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The larvicide pyriproxyfen blamed 
during the Zika virus outbreak does 
not cause microcephaly in zebrafish 
embryos
Stefania Dzieciolowska1, Anne-Laure Larroque2, Elizabeth-Ann Kranjec2, Pierre Drapeau1,3 & 
Eric Samarut1,3

Although the zika virus (ZIKV) has now been strongly correlated with emerging cases of microcephaly 
in the Americas, suspicions have been raised regarding the use of pyriproxyfen, a larvicide that prevents 
mosquito development, in drinking water. The effects of this compound on neurodevelopment have not 
yet been addressed specifically in vertebrates. As a result, we aimed at addressing the effects, if any, 
of pyriproxyfen on neurodevelopment in the zebrafish embryo as a vertebrate model. Using zebrafish 
transgenic lines expressing GFP in different cell populations (elavl3 in newborn neurons, gfap and 
nestin in neural stem cells), we focused on the analysis of whole embryonic brain volume after confocal 
3D-reconstruction and the quantification of purified neural stem cells during early neurodevelopment 
by FACS-cell sorting from whole in vivo embryos. Interestingly, though lethal at very high doses, 
pyriproxyfen did not cause brain malformation nor any significant changes in the number of observed 
stem cells in the developing central nervous system. Our data indicate that pyriproxyfen does not affect 
central nervous system development in zebrafish, suggesting that this larvicide on its own, may not be 
correlated with the increase in microcephaly cases reported recently.

Recently, the incidence of reported microcephaly cases has vastly increased in the Americas since the rapid emer-
gence of the Zika virus (ZIKV), a flavivirus related to dengue, West Nile and yellow fever viruses1–3. Since its 
detection in Brazil in early December 2015, ZIKV has spread extensively where cases of the viral infection have 
been reported in most countries in Latin America as well as in the Caribbean, and have been reported to be asso-
ciated with microcephaly1,2,4.

Microcephaly is a rare neurological condition in which an infant or newborn presents with a head circumfer-
ence that is more than 3 standard deviations (SDs) below the mean of other children of the same age and sex5. It is 
considered a developmental defect of the brain and is a result of improper brain development during pregnancy 
(congenital) or may be due to a halt of brain growth after birth. Depending on the severity of the microcephaly, 
affected children may present with developmental delays, difficulty with motor coordination, facial distortions, 
seizures and mental retardation6. This condition can be caused by a variety of genetic and environmental factors 
such as craniosynostosis, chromosomal abnormalities, decreased oxygen to the fetal brain, exposure to drugs or 
alcohol during pregnancy, malnutrition, uncontrolled maternal phenylketonuria or diabetes as well as infections 
of the fetus during pregnancy7–12.

Since December 2015, Brazil has reported 440,000 to 1,300,000 local cases of ZIKV, making it one of the most 
affected countries by the ZIKV epidemic13,14. Prior to the outbreak, Brazil reported, on average, 150 to 200 cases 
of microcephaly between 2010 and 2014, whereas by November 2015, 1,248 new cases of microcephaly had been 
reported, 509 of which were reported between November 21st and 28th 201515. Furthermore, currently available 
serological tests are unable to reliably distinguish ZIKV from other flaviviruses, hindering a rapid and effective 
public health response to the epidemic.
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It has been suggested that ZIKV was first introduced to Brazil by an infected traveler or mosquito and its 
subsequent spread across the region was likely facilitated through Aedes Aegypti, the principal vector of the 
virus, among other Aedes species of mosquitoes1,13. Since the recent ZIKV epidemic, there has been a significant 
increase in the number of microcephaly cases reported in these regions. Many questions remain regarding the 
transmission of the virus and its role in microcephaly, but studies examining fetuses and infants with microceph-
aly have shown the presence of ZIKV RNA in the placenta, amniotic fluid and fetal tissues and have also shown 
the presence of the virus in brain tissues, suggesting it plays a role in the development of this condition16,17.

