing CYN or extracts/fractions in E3 medium (Brand et al., 2002). Assays were
generally done in triplicate, and each test was typically duplicated to confirm observed
results. Treated embryos were observed for 5 days post-fertilization (dpf) using a dissecting
light microscope, and any morphological or other apparent developmental abnormalities
were recorded and photographically documented. In later studies, primarily those
investigating purified CYN, several alternative approaches were used to expose embryos to
the toxin, specifically in order to circumvent the apparent inability of this water-soluble
compound to permeate the chorion and/or cellular membranes of the developing embryo
(discussed below). These approaches included addition of 2% dimethylsulfoxide (DMSO) to
the rearing medium, partial dechorination of eggs and use of alternative media including
distilled water (rather than E3 medium), as well as microinjection of the toxin directly into
the fertilized egg (Table 2).

Microinjection of CYN was done by a method modified from Gibbs and Schmale (2000).
The pure toxin was dissolved in Hank’s Balanced Salt Solution plus 0.04% phenol red to
final concentrations of 50, 5, 1, 0.5, 0.2 and 0.1 μg/mL. Newly fertilized eggs of the D31
line were microinjected with a running syringe (Gilmont S-1100 with 5–10 μm needle tip).
After trying several injection techniques, injection into the yolk between cells at the animal
pole (of 4–8 cell embryos), followed by subsequent removal of non-dividing embryos (from
both control- and CYN-injected embryos), was found to minimize leakage of injected
solution, and increase survivorship of embryos (as determined by mortality in control-
injected embryos), providing adequately quantitative data. Based on studies using
microinjection of DNA (Gibbs and Schmale, 2000), it is known that the injection volume is
equal to approximately 7 nL. “Intra-embryo concentrations” were accordingly calculated
based on a 7-nL injection volume and average, approximate embryo volume of 0.2 μL
(calculated based on an average measured diameter of the approximately spherical D31
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embryo [without the chorion] of 725 μm). Dose of 50% lethality (LD50) was calculated by
maximum likelihood regression using probit and logit analysis as per standard methods
(Finney, 1971; EPA, 1991), specifically using ToxCalc v. 5.0.23 G (Tidepool Scientific
Software, McKinleyville, CA).

3. Results
3.1. Toxicity of purfied CYN

No significant mortality or developmental effects were observed in embryos exposed (at 2
hpf for 5 dpf) by direct immersion in pure CYN at concentrations as high 50 μg/mL (Table
2). To investigate the possibility that the water-soluble CYN does not permeate either the
chorion or cellular membranes, several procedural modifications were evaluated as means of
delivering the toxin to embryos. Embryos were observed to develop normally in as much as
2% DMSO (data not shown) which has been well documented to enhance permeability and
uptake in various cell biology techniques (see reviews by Yu and Quinn, 1998; Ingels and
Augustijns, 2003). Thus, to facilitate passage of toxin into the egg, embryos were treated at
the same range of CYN concentrations in the presence of 2% DMSO added to the medium.
CYN was not toxic, as evidenced by no observed mortality (over 5 dpf), at toxin
concentrations as high has 50 μg/mL in 2% DMSO (Table 2). Similarly no toxicity (up to 50
μg/mL for 5 dpf) was observed when embryos were exposed by direct immersion using
distilled water or “embryo rearing solution” (ERS; Berry et al., 2007) rather than E3
medium (Table 2). The role of the chorion in this resistance to the toxin was further
investigated using dechorionated embryos. No toxicity of CYN to embryos was observed (5
dpf) when dechorionated embryos were exposed by direct immersion in the toxin at
concentrations as high as 50 μg/mL in either E3 medium or distilled water, with or without
concomitant addition of 2% DMSO (Table 2).

