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Abstract

Background: The last several decades have witnessed an increase in metopic craniosynostosis incidence. Population-based stud-
ies suggest that pharmacological exposure in utero may be responsible. This study examined effects of the fertility drug clomi-
phene citrate (CC) on calvarial development in an established model for craniofacial development, the zebrafish Danio rerio.
Results: Zebrafish larvae were exposed to clomiphene citrate or its isomer enclomiphene for five days at key points during
calvarial development. Larvae were then raised to adulthood in normal rearing water. Zebrafish were analyzed using whole-
mount skeletal staining. We observed differential effects on survivability, growth and suture formation depending on the treat-
ment. Treatments with CC or enclomiphene at 5.5 mm SL led to increased fusion of the interfrontal suture (p < .0l) compared
to controls. Conclusions: Exposure to fertility drugs appears to affect development of the cranial vault, specifically the inter-
frontal suture, in zebrafish. Further research is required to identify the signaling mechanisms at play. This work suggests that
fertility drug treatment may contribute to the increased incidence of metopic craniosynostosis observed globally.

Résumé

Historique : L’incidence de craniosynostoses métopiques a augmenté ces derniéres décennies. D’aprés les études en popula-
tion, 'exposition aux médicaments in utero pourrait en étre responsable. La présente étude traite des effets d’'un agent ovula-
toire, le citrate de clomiféne (CC), sur le développement de la voiite cranienne d’'un modeéle établi de développement
craniofacial, le poisson-zébre Danio rerio. Résultats : Les chercheurs ont exposé des larves de poisson-zébre au citrate de
clomiféne ou a son isomére, I'enclomiphéne, sur une période de cinq jours a des moments clés du développement de la
vo(te cranienne. lIs les ont ensuite élevés jusqu’a I'age adulte dans de I'eau normale. lls ont analysé les poissons-zébres par col-
oration du squelette entier et observé des effets différentiels sur la capacité de survie, la croissance et la formation des sutures en
fonction du traitement. Les traitements au CC ou a I'enclomiphéne d’une longueur standard de 5,5 mm ont entrainé une fusion
accrue de la suture métopique (p < 0,01) par rapport aux sujets témoins. Conclusions : L’exposition aux agents ovulatoires
semble influer sur le développement de la volite cranienne, notamment la suture métopique, chez le poisson-zébre. D’autres
recherches devront étre réalisées pour déterminer les mécanismes de signalisation en jeu. Selon la présente étude, les agents
ovulatoires peuvent contribuer a l'incidence accrue de craniosynostose métopique sur la scéne mondiale.
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Introduction

Over the last several decades, paediatric craniofacial centers
around the world have reported a dramatic increase in the inci-
dence of children born with metopic craniosynostosis, making it
the second most common type of craniosynostosis.' ™’

Several epidemiologic studies have suggested that the
increase in metopic craniosynostosis cannot be attributed
solely to improved diagnosis and awareness of the condi-
tion.'*” Some have speculated that the increased incidence
and spectrum of severity observed in metopic craniosynostosis
may be due to a dose-dependent in utero pharmacological expo-
sure. Population-based studies have suggested that maternal use
of thyroid replacement hormone, valproic acid, or folic acid
may be associated with metopic craniosynostosis.®*°
Unfortunately, rates of use of these agents among the child-
bearing age population have remained largely unchanged
during the period over which the dramatic rise in metopic cra-
niosynostosis has been observed.

We examined the association between an agent whose increased
use has corresponded with the rise in metopic craniosynostosis
cases, the fertility drug clomiphene citrate. According to data
from the 2002 National Survey of Family Growth, 3.8% of
women indicated they used the ovulation drug, a 27% increase
from a similar survey conducted in 1995.""'* The drug is com-
prised of a 60:40 mix of trans- (enclomiphene) and cis-isomers
(zuclomiphene), with the latter having a greater affinity for estrogen
receptors. Previous population-based studies have identified an
association between craniosynostosis and maternal clomiphene
citrate use.'>'* Neither of these studies examined the impact of clo-
miphene citrate on specific type of craniosynostosis. The fact that
clomiphene citrate is taken before conception has been cited as evi-
dence against biologic plausibility; however, several investigators
have found that zuclomiphene, the more active isomer in clomi-
phene citrate preparations, accumulates over consecutive cycles
and can be detected in plasma months after administration.'>'®
Additionally, female mice injected with clomiphene citrate before
ovulation in doses paralleling those in humans had an increased
risk of exencephaly.'’