Despite the strong association recently discovered between ZIKV and microcephaly, anecdotal arguments 
have been made that other environmental factors may have lead to the outbreak of microcephaly cases in the 
Americas. More specifically, claims were made that speculated whether the use of the larvicide pyriproxyfen may 
have played a role in the emergence of reported microcephaly cases. To date, few studies have examined the effect 
of this larvicide in relation to neurodevelopment and the central nervous system. Pyriproxyfen is a pyridine-based 
larvicide categorized as a juvenile hormone analog pesticide that regulates a variety of processes in postembryonic 
development and adult reproduction in insects, resulting in a disruption in the insect life cycle and the failure of 
egg hatching in many insect species18–21. Beginning in 2014, pyriproxyfen was used in Brazilian water supplies to 
fight the proliferation of mosquito larvae and the use of which was in line with the World Health Organization 
(WHO)’s Guidelines for Drinking water Quality (GDWQ)22 and Pesticide Evaluation Scheme (WHOPES)23. 
Despite its popular use in controlling agricultural, household and product pests, pyriproxyfen has continued to 
be rumoured to be involved in the development of microcephaly by claims in a report from an Argentinian organ-
ization called the “Physicians in Crop-Sprayed Towns”24 that made conclusions from a previous report from the 
Brazillian Association of Collective Health25. The former report, which received widespread media attention26–28, 
alleged that the pesticide was at fault for the rise in reported microcephaly cases, though no scientific work had 
been performed to support these claims. As a result of misinformation, some regions of Brazil have suspended the 
use of pyriproxyfen, creating possibly a more dangerous environment for the virus to spread29,30.

The metabolism of pyriproxyfen has been exhaustively documented in rats, goats and hens31. However, to date, 
few studies have investigated the effects of pyriproxyfen on animal development and physiology. In one report by 
the Food and Agriculture Organization (FAO), that assessed developmental neurotoxicity by examining behav-
iour, motor and sensory responses, it was found that pyriproxyfen caused little developmental toxicity and was 
not teratogenic in rats and rabbits32. Additionally, in 1989, Koyama et al. performed an exhaustive blood analysis 
of rats that were fed with pyriproxyfen-containing pellets33. Although they noticed minor changes in very specific 
blood features, they did not report premature death nor any developmental defects. Surprisingly, since claims 
against pyriproxyfen have been made, the effects of this compound on the development of the nervous system 
have not been addressed specifically in vertebrates.

As a result, in this work, we aimed at addressing the effects, if any, of pyriproxyfen on the neurodevelopment 
of the zebrafish embryo. Indeed, due to its fast development, optical transparency for imaging of labelled cell 
populations and its relative facility in handling, zebrafish have emerged as a convenient vertebrate model to study 
toxic effects of compounds in a high-throughput manner34. Moreover, the zebrafish embryo can be easily exposed 
to chemicals by directly treating the bathing water in which the fish are incubated. Thus, using zebrafish embryos 
as a model could help draw conclusions on the uncertainties surrounding this compound and help guide further 
research on microcephaly.

Results
Pyriproxyfen is lethal at high doses, but does not affect zebrafish embryo development at the 
maximum recommended dose used in practice.  Pyriproxyfen is usually used by treating the drink-
ing water at a maximum final concentration of 0.01 mg/L (0.01 μ​g/ml) as recommended by the World Health 
Organization (WHO)22. With the aim of performing a rigorous toxicity assay, and as recommended by the 
Organisation for Economic Co-operation and Development (OECD) in their Fish Embryo Acute Toxicity (FET) 
Test35,36, we used five different concentrations surrounding the maximum recommended dose. As a result, we 
treated freshly laid embryos (from 2–4 cell-stage onwards) with increasing doses of pyriproxyfen from 0.005 μ​g/ml  
up to 1 μ​g/ml. Of note, all the incubations were performed in glass vials to prevent any sequestration of the com-
pound by plastic. After four days post fertilization (dpf), we noticed that the dose of 1 μ​g/ml led to a decrease of 
approximately 50% in the survival rate and was fully lethal after 7 dpf (p <​ 0.0001, Logrank test, N =​ 2, n =​ 20; 
Fig. 1A). Of note is that we obtained the same survival results if pyriproxyfen was diluted in DMSO instead of 
ethanol (Supplementary Figure 1). This observation is consistent with the half maximal effective concentration 
(EC50) of 1.6 μ​g/ml (i.e. 5 μ​M) that has been found in a previous study in zebrafish37. Consistently, we also treated 
embryos with extremely high doses of pyriproxyfen, concentrations ranging from 10 to 100 μ​g/ml, and noticed 
a high level of toxicity leading to death in 100% of the embryos as early as 2 dpf (p <​ 0.0001, Logrank test, N =​ 2, 
n =​ 20; Fig. 1B).