To further investigate the developmental toxicity of CYN, embryos were microinjected with
the pure toxin. Embryos were microinjected with 50, 5, 1, 0.5, 0.2 and 0.1 μg/mL solutions
of CYN, corresponding to approximately 843, 84, 17, 8.4, 3.4 and 1.7 fmol of CYN per
embryo, or 4.2 × 103, 4.2 × 102, 84, 42, 17 and 8.4 nM calculated “intra-embryo” CYN
concentrations (given a 7-nL injection into an approximately 0.2-μL volume; see Section 2),
respectively. Dose-dependent mortality was observed at 1 dpf, (Fig. 2) and the percent
mortalities for each treatment remained unchanged through 5 dpf (not shown). An average
mortality rate of approximately 15.2% (±8.1%) was observed for control-injected embryos
(receiving only 0.04% phenol red in HBSS). Injection at the highest concentrations of CYN
(corresponding to 843, 84, 17 and 8.4 fmol/embryo) resulted in mortality or severe
deformity of 100% of embryos at 1 dpf; specifically, all doses were scored as completely
lethal, except 17 fmol/embryo for which 7% of the embryos (4 out of 60) survived to 5 dpf,
but were all scored as severely deformed (Fig. 2). LD50 was calculated as 4.50 fmol CYN/
embryo (95% confidence limit 3.35–6.18 fmol/embryo) and 4.19 fmol CYN/embryo (95%
confidence limit 1.09–9.88 fmol/embryo) for 1 dpf and 5 dpf, respectively. This LD50 is
equivalent to a calculated intra-embryo CYN concentration of 22.3 nM (95% confidence
limit 16.8–31.0 nM) and 21.2 nM (95% confidence limit 5.5–49.5 nM) intra-embryo
concentration of CYN, respectively, for 1 and 5 dpf embryos (based on calculated embryo
volume; see Section 2).

In addition to mortality, a non-dose-dependent increase in the number of deformed embryos
was observed (at 5 dpf) for the lowest doses tested, compared to control-injected embryos
(for which approximately 7% of the total embryos deformed). Specifically, approximately
20% and 16% of all embryos tested at 1.7 and 3.4 fmol/embryo, respectively, were
deformed (corresponding to approximately 24% and 26% of the surviving embryos,
respectively, at the two doses). The deformed embryos (not shown), in all cases, exhibited a
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wide range of abnormal morphologies with no consistent pattern of alterations in
musculature, skeleton or soft tissues that would be consistent with disruption of a specific
developmental pathway.

3.2. Developmental toxicity of extracts from C. raciborskii and A. ovalisporum
We additionally evaluated extracts from several isolates (Table 1) of C. raciborskii, and one
isolate of A. ovalisporum, for toxicity in the zebrafish assay. All of the extracts were toxic to
zebrafish embryos exposed by direct immersion at 2 hpf, causing mortality within 24 hpf at
the highest concentration (i.e. 143 μg biomass/mL; Fig. 3). Mortality rates of 100% were
observed with high and intermediate (143 and 71.5 μg biomass per mL, respectively)
concentrations of all, but two, of the methanolic extracts (Fig. 3A), and with all of the high
concentrations (143 μg biomass/mL) of the chloroform extracts (Fig 3B). At the lowest
concentration of 30% MeOH extracts (14.3 μg biomass per mL), mortality rates were highly
variable from 0% (2 extracts) to 100% (2 extracts), while CHCl3 extracts showed generally
lower mortality rates (from 0 to 40%). By 2 dpf, 100% of embryos exposed to all extracts,
except 30% MeOH extracts of C. raciborskii isolate BRAZ and A. ovalisporum isolate APH
OVAL, at intermediate concentrations were dead or deformed (data not shown). Similarly,
all embryos exposed to 30% MeOH extracts of C. raciborskii isolates CAIA and 4799 at
even the lowest concentration tested (equivalent to 14.3 μg biomass per mL) were dead or
deformed by 2 dpf (data not shown). No significant mortality or apparent dysfunction was
observed for embryos exposed to solvent-only controls; specifically, mortality rates were
less than the spontaneous mortality rate of approximately 5% that is typical for untreated
embryos (see Berry et al., 2007).

Moreover, various developmental effects were observed in embryos treated at sub-lethal
concentrations of extracts. In particular, lipophilic (i.e. CHCl3) extracts of the isolates gave
the most consistent patterns of abnormal development (Fig. 4), whereas more polar (i.e. 30%
MeOH) extracts tended to lead to mortality with only sporadic incidence of deformity and
little consistency in the observed phenotypes (not shown). A range of developmental defects
was observed across extract types, however, certain patterns dominated (particularly for
chloroform extracts). Specifically, bent or (less often) truncated body axes were frequently
observed in combination with inhibition of organogenesis, and particularly impaired
development of the eye, as well as edemas of the pericardium and other ventral cavities (Fig.
4B–K). In some cases, the treatment with extracts apparently delayed hatching, as evidenced
by 4-dpf embryos frequently remaining in chorions, compared to control embryos that
typically hatched within 3 dpf (data not shown).