In the current study, we investigated whether a causal link
exists between clomiphene citrate or enclomiphene hydrochloride
administration and metopic craniosynostosis using a zebrafish
model. Zebrafish possess unique advantages over mammalian
models, including a short reproductive cycle, large number of
progeny, high degree of genetic and developmental conservation
with humans, and transparent embryos which permits direct visu-
alization of craniofacial morphogenesis.'®!'® Interestingly,

however, the zebrafish differs from humans and murine models
in that the interfrontal suture, the equivalent of the human
metopic suture, remains patent throughout the lifespan of the
animal.***' We hypothesized that exposure of fertilized zebrafish
embryos and larvae to clomiphene citrate and/or enclomiphene
hydrochloride will induce fusion of the interfrontal suture akin
to metopic craniosynostosis in humans.

Materials and Methods

Animal Model and Maintenance

Wild-type progeny of AB zebrafish (Danio rerio) stocks origi-
nally from the Zebrafish International Research Center (ZIRC)
were used for all experiments. Animals were raised according to
national animal care guidelines and approval for these experi-
ments was received from the Mount Saint Vincent
University-Saint Mary’s University Joint Animal Care
Committee (protocol number 16-03). Larvae were raised to
5.5 mm or 6.5 mm standard length depending on the experi-
mental group. Standard length (SL), defined as the distance
from the rostral tip to the caudal peduncle (ie the base of the
tail fin), was measured to the nearest decimal with the Nikon
NIS Elements image analysis software. These specific SLs
were selected as they are points critical to suture development
in the zebrafish.?'

Drug Treatment

Once the specified SL was reached, zebrafish larvae were then
treated with either 100 nM clomiphene citrate (CC;
Sigma-Aldrich, St. Louis, MO; n=20) or 60 nM enclomiphene
hydrochloride (EH; Sigma-Aldrich; n=20) dissolved in 1%
dimethyl sulfoxide (DMSO). The doses of each drug used cor-
respond to human serum levels'>'® and have been shown to be
tolerated by zebrafish.>> Maes et al. have previously shown that
low concentrations of DMSO is well-tolerated by zebrafish at
various ages (embryos and larvae).>> Controls included a
DMSO solvent control (n=20) at 5.5 mm SL and a no treat-
ment group (n=20). The chemicals were added directly to
rearing water for five days of continuous exposure and the
fish were fed throughout the experimental period. Five days’
duration was selected to ensure as high a dosage as possible
that did not result in complete mortality. Water was changed
daily and a fresh dose of drug added to the replacement
water. After treatment, fish were transferred to new rearing con-
tainers containing regular water. Fish were raised for two
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months to observe the long-term effects on the calvarial devel-
opment. Two independent trials were conducted. The propor-
tion of fish that survived to the endpoint in each treatment
group was recorded. Fish surviving to two months were then
euthanized with 0.1% MS222 Ethyl 3-aminobenzoate,
methane sulfonic salt (Sigma-Aldrich). Samples were fixed
overnight using 10% neutral buffered formalin.

Whole-Mount Alizarin Red Staining

A standard whole mount acid-free stain®* was used to visualize
the craniofacial skeleton in all samples. Bone was stained using
Alizarin red S (Sigma-Aldrich). Briefly, the fish were stained
overnight in Alizarin red staining solution. Fish were then
rinsed in water and bleached in 3% hydrogen peroxide and
1% potassium hydroxide solution for 20 min. Soft tissues
were digested with 1% trypsin (Thermo Fisher Scientific,
Inc., Waltham, MA) and 2% sodium tetraborate
(Sigma-Aldrich) in distilled water for three nights. All speci-
mens were processed through an ascending series of glycerol
in 1% potassium hydroxide solution then transferred to a
storage solution of 100% glycerol.

Imaging

All samples were examined either using a Nikon SMZ1000
stereomicroscope or a Nikon Eclipse 50i compound micro-
scope. Samples were photographed using a Nikon DXM120 °
C digital camera in all cases. Fish with insufficient staining
were omitted from subsequent skull suture morphology assess-
ment performed by an observer blinded to experimental group.