Although we observed a lethal effect at high dose exposure, which suggests the ability of pyriproxyfen to 
penetrate the chorion surrounding the embryo, we wanted to ensure that the compound was indeed reaching the 
embryo even when applied at low concentrations (i.e 0,01 μ​g/ml). To do so, using liquid chromatography-mass 
spectrometry (LC-MS), we showed that pyriproxyfen was present in 24-hour embryos treated with different doses 
of pyriproxyfen (1, 0.1 and 0.01 μ​g/ml) (Fig. 2). Moreover, we were able to quantify the amount of pyriproxyfen per 
embryo and showed that this amount is strictly proportional to the concentration applied in the bathing medium 
(Supplementary Figure 2). These results demonstrate that pyriproxyfen penetrated the chorion and entered 
the embryonic tissue effectively at all concentrations tested. We also analysed four different concentrations of 
pyriproxyfen surrounding the maximum dose of pyriproxyfen used for water treatment as recommended by the 
WHO22. As the 10 μ​g/ml and 100 μ​g/ml concentrations caused early lethality, we decided to utilize the 1 μ​g/ml  
concentration as the highest dose that would be tested further in our toxicity assay.
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Next, we decided to analyze the effects of pyriproxyfen on the general morphology of the zebrafish larvae 
(Fig. 1C–E). To do so, we measured total body length and eye diameter throughout larval development (2 and 
7 dpf) (Fig. 1C), features that can reflect evidence of developmental deficits. As shown, all these measurements 
depicted no significant differences in eye diameter (p >​ 0.05, one-way ANOVA, Dunnett’s multiple comparisons 
test, n =​ 10; Fig. 1D) or body length (p >​ 0.05, one-way ANOVA, Dunnett’s multiple comparisons test, n =​ 10; 
Fig. 1E) when comparing pyriproxyfen-treated concentrations to vehicle-treated larvae.

Altogether, these data indicate that at moderate doses (up to 100-fold the maximum recommended dose of 
pyriproxyfen used in practice), pyriproxyfen does not induce abnormalities in the general development of the 
zebrafish larvae as far as it can be judged morphologically. However, at doses higher than 0.1 μ​g/ml, pyriproxyfen 
is lethal in zebrafish embryos.

Pyriproxyfen does not alter central nervous system development of zebrafish embryo.  
Although the main morphological features are not affected by the maximum recommended dose of pyriproxy-
fen used in practice (0.01 μ​g/ml), we decided to specifically analyze its effects on the development of the central 
nervous system, in particular on the developing brain. To do so, we took advantage of the [elavl3:GFP] transgenic 
lines38 that express GFP in all post-mitotic neurons, that is to say in all developmentally mature nervous struc-
tures. Indeed, we treated 2–4 cell stage embryos from this transgenic line with increasing doses of pyriproxyfen 
and monitored brain morphology at 2 and 7 dpf (Fig. 3). The comparison of the general structure of the embry-
onic brain did not appear to be significantly affected in any of the pyriproxyfen-treated groups compared to the 
vehicle-treated group at 2 dpf (Fig. 3A) or at 7 dpf (Fig. 3B).

Although these results suggest no specific effects of pyriproxyfen on the development of the main brain struc-
tures, we decided to analyze in more detail whether the embryonic and larval brain volumes were affected fol-
lowing exposure to pyriproxyfen. This assay would help decipher a potential correlation between pyriproxyfen 
and newborn microcephaly cases, as this condition is a result of reduced brain growth and volume. We imaged 