The magnitude of these effects was notably dose-dependent. This is exemplified by
chloroform extracts of C. raciborskii isolate AQS (Fig. 4E–I). Treatment of embryos with
intermediate concentrations of these extracts (equivalent to 71.5 μg biomass per mL)
produced deformities that ranged from undeveloped eyes, truncated body axis and severe
edemas to curved, but otherwise elaborated, axes and relatively moderate edemas (Fig. 4G–
I). Two-fold dilution of this extract, on the other hand, gave rather minimal developmental
effects, characterized by only slightly bent tails and minor edemas (Fig. 4E–F) compared to
control embryos (Fig. 4A), though it should be noted that this moderate phenotype was
consistent for all surviving embryos treated at this lower concentration. Dose-dependence of
the developmental toxicity is further supported here by observed effects of extracts from the
non-CYN-producing C. raciborskii isolate LJ on embryos. Surviving embryos treated with
intermediate concentrations of chloroform extracts from C. raciborskii isolate LJ (equivalent
to 71.5 μg biomass per mL) were characterized by severely shortened, underdeveloped body
axis and lack of eye development (Fig. 4K), whereas those treated with a two-fold dilution
of the extract developed a notably less pronounced manifestation of the phenotype (Fig. 4J).
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4. Discussion
Cyanobacterial toxins, particularly in freshwater systems, are of growing concern with
respect to human and environmental health. CYN is being found to be increasingly prevalent
in both temperate and tropical freshwater worldwide (e.g. Saker and Griffiths, 2001; Neilan
et al., 2003; Saker et al., 2003). As reviewed previously (Griffiths and Saker, 2003; Rücker
et al., 2007), environmental concentrations of CYN in freshwater habitats can vary
considerably. Though no formal guideline exists for CYN levels, Humpage and Falconer
(2003) have proposed a drinking water limit of 1 μg/L total CYN. Reported values have
varied up to 800 μg/L of the toxin, as measured by Shaw et al. (2000) in farms dams in
Australia, though Falconer and Humpage (2006) suggest a more typical range of 1–10 μg/L.
Further complicating the issue, there is a considerable variability between relative
proportions of extracellular/dissolved versus intracellular/particulate CYN. Saker and
Eaglesham (1999), in their investigation of CYN in C. raciborskii-infested aquaculture
ponds in Queensland, found that approximately 93% of the toxin was intracellular, whereas
Rücker et al. (2007) reported that dissolved, extracellular CYN accounted for more than
80% of the toxin detected in temperate German lakes. Though the latter investigated lakes
dominated by Aphanizomenon, other studies (e.g. Chiswell et al.,1999) have found similarly
much higher proportions of CYN as the dissolved toxins in blooms of C. raciborskii.
Likewise, cellular abundance of CYN-producing cyanobacteria (e.g. C. raciborskii,
Aphanizomenon) can vary, and is not necessarily correlated with CYN concentrations.
Densities as low as 15 × 103 cells/mL have been associated with levels as high as 20 μg/L
(MacGregor and Fabbro, 2000), though blooms of 90 × 103 cells/mL have been reported
with concentrations of toxin as low as 1 μg/L (Saker and Griffiths, 2001). Extreme blooms
have been reported up to 32.5 × 106 cells/mL, with a corresponding toxin concentration of
589 μg/L (Saker and Eaglesham, 1999).