Statistical Analysis

Survival and body length, expressed as mean + standard error
of mean, was compared between groups using a one-way
ANOVA with Tukey’s multiple comparison test. Proportion
of fish surviving or exhibiting cranial abnormalities in each
group were compared using a Fisher’s exact test and
Bonferroni correction for pairwise comparisons. Significance
was set at p < .05. Statistical analyses were performed using
Prism version 9.2.0 (GraphPad Software, San Diego, CA).

Results

Survival

While fish treated at 6.5 mm SL tended to have poorer surviv-
ability (25-30%) compared to fish treated at 5.5 mm SL (>50%)
(Figure 1A), only EH treatment at 6.5 mm SL demonstrated a
statistically significant reduction in survivability relative to
untreated and DMSO controls (p < .02).
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Figure 1. (A) Survivability of zebrafish at two months. Once animals
had reached the defined standard length, treatments were initiated
and continued until animals were sacrificed two months later. For the
DMSO control group, animals were treated at 5.5 mm standard
length. DMSO, dimethyl sulfoxide. EH, enclomiphene hydrochloride.
CC, clomiphene citrate. *p = .02 compared to DMSO control, n =20,
experiment performed in duplicate (B) Body length at two months on
pooled surviving fish, expressed as Tukey box plot. *p =.04 compared
to DMSO control, n > 5.

Growth

Differences in body length were observed after treatment.
Based on normative zebrafish growth data, mean SL at 2
months is 14 mm. Among the untreated and DMSO controls,
only 15% of fish were less than 14 mm SL at two months of
age, whereas 60% of all EH and CC treated fish were less
than 14 mm SL. Notably, significant differences in body
lengths were observed for fish treated at 6.5 mm SL compared
to solvent controls (Figure 1B) indicating an overall stunted
growth after treatment with either agent.

Calvarial and Skeletal Development

Whole-mount bone staining the skulls revealed significant
effects on calvarial and suture development. In general, the
head shapes of treated fish were broader than those of controls,
particularly at the level of the occipitoparietal skull. No gross
ocular abnormalities were observed. All control fish demon-
strated normal skull morphology (Figure 2A), with patent inter-
frontal sutures (Figure 2B). Of the few DMSO control fish that
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Figure 2. (A) Interfrontal suture morphology in pooled surviving
fish. *p < .01, n > 5. (B) Representative whole mount Alizarin red stain
of untreated control fish indicating patent interfrontal suture (arrow).
(B) Representative stain of control fish showing patent interfrontal
suture. (C) Representative stain of a fish showing overlapping
interfrontal suture (arrow). (D) Representative stain of a fish showing
fused/absent interfrontal suture (arrow).

exhibited cranial vault abnormalities, these were characterized
by overlapping sutures (Figure 2C). In contrast, fish treated
with EH and CC showed fusion of the interfrontal suture
(Figure 2D). Fusion of the interfrontal suture was observed in
fish treated with EH and CC at 5.5 mm SL (69% and 50%,
respectively; p < .01 compared to controls). Furthermore, com-
pared to controls treatment with CC at 6.5 mm SL caused fusion
of the interfrontal suture in 83% of the fish (p <.001). Owing to
poor survivability, a significant difference was not observed
between fish treated with EH at 6.5 mm SL and controls.

As calvarial abnormalities have been shown to be associated
with rib anomalies and vertebral fusion,?’ we also examined the
remainder of the zebrafish skeleton to assess if these contributed
to the shorter body length observed in treated animals. As dem-
onstrated in Figure 3, no such anomalies were observed.

Discussion

Our results provide direct evidence, for the first time, that the active
compounds in common fertility drugs, clomiphene citrate and
enclomiphene hydrochloride, can affect calvarial development,
specifically at the level of the interfrontal suture. Clomiphene
citrate is a non-steroidal ovulation-inducing drug that selectively
binds estrogen receptors. Although its fertility activity is due prin-
cipally to its inhibition of negative feedback of gonadotropin
release from the hypothalamic-pituitary-gonadal axis, it also has
direct effects on the uterus; its effects on other tissues, including
the craniofacial skeleton, have not been investigated.”® Our data
suggest that CC may have a greater effect on calvarial development

than EH. This may be due to the greater biological activity of the
zuclomiphene isomer in CC. Another possibility is that those
animals treated with EH at 6.5 mm SL developed more severe cal-
varial abnormalities and died prior to two months. Further research
is needed to explore this effect in depth.