Figure 1.  Pyriproxyfen is toxic at high doses. (A) Percentage of survival of embryos treated from 2–4 cell 
stage with various pyriproxyfen concentrations ranging from 0,005 μ​g/ml to 1 μ​g/ml. The latest dose appears to 
be lethal with 100% of death after 5 days of development. Lower doses of pyriproxyfen (0,005; 0,01; 0,1 μg/ml)  
do not induce a severe decrease in the survival rate (N =​ 2 batches, n =​ 20 embryos per condition). (B) Higher 
doses of pyriproxyfen (10 and 100 μ​g/ml) are lethal as early as 2 dpf (N =​ 2, n =​ 20). (C) Representation of 
measurements performed on 7 dpf larvae to assess gross morphology effects. (D,E) Eye diameter and body 
length at 7 dpf of pyriproxyfen-treated embryos are not significantly different from vehicle (EtOH)- treated 
embryos (p >​ 0.05) (n =​ 10 per condition).
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embryos in every condition at 2 dpf (embryonic stage) as well as at 7 dpf (larval stage) using confocal microscopy. 
The depth of the imaging performed ensured that the whole GFP-positive brain structure was taken into account. 
Next, using Imaris (Bitplane) automated software, we were able to reconstruct a 3D-output of the brain nervous 
matter defined by GFP expression from [elavl3:GFP] transgenic embryos (Fig. 3C).

In order to ensure that our brain calculation method is quantitative enough to detect differences in 
brain volumes, we injected a morpholino against clpb that has been previously described to induce micro-
cephaly in zebrafish39 (Supplementary Figure 3). Using our method, we found that the brain volume of 
morpholino-injected embryos at 2 dpf was significantly reduced by about 30% compared to non-injected 
embryos (Supplementary Figure 3). As a result, this data ensures that our method is sensitive enough to detect a 
putative effect of pyriproxyfen on larval brain volume. After calculating the embryonic (2 dpf) and larval (7 dpf) 
brain volumes, we were not able to identify any significant differences among the various doses tested both at 2 
dpf (p >​ 0.05, one-way ANOVA, Dunnett’s multiple comparisons test, N =​ 2, n =​ 7; Fig. 3D) nor at 7 dpf (p >​ 0.05, 
Kruskal-Wallis, Dunn’s multiple comparisons test, N =​ 2, n =​ 7; Fig. 3E), when compared to vehicle-treated 
embryos/larvae. As we did not notice any differences at either developmental stage, this suggests that neither 
the embryonic developing brain nor the more mature larval brain was morphologically affected by pyriproxyfen 
exposure.

Altogether, these data suggests that pyriproxyfen exposure does not affect brain structure or brain nervous 
tissue volume in the developing zebrafish larvae.

Figure 2.  Liquid chromatography-mass spectrometry detection of pyriproxyfen in treated embryos.  
(A) Steps involved in the preparation for pyriproxyfen extraction of embryos (hpf: hours post-fertilization). 
(B) LC chromatogram of commercial pyriproxyfen at a concentration of 1.56 nM eluting at a retention time of 
3.64 min. (C–E) LC chromatogram illustrating pyriproxyfen extraction from embryos treated with different 
concentrations of the molecule compared to vehicle treated embryos and the 3rd washing solution. (Cps: counts 
per second).
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The main neural stem cell populations are not affected by pyriproxyfen exposure.  As several 
studies correlated a microcephaly phenotype with a depletion in the neural stem cell population and/or an altera-
tion of their proliferation state40–44, we decided to investigate the effects of pyriproxyfen on the number of neural 
stem cells (NSCs) during neurodevelopment. To do so, we used two transgenic lines: [nestin:GFP] and [gfap:GFP] 
in which the main NSCs are fluorescently labeled, and exposed freshly laid eggs to increasing doses of pyriprox-
yfen from 0.005 μ​g/ml up to 1 μ​g/ml45,46. Firstly, we monitored the GFP expression pattern in whole embryos at 
24 hours post fertilization (hpf), near the time of neurogenesis (Fig. 4). The gfap promoter drives strong GFP 
expression throughout the nervous system (Fig. 4A), whereas the nestin promoter drives a fainter expression 
more localized in the rostral regions of the nervous system (Fig. 4B). In both cases, we did not notice any differ-
ence in the regional expression pattern of GFP in either transgenic line following exposure to pyriproxyfen.