In addition, emerging evidence (Saker and Eaglesham, 1999; Saker et al., 2004; White et al.,
2006) suggests that CYN may possibly accumulate in components of the freshwater food-
webs. In particular, accumulation has been documented for several invertebrate species. For
example, Saker et al. (2004) have shown that the freshwater mussel, Anodonta cygnea,
exposed to CYN-producing cultures of C. raciborskii accumulate CYN concentrations up to
2.52 μg/g dry tissue weight. Suggesting accumulation of the toxin at environmentally
relevant concentrations, Redclaw Crayfish (Cherax quadricarinatus) from an aquaculture
pond contaminated with a bloom C. raciborskii (producing a measured total concentration of
589 μg/L CYN) accumulated the toxin to 4.3 μg/g and 0.9 μg/g in hepatopancreas and
muscle tissue, respectively (Saker and Eaglesham, 1999). More recently, accumulation of
CYN by the cane toad, Bufo marinus, as a vertebrate model, was found to accumulate the
toxin at a maximum average concentration of 895 μg/kg following exposure of tadpoles to
CYN-containing cells of C. raciborskii (White et al., 2007).

In addition to rather rapid and acute toxicity associated with CYN, growing evidence
suggests possible a role of CYN in long-term effects of chronic and/or sub-acute exposure.
Sukenik et al. (2006) reported that sub-acute levels of CYN in the range of 100–550 ng/mL/
day in drinking water consumed by mice (equivalent to approximately 10–55 μg/kg dose per
day) decreased red blood cell (RBC) counts accompanied by deformation of RBCs over the
course of the 42-week period. Humpage and Falconer (2003) showed a range of effects on
organs in exposed mice at ten-fold higher concentrations when exposed over 10 weeks.
Preliminary evidence in mice (Falconer and Humpage, 2006) has also suggested that chronic
exposure (30 weeks) to C. raciborskii extracts can lead to initiation of tumor formation.
Moreover, recent evidence suggests that CYN may pose threat to vertebrate development;
specifically studies in mice demonstrate induction of fetal toxicity following prenatal
exposure (in the range 8–128 μg/kg) during late gestation (Rogers et al., 2007).
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The widespread occurrence of CYN, taken together with the potent, acute toxicity as a
protein synthesis inhibitor and possible genotoxin (Terao et al., 1994; Shaw et al., 2000;
Shen et al., 2002; see discussion in Section 1), as well as possible chronic, sub-acute effects,
clearly underscores the need for continued toxicological investigation of this compound.
Here we investigated the developmental toxicity of CYN in the zebrafish embryo that has
gained growing acceptance as a model for human toxicology (Shin and Fishman, 2002), and
particularly of vertebrate development.

Though the zebrafish embryo has been used extensively as a model of vertebrate toxicology,
including investigation of cyanobacterial toxins (e.g. Oberemm et al., 1997; Papendorf et al.,
1997; LeFebvre et al., 2004; Tiedeken et al., 2005; Wang et al., 2005; Berry et al., 2007),
our data interestingly suggest that CYN may not readily permeate cellular membranes in the
zebrafish embryo. Indeed, this may point to a possibly general limitation of standard
toxicological assays utilizing the zebrafish embryo model. Specifically, no toxicity was
observed for embryos exposed by immersion to ambient levels of toxin as high 50 μg/mL
that is several orders of magnitude above any reported environmental concentration of CYN,
as well as the observed toxic concentrations observed for in vitro studies (as discussed
above). Furthermore, none of the various procedural modifications, including
dechorionation, addition of up to 2% DMSO or use of distilled water (rather than E3
medium), intended to increase passage of the toxin to the developing embryo, resulted in
apparent inhibition of development.

Given the highly water-soluble nature of the zwitterionic alkaloid this is perhaps not
surprising. A similar observation has been made, in fact, for the equally water-soluble
cyanobacterial toxin, microcystin-LR (MC-LR), when investigated in the zebrafish embryo
(Oberemm et al., 1997; Wang et al., 2005) and medaka (Oryzia latipes; Jacquet et al., 2004).
In this case, initial studies of the developmental toxicity of MC-LR, specifically using direct
immersion of embryos, suggest little or no effect of the otherwise potent phosphatase
inhibitor on development of the zebrafish embryo (Oberemm et al., 1997). However,
subsequent studies by Wang et al. (2005), using microinjection of MC-LR into zebrafish
embryos, demonstrated potent developmental toxicity. A similar limitation of “ambient”
exposure of embryos to MC-LR, compared to microinjection of the toxin, was also observed
by Jacquet et al. (2004) when investigating developmental toxicity of the toxin in the
medaka. Furthermore, a recent screening of extracts from freshwater cyanobacterial isolates
for developmental toxicity in the zebrafish embryo model (Berry et al., 2007) indicates that
a generally higher number of lipophilic extracts were active, compared to polar (i.e.
aqueous/alcohol) extracts.