Interestingly, we observed that the timing of drug adminis-
tration had a significant impact on survivability, with later expo-
sure more likely to be lethal to the developing larvae. This may
be due to effects on other organ systems at later critical stages.
For example, between 6.2 to 6.6 mm SL, the fin rays and swim-
bladder (an organ critical to controlling buoyancy) are develop-
ing.?” We speculate that disruption of these critical structures by
CC and EH could have led to poor feeding, growth, and, ulti-
mately, survival. Necropsies and additional dose-response
experiments should shine further light on the mechanisms at
play.

In addition to effects on survivability, both CC and EH had
impacts on body growth. This is in keeping with previous
human and mouse studies demonstrating decreased fetal
growth with CC exposure.'”*® The observed intrauterine
growth restriction in animals and humans with CC exposure
has been attributed to anti-estrogenic effects on the endome-
trium causing reduced blood flow or directly on embryogenesis.
We speculate that the anti-estrogenic activity of CC has similar
effects in zebrafish, as estrogen signaling has been shown to be
critical to early zebrafish cardiac and brain development.?®-°

The most striking observation of our study is that CC or EH
exposure is associated with fusion of the interfrontal suture, a
structure that typically remains patent throughout the life of
the zebrafish. Aberrations in signaling pathways known to
induce craniosynostosis in humans also result in suture fusion
in zebrafish, rendering them excellent for modeling of cranio-
synostosis.>! While previous clinical registry studies have
examined an association between CC and all types of isolated
craniosynostosis,'>'* our animal study suggests that the inter-
frontal suture is more susceptible to disruption by CC than
other sutures. We speculate that this is due to signaling path-
ways unique to interfrontal suture formation compared to
other sutures, a hypothesis supported by recent transcriptome
analysis of the interfrontal suture in mice.”> As in zebrafish,
under normal circumstances the anterior interfrontal suture
never fuses in mice.>? Previous work in mice has pointed to a
role of estrogen receptor signaling in posterofrontal suture
fusion. James et al. showed that estrogen receptor-a is upregu-
lated at the time of suture fusion and that application of the
estrogen receptor antagonist fulvestrant can maintain suture
patency in postnatal mice.*> The apparent discrepancy
between this latter observation and our own finding that an
estrogen receptor antagonist induces suture fusion may be
attributable to species- and stage-specific differences in estro-
gen activity.

While zebrafish have increasingly been used to study cranio-
facial development over the last 30 years owing to their
sequence homology with the human genome, rapidity of
embryogenesis, and transparency allowing for visualization of
embryogenesis, there are limitations to this animal model ****
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Figure 3. Representative Alizarin red stain of vertebral and rib morphology in pooled surviving fish from each treatment group. At increased

magnification, no vertebral fusions are observed (inset). Bar =1 mm.

Unlike mice and humans, zebrafish cranial development occurs
at an earlier stage post-fertilization. As in rodents, but unlike
humans, zebrafish sutures remain patent throughout life.
Finally, zebrafish bones flanking the coronal sutures derive
from mesoderm, whereas in mammals coronal sutures mark
the boundary between anterior neural crest bones and posterior
mesoderm bones. Such species differences may limit the rele-
vance of our findings to humans.

Despite the limitations of small sample size, this preliminary
study points to novel avenues of investigation. Future work will
focus on dose-response experiments and necropsies to identify
the cause of early lethality noted in the 6.5 mm SL experimental
group. While this preliminary study focused on whole-mount
staining to specifically examine suture development, we plan
to use three-dimensional microcomputed tomography to
assess craniofacial morphology in greater depth. Additionally,
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while we tested the effect an estrogen receptor antagonist
on suture patency, we did not examine estrogen receptor
expression, either through immunostaining or in situ
hybridization, during zebrafish cranial suture development.
Finally, we will examine whether exogenous 17-f estradiol
can maintain interfrontal suture patency in fish treated
with CC or EH. By further characterizing the expression of
estrogen receptors and ligands in the cranial skeleton of zebra-
fish, we hope to provide essential insights into the signaling
pathways that govern the development of metopic
craniosynostosis.
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