Although the results indicate that these early neural populations are not affected, we wanted to quantify 
more precisely this observation as GFP fluorescence itself is hard to quantify solely by imaging. To do so, we 
used flow cytometry of single-cells isolated from whole in vivo 24 hpf transgenic embryos (either [gfap:GFP] or 
[nestin:GFP]). Indeed, for each transgenic line, we dissociated 25 embryos that were previously exposed to vari-
ous doses of pyriproxyfen beginning from the 2–4 cell stage, into single cells for further flow cytometry counting 

Figure 3.  Embryonic and larval brain volumes are not affected by pyriproxyfen treatment. (A) Transgenic 
[elavl3:GFP] 2 dpf embryo treated with vehicle, 0,005 μ​g/ml, 0,01 μ​g/ml, 0,1 μ​g/ml and 1 μ​g/ml pyriproxyfen 
were imaged under a confocal microscope. The morphology of the embryonic brain is not affected by any of 
the doses. (B) Transgenic [elavl3:GFP] 7 dpf larvae treated with vehicle, 0,005 μ​g/ml, 0,01 μ​g/ml, 0,1 μ​g/ml 
pyriproxyfen were imaged under a confocal microscope. Of note is that none of the embryos treated with a  
dose of 1 μ​g/ml survived past 6 dpf. The morphology of the larval brain is not affected by any of the doses.  
(C) 3D-volume reconstruction of [elavl3:GFP] embryos using Imaris software (Bitplane) and confocal 
microscopy. (D,E) Quantification of embryonic (2 dpf) (D) and larval (7 dpf) (E) brain volumes shows no 
significant differences between vehicle-treated and pyriproxyfen-treated embryos (p >​ 0.05). (N =​ 2, n =​ 7 per 
condition). sc.: spinal cord; hb.: hindbrain; m/h: midbrain/hindbrain boundary; mb.: midbrain; fb.: forebrain; 
ot.: optic tectum; tv.: tectum ventricle; ob.: olfactory bulb.
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of GFP-positive cells (GFP+​) (Fig. 5). To prevent any bias in the quantification of the exact number of GFP+​ cells 
in each sample, we added 1,000 fluorescent beads among embryos prior to dissociation in order to normalize 
the final cell count. After dissociation, we counted an exact number of 100 beads by flow cytometry from the 
single-cell suspension (containing fluorescent beads) and assessed how many GFP+​ cells were sorted simulta-
neously (Fig. 5A). Using different laser wavelengths (see methods), we were able to discriminate the GFP+​ pop-
ulation (Fig. 5B, upper panel) as well as the fluorescent beads (Fig. 5B, lower panel). This normalization method 
avoids bias in the absolute quantification of cells that could occur during the experiment, as for example the loss 
of volume and cells during pipetting and tube transfers.

Figure 4.  Neural stem cells regional expression pattern is not affected by pyriproxyfen exposure.  
24 hpf transgenic embryos expressing the GFP under the gfap promoter [gfap:GFP] (A) or nestin promoter 
[nestin:GFP] (B) were treated with different doses of pyriproxyfen from the 2–4 cell stage onwards. Whole GFP 
expression pattern of both transgenic lines is not affected by the treatment. (N =​ 2, n =​ 25 per condition). sc.: 
spinal cord; hb.: hindbrain; m/h: midbrain/hindbrain boundary; mb.: midbrain; fb.: forebrain.
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Figure 5.  Neural stem cell populations are not affected by pyriproxyfen exposure. (A) Whole 24 hpf 
transgenic embryos ([gfap:GFP] or [nestin:GFP] were dissociated into single-cells in a medium containing a 
1,000 fluorescent beads. 100 beads were counted by flow cytometry and the number of GFP+​ cells was counted 
simultaneously. (B) The GFP+​ cell population ([gfap:GFP] embryos) was distinguishable using a 488 nm laser 
with a 530/30 BP filter (upper panel). The fluorescent beads were distinguishable using a 561 nm laser with a 
610/20 BP filter and a 405 nm laser with a 525/50 BP filter. The beads are completely separated from GFP+​ cells 
on a FSC/SSC dot plot (lower panel, arrow). (C,D) The number of gfap+​ cells and nestin+​ counted per 100 
beads was not significantly different upon pyriproxyfen exposure when compared to vehicle-treated embryos 
(p >​ 0.05). (E,F) The same results presented as a percentage of GFP+​ cells/parent population also show no 
significant differences upon pyriproxyfen exposure among both gfap+​ cells and nestin+​ cells (p >​ 0.05). (N =​ 2, 
n =​ 25 per condition).
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FACS-quantification using normalising beads has already been described (ref. 47). However, in order to 
ensure that our method would detect significantly any change in GFP+​ cell numbers, we quantified nestin+​ 
cells from 18 hpf and 24 hpf embryos (Supplemental Figure 4). At these early stages in development, the embryo 
is undergoing a major wave of neurogenesis and the number of stem cells is expected to increase drastically. As 
expected, we observed a significant increase with time in the number of nestin+​ cells that have been quantified 
by our FACS method between these two stages. This confirms that our quantification method is accurate enough 
to distinguish a change in cell number.