To circumvent any possible difficulties in the passage of CYN into embryos, we used a
microinjection technique to expose developing embryos to the toxin. Specifically, injections
were performed at the animal pole of 4- to 8-cell embryos (see Section 2). This technique
differs somewhat from previous injection protocols (e.g. Gibbs and Schmale, 2000), but was
found, after attempting other techniques, to specifically minimize, and largely prevent,
leakage during injections (as visually evidenced by phenol red added to the injection
medium), and consequently ensure quantitative exposure.

These microinjection studies show a dose-dependent toxicity of CYN, resulting in rapid
mortality (≤1 dpf), at concentrations above approximately 1.7 fmol/embryo (Fig. 2),
corresponding (given an approximate embryo volume of 0.2 μL) to 8.4 nM CYN
concentration in the injected embryos. Likewise, the calculated LD50 was determined to be
approximately 4.50 fmol CYN/embryo, or 22.3 nM CYN (intra-embryo concentration), after
only 1 day post-fertilization. These findings correlate well with previously reported
inhibition of protein synthesis in the nanomolar range (Terao et al., 1994; Froscio et al.,
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2001; Froscio et al., 2008). For example, Terao et al. (1994) reported that CYN inhibited
protein synthesis in a cell-free rabbit reticulocyte lysate assay with an IC50 (50% inhibitory
concentration) of 120 nm, and subsequent studies (Froscio et al., 2001; Froscio et al., 2008)
have generally agreed with this range of activity. However, as might be expected for a
general inhibition of protein synthesis, no apparent or reproducible inhibition of specific
developmental pathways was evident, and CYN treatment generally resulted in mortality
without obvious developmental toxicity, though some general deformity was observed at
concentrations below 100% mortality (i.e. ≤8.4 fmol/embryo).

On the contrary, developmental toxicity (Fig. 4), as well as mortality (Fig. 3), was observed
for lipophilic and polar extracts prepared from isolates of C. raciborskii and A. ovalisporum
(Table 1). The authors have previously screened extracts from more than 200 isolates of
freshwater cyanobacteria, and have generally observed developmental toxicity in about only
15–20% of extracts evaluated (Berry et al., 2007), suggesting that these observed effects on
embryo development are related to specific metabolites these extracts, rather than a general
toxicity of extracts, though the chemical nature of most of these compounds remains to be
characterized. In particular, embryos exposed to extracts from isolates of C. raciborskii and
A. ovalisporum showed developmental phenotypes largely, though not strictly, characterized
by bent or twisted body axis, impairment of eye formation and edemas (Fig. 4; discussed
above). Specifically, all isolates were toxic, by direct immersion of zebrafish embryos, at the
highest concentrations of extracts (corresponding to ≥143 μg lyophilized biomass/mL).
Using a conversion factor of 153 fg carbon per cell, as proposed by Hamasaki et al. (1999)
for cyanobacteria, we can estimate equivalent densities of approximately 9.35 × 105 cells/
mL corresponding to this ambient concentration of “biomass equivalents.” Though this
estimation (falsely) assumes all of the lyophilized biomass is composed solely of carbon,
any reduction in the contribution of carbon to the total biomass would effectively further
lower the calculated cell density. Accordingly, it is proposed that these concentrations of
cellular biomass evaluated here easily fall within the range of cell densities previously
reported for blooms of C. raciborskii and Aphanizomenon in freshwater systems (as
discussed above). Moreover, for several extracts, toxicity was observed at biomass
concentration as much as ten-fold lower, corresponding to densities of 9.35 × 104 cell/mL
that are typical of C. raciborskii blooms (see Griffiths and Saker, 2003).