Using this normalized method, we observed that the number of GFP+​ cells counted simultaneously with the 
100 beads (referred to as # of GFP+​ cells/100 beads) was not significantly different among any of the concentra-
tions of pyriproxyfen tested in the [gfap:GFP] (p >​ 0.05, one-way ANOVA, Dunnett’s multiple comparisons test, 
N =​ 2, n =​ 25; Fig. 5C) nor the [nestin:GFP] (p >​ 0.05, one-way ANOVA, Dunnett’s multiple comparisons test, 
N =​ 2, n =​ 25; Fig. 5D) transgenic embryos. We also analyzed these data as percentage of GFP+​ cells compared to 
the total population of cells counted during the flow cytometry assay and found no significant difference between 
pyriproxyfen-exposed and vehicle-treated embryos in both the [gfap:GFP] (p >​ 0.05, one-way ANOVA, Dunnett’s 
multiple comparisons test, N =​ 2, n =​ 25; Fig. 5E) and [nestin:GFP] (p >​ 0.05, one-way ANOVA, Dunnett’s multi-
ple comparisons test, N =​ 2, n =​ 25; Fig. 5F) transgenic embryos.

Altogether, these results suggest that pyriproxyfen exposure has no effect on the number, nor the whole 
regional pattern of the main early neural populations (gfap+​, nestin+​).

Discussion
Pyriproxyfen has been recently brought into the public eye following an intense debate involving anecdotal claims 
that it may potentially be the cause of the surge of microcephaly cases reported in the Americas, as it is commonly 
used in drinking water as a mosquito growth-inhibitor. Although the effects of this compound on vertebrate 
metabolism and neurotoxicity have been reported31–33, no study to date has directly tested its effects specifi-
cally on the development of the nervous system. Therefore, in this work, we aimed to do so using zebrafish as a 
convenient toxicology model. Our results show that using [elavl3:GFP] transgenic fish and an algorithm for 3D 
confocal-based reconstruction (Imaris, Bitplane), whole brain volume development was not affected by pyriprox-
yfen in zebrafish embryos (2 dpf) or at later larval stages (7 dpf). Moreover, the main morphological structures 
within the brain were not affected even at concentrations 100-fold higher than the maximum dose of pyriproxy-
fen used in practice as recommended by the WHO22.

Furthermore, we sought to investigate the potentially more subtle effects of pyriproxyfen among two main 
neural stem cell populations that are important during neurodevelopment. Using [nestin:GFP] and [gfap:GFP] 
transgenic embryos, we were able to rigorously quantify the number of GFP+​ cells (e.g NSCs) in vivo in 24 hpf 
embryos treated with increasing concentrations of pyriproxyfen. Although gfap and nestin populations corre-
spond to different states of neurogenic differentiation steps in mammals48,49, the discrimination between these 
two subclasses of NSCs is not as clearly understood during neurogenesis in the zebrafish. Our work shows that 
amongst these two NSC populations, both considered as early, undifferentiated neural populations, neither is 
affected by pyriproxyfen exposure. Of note is that although gfap and nestin are canonical markers of NSCs, some 
recent studies discriminated different subclasses of NSCs48,50, also in zebrafish51. As a result, one cannot rule out 
that pyriproxyfen could have subtle effects on a subclass of NSCs that could not have been discriminated by look-
ing at the gfap+​ and nestin+​ populations on their whole.

Although no developmental abnormalities are induced by doses of pyriproxyfen neighbouring the maxi-
mum concentration used in practice as recommended by the WHO, we did notice a strong teratogenic effect at 
extremely high doses exceeding 1 μ​g/ml. Indeed, zebrafish embryos treated with these extremely high doses from 
the earliest stages of development onwards do not survive after two days of development. As a result, we suggest 
that the use of pyriproxyfen should be monitored closely and that the search for other alternative methods should 
be sought after.

In summary, our results suggest that pyriproxyfen alone is unlikely to cause neurodevelopmental effects that 
could explain the rise of microcephaly cases that have been reported in the past several months. As a result, our 
work emphasizes the need to focus research efforts on unraveling the true source of these microcephaly cases, 
keeping in mind that it may involve a complex combination of causes. As the ZIKV infection is now becoming 
more and more strongly correlated with the emergence of these microcephaly phenotypes42,52–54, we recommend 
that the scientific community continue to pursue research along this path.

Materials and Methods
Fish Husbandry.  Wild-type zebrafish (Danio rerio) were reared at 28.5 °C, kept under a 12 hr dark, 12 hr light 
cycle and staged as described previously55. They were bred according to standard procedures56. All experiments 
were performed in compliance with the guidelines of the Canadian Council for Animal Care and conducted at 
the Research Center of the University of Montreal Hospital Center (CRCHUM). All the experimental protocols 
were performed under the approval of the vertebrate animal welfare assurance from the Institutional Animal Care 
and Use Committee (IACUC) for the use of adult zebrafish (approved on 2015/08/31). The elavl3, nestin and gfap 
transgenic lines were previously generated as described37,43 and are routinely maintained in our fish facility at the 
CRCHUM.

Pyriproxyfen treatment assay.  Transgenic [elavl3:GFP] embryos were treated from 2–4 cell stage 
onwards with various pyriproxyfen (4-phenoxyphenyl (RS)-2-(2-pyridyloxy)propyl ether) (Sigma cat#34174) 
concentrations (μ​g/ml) from a stock solution of 100 g/L diluted in 100% ethanol (EtOH) or DMSO: untreated, 
vehicle, 0.005, 0.01, 0.05, 0.1, 0.35, 1, 10, 100. Pyriproxyfen was diluted into 50 ml of zebrafish system water 
according to desired final treatment concentration. The final concentration of EtOH or DMSO in the fish water 
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was 0,1%. Furthermore, at 8 hpf, 1-phenyl 2-thiourea (PTU) (Sigma) was added to each vial at a final concentra-
tion of 0.003% in order to prevent pigmentation of the embryo, as previously described57, enabling brain volume 
analysis at 2 and 7 dpf. The medium was changed every 2 days in which fresh pyriproxyfen and PTU were added, 
over the course of 8 days. The final 50 ml volume contained 20 embryos for each condition. All incubations were 
performed in glass vials to prevent any sequestration of the compound by plastic.

Liquid chromatography-mass spectrometry detection.  LC-MS grade solvent, acetonitrile was 
obtained from EMD Millipore, formic acid from Fisher Scientific and MilliQ filtered water was used. The 
embryos were washed 3 times with clean aquarium water and 200 μ​L of the last washing solution was kept for 
further LC-MS analysis. The embryos (4 to 6 embryos) were extracted with 200 μ​L of acetonitrile. The mixture 
was vortexed (10 s) and sonicated (5 min) two times to obtain a white suspension. After 10 min of centrifugation 
(15000 rpm, 19 °C), 220 μ​L of the supernatant was transferred in a new 1.5 ml tube and dried down under vac-
uum for 45 min. The dry pellet was resuspended in 100 μ​L of acetonitrile and the different treated concentrations 
0.01 μ​g/ml, 0.1 μ​g/ml and 1 μ​g/ml were diluted by 100, 1000 and 10000 respectively in acetonitrile/water 0.1% 
formic acid (1:1 v/v) prior to analysis. For the LC-MS/MS assay, analyses were collected in positive mode on an 
triple quadrupole MS system (EVOQ Elite, Bruker, Billerica, MA) coupled with an ultrahigh-performance liquid 
chromatography pump (Advance, Bruker) and equipped with a reversed-phase Poroshell 120EC-C18 (Agilent, 
4.6 ×​ 50 mm, 2.7 μ​m). Mobile phase phases were water with 0.1% formic acid (A) and acetonitrile with 0.1% for-
mic acid (B). Pyriproxyfen was eluted at 3.64 min with a gradient from 30%B to 90% B in 3 min follow by 3 min 
at 90% and then, returned to initial conditions with an equilibration of 1 min. Column temperature was 45 °C, 
flow rate was 1 ml/min. The sample injection volume was set at 1 μ​L and repeated three times for each sample. The 
operating parameters of the mass spectrometer were: positive spray voltage 3500 V, cone temperature 350 °C, cone 
gas flow 20 (arbitrary units), heated probe temperature 500 °C, probe gas flow 40 (arbitrary units), nebulizer gas 
flow 60 (arbitrary units). Collision energy of pyriproxyfen was optimized from a continuous flow of a standard 
injection (300 nM at 5 μ​L/min). Two multiple reaction monitoring (MRM) transitions were acquired: 322 →​ 96 
(14.0 V), 322 →​ 185 (22.0 V). Quantification of pyriproxyfen in embryos, based on peak areas, was performed by 
external calibration. Seven points calibration curve from 0.195 to 12.5 nM was generated using linear regression 
analysis and the linearity was qualified by linear correlation coefficient, R2.