Though all of the extracts were toxic to zebrafish, several lines of evidence suggest the toxic
constituents are almost certainly not CYN. In addition to somewhat reproducible
developmental effects, not seen in CYN-treated embryos, no apparent correlation was found
between the observed mortality or developmental effects of extracts and the previously
reported (Saker and Eaglesham, 1999; Saker et al., 2003) presence of CYN, or toxicity in the
mouse bioassay, for these isolates. For example, though extracts from both A. ovalisporum
isolate APH OVAL and C. raciborskii isolate AQS (Fig. 4B and E–I, respectively) that are
known to produce CYN were toxic, isolates including C. raciborskii isolates 4899 and
MARAU (Fig. 4C and D, respectively) which do not produce CYN, and even C. raciborskii
isolate LJ (Fig. 4J–K) which was found to neither produce CYN, nor to be toxic in the
mouse bioassay, showed equally profound inhibition of embryo development at comparable
concentrations.

Furthermore, it was shown in studies with the pure toxin that CYN is not readily taken up by
the embryo without microinjection (discussed above), yet toxicity of all extracts was
observed by direct immersion of embryos in the diluted extracts. Specifically, it was shown
that direct immersion of embryos in concentrations of the pure toxin as high as 50 μg/mL
produced no significant mortality or apparent inhibition of development. Yet, in the case of
30% MeOH extracts from C. raciborskii isolate AQS, for example, though this isolate has
been shown to produce CYN, 100% mortality was observed at concentrations equivalent to
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14.3 μg of biomass (or less) per mL, such that exceeding 50 μg/mL of CYN (or more than
three times this dry weight of biomass) would be impossible.

Further supporting the presence of non-CYN toxins in the isolates, all of the chloroform
extracts were toxic to the zebrafish embryos, causing mortality and various developmental
defects (Fig. 3B and 4). It is not expected that a lipophilic solvent, such as CHCl3, would
extract the highly water-soluble CYN. Though it is conceivable that CYN might be partially
extracted by lipophilic solvent, given the previous reasoning regarding calculated levels of
CYN in the biomass, and the observation that all of the chloroform extracts produced 100%
mortality at the highest concentration (i.e. 143 μg biomass per mL), it would be necessary
for CYN in chloroform extracts to account for greater than 35% of the total dry weight of
cyanobacterial biomass in all of the isolates to support the role of CYN in the observed
toxicity of the chloroform extracts. Though CYN has been detected in both C. raciborskii
isolate AQS and A. ovalisporum isolate APH OVAL, for example, even in these isolates this
high concentration is extremely unlikely. Indeed, re-extraction and re-testing of chloroform
extracts of C. raciborskii isolate AQS, for example, with 30% MeOH confirmed (data not
shown) that the toxic component is not soluble or extractable in the latter, more polar
solvent as would be expected for CYN.

In addition to CYN, C. raciborskii has also been shown (Lagos et al., 1999; Norris et al.,
2001) to produce deoxy-cylindrospermopsin (deoxyCYN) and saxitoxin (STX) that might
be proposed to contribute to developmental toxicity of these extracts. DeoxyCYN lacks a
hydroxyl group (replaced by –H) at the “uracil bridge,” and it is conceivable that the
decreased polarity and water-solubility (Norris et al., 2001) might explain some of the
developmental toxicity of the more lipophilic fractions. Indeed, deoxyCYN has been shown
to be equally inhibitory to protein synthesis and other indicators of toxicity (Neumann et al.,
2007). Furthermore, though previous studies typically report deoxyCYN at approximately
10% of the concentrations of CYN found (e.g. Li et al., 2001b), Seifert et al. (2007)
identified deoxyCYN in Lyngbya wollei at concentrations as high 300 times that of CYN.
That said, it is not likely that the structural difference between deoxyCYN and CYN would
make the former significantly lipophilic, and the apparent decrease in polarity is, in fact,
rather slight (Norris et al., 2001). Likewise, though the inhibition of protein synthesis may
be comparable between the two congeners, it would still not be expected that this general
mechanism would contribute to the inhibition of specific developmental pathways. In fact,
though protein synthesis inhibition seems to be unaffected by dehydroxylation of
deoxyCYN (e.g. Neumann et al., 2007), Norris et al. (2001) found that intraperitoneal
injection of mice with deoxyCYN was not toxic at doses four-fold higher than the lethal
dose of CYN.