Survival and gross morphological analysis.  The number of dead or deformed embryos or hatched lar-
vae were counted for the following 10 pyriproxyfen treatment groups every day (μ​g/ml): untreated, EtOH, 0.005, 
0.01, 0.05, 0.1, 0.35, 1, 10, 100. Survival was examined until 7 dpf. At 7 dpf, we also examined larval length and eye 
diameter to examine subtle developmental defects that may have arisen in our treatment groups.

Brain volume imaging and analysis.  For brain volume analysis, 2 and 7 dpf larvae were embedded in low 
melting point (LMP) agarose (Invitrogen) and were positioned dorsal up in order to facilitate imaging the dorsal 
aspect of the larvae. Brain volumes were visualized using a Quorum Technologies spinning disk confocal micro-
scope with a CSU10B (Yokogawa) spinning head mounted on an Olympus BX61W1 fluorescence microscope and 
connected to a Hamamatsu ORCA-ER camera. Images were acquired using Volocity software (Improvision) and 
analyzed using Imaris software (Bitplane).

Single-cell dissociation and FACS.  A thousand 123count ebeads (Biosciences #01-1234-42) were added 
to embryos at 24 hours post-fertilization (hpf). They were briefly washed in calcium-free Ringer’s solution and 
de-yolked by up and down pipetting. De-yolked embryos were pelleted by 500 × g centrifugation for 5 min. They 
were briefly washed with FACSmax cell dissociation solution (Genlantis) and transferred in a 60 mm petri dish 
with FACSmax solution, then incubated at 28.5 °C. Single-cell dissociation was carefully monitored every 5 min 
and was generally achieved within 30 min of incubation. Efficient dissociation was helped by firmly tapping the 
petri dish and by gentle pipetting. Single cells were exhaustively washed twice in cold PBS, pelleted and resus-
pended in 500 μ​L of cold PBS. Single cells were filtered in a Falcon tube with a cell strainer cap (Fisher Scientific) 
and placed on ice until counting. Samples were analyzed using a LSRII flow cytometer with DIVA 8 software (BD 
Biosciences San Jose, CA, USA). GFP expressing cells were identified using a 488 nm laser and a 530/30 BP filter 
and 123count ebeads with a 561 laser and a 610/20 filter and a 405 laser with a 525/50 filter. 123count ebeads are 
completely separated from cells on a FSC/SSC dot plot.

Statistical analysis.  Graphpad 6.0 (Prism) was used to assess data groupings for significance. Statistical 
analyses used one-way unpaired ANOVA, followed by a post hoc Dunnett’s multiple comparisons test. For data-
sets with a non-normal distribution, assessed by performing a Shapiro-Wilk normality test, non-parametric tests 
were used where an unpaired Kruskal–Wallis test was performed, followed by Dunn’s post hoc test for multiple 
comparisons. Significance was assessed at p <​ 0.05. N is the number of datasets examined and n is the number of 
larvae used in each treatment group for within each N. Data in figures are presented as mean ±​ S.E.M.
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