On the other hand, unlike CYN, LeFebvre et al. (2004) recently demonstrated
developmental toxicity of the water-soluble toxin, saxitoxin (STX), in the zebrafish embryo
exposed to the toxin by direct immersion. As mentioned, STX has been previously isolated
from C. raciborskii (Lagos et al., 1999), including one of the strains tested here (C.
raciborskii isolate BRAZ), as well as other various cyanobacterial taxa, including
Aphanizomenon (e.g. Negri and Jones, 1995; Mahmood and Carmichael, 1986). Given the
water-solubility of STX and its related gonyau-toxins it would be perhaps surprising to find
these compounds in lipophilic extracts, however, it has not yet been ruled-out here.
Furthermore, though developmental toxicity in the zebrafish has been reported for STX, the
observed effects are not identical or even particularly related to those observed for extracts
evaluated here (Fig. 4). Continuing studies are underway to assess the presence of
deoxyCYN and STX in these extracts, as well as to possibly purify and characterize
otherwise unknown constituents from C. raciborskii and A. ovalisporum.
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5. Conclusions
The zebrafish embryo is emerging as an important model of vertebrate development,
including evaluation of known and otherwise uncharacterized developmental toxins. This
system has been previously applied to characterize the developmental toxicity of a number
of known algal metabolites, and also used to identify and characterize novel or less well-
known developmental toxins from marine and freshwater microalgae (reviewed by Berry et
al., 2007).

It is clear from results presented here that the widespread cyanobacterial toxin, CYN, is
toxic to the zebrafish embryo resulting in considerable mortality of toxin-injected embryos,
though embryos seem to be impermeable to the water-soluble toxin. However, the presumed
inhibition of protein synthesis by CYN does not result in any consistent pattern of
developmental defects, suggesting that specific developmental pathways are probably not
affected. In contrast, direct immersion of zebrafish embryos in 30% MeOH and CHCl3
extracts from several isolates of C. raciborskii and A. ovalisporum resulted in high levels
toxicity and reproducible patterns of developmental defects. These results suggest that these
extracts contain toxic metabolites other than CYN. Isolation and characterization of these
compounds, utilizing the zebrafish embryo as a model system, is currently being pursued.
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Fig. 1.
Chemical structure of cylindrospermopsin. Cylindrospermopsin is a water-soluble cyclic
guanidinium alkaloid containing a tricyclic hydroxy-methyl uracil.
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Fig. 2.
Mortality of zebrafish embryos microinjected with cylindrospermopsin (CYN) at 1 day post-
fertilization (dpf). Mortality was determined at calculated doses of 843, 84, 17, 8.4, 3.4 and
1.7 fmol of CYN/embryo (shown in logarithmic scale). The total number (n) of embryos
tested at each dose is shown next to data points. Error bars, representing ±1 standard
deviation, are given for the two lowest doses that resulted in less than 100% mortality or
deformity. Error bars are not included for higher doses for which mortality was either 100%,
and standard deviation is zero, or which were injected as a single group. As discussed in the
text, mortality rate remained largely unchanged up to 5 dpf.
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Fig. 3.
Percent mortality (1 dpf) of 30% MeOH (A) and CHCl3 (B) extracts of cyanobacterial
isolates (see Table 1, and Section 2) tested in the zebrafish embryo assay. Extracts were
tested by direct immersion of embryos at concentrations equivalent to 14.3, 71.5 and 143 μg
of lyophilized cyano-bacterial biomass per mL of E3 medium (white, gray and black bars,
respectively).
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Fig. 4.
Inhibition of zebrafish embryo development by chloroform extracts from various isolates of
C. raciborskii and A. ovalisporum. All embryos shown are 4 dpf, and exposed at less than 2
hpf (typically 4- to 32-cell stage). A: control (untreated) embryo at 4 dpf. B: embryo
exposed to extract of A. ovalisporum isolate (APH OVAL) at concentration equivalent to
14.3 μg biomass per mL (arrow indicates edema). C and D: embryos exposed to extracts of
C. raciborskii isolates (4899 and MARAU) at concentrations equivalent to 71.5 μg biomass
per mL. E–I: embryos exposed to extracts of C. raciborskii isolate (AQS) at concentrations
71.5 μg biomass per mL (G–I: arrow indicates edemas), and two-fold dilution (E–F: arrow
indicates slightly bent tail). J–K: embryos exposed to extracts from C. raciborskii isolate
(LJ) at concentration equivalent to 71.5 μg biomass per mL (K), and two-fold dilution (J).
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