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ABSTRACT microRNAs (miRNAs) have emerged as
regulators of a broad spectrum of neurodevelopmental
processes, including brain morphogenesis, neuronal
differentiation, and survival. While the role of miRNAs
in establishing and maintaining the developing nervous
system is widely appreciated, the developmental neu-
robehavioral role of miRNAs has yet to be defined.
Here we show that transient disruption of brain mor-
phogenesis by ethanol exposure results in behavioral
hyperactivity in larval zebrafish challenged with changes
in lighting conditions. Aberrations in swimming activity
persist in juveniles that were developmentally exposed
to ethanol. During early neurogenesis, multiple gene
expression profiling studies revealed widespread
changes in mRNA and miRNA abundance in ethanol-
exposed embryos. Consistent with a role for miRNAs in
neurobehavioral development, target prediction analy-
ses identified multiple miRNAs misexpressed in the
ethanol-exposed cohorts that were also predicted to
target inversely expressed transcripts known to influ-
ence brain morphogenesis. In vivo knockdown of miR-
9/9* or miR-153c persistently phenocopied the effect
of ethanol on larval and juvenile swimming behavior.
Structural analyses performed on adults showed that
repression of miR-153c during development impacts
craniofacial skeletal development. Together, these data
support an integral role for miRNAs in the establish-
ment of vertebrate neurobehavioral and skeletal sys-
tems.—Tal, T. L., Franzosa, J. A., Tilton, S. C.,
Philbrick, K. A., Iwaniec, U. T., Turner, R. T., Waters,

K. M., Tanguay, R. L. MicroRNAs control neurobehav-
ioral development and function in zebrafish. FASEB J.
26, 1452–1461 (2012). www.fasebj.org
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MicroRNAs (miRNAs) are small, noncoding RNAs
that function as regulators of posttranscriptional gene
expression. miRNAs control gene expression by bind-
ing to complementary sequences in the 3� untranslated
region of target mRNA transcripts, which results in
transcript degradation and/or inhibition of translation
(reviewed in ref. 1). The developing nervous system is a
rich source of miRNAs. A number of miRNA expression
profiling studies have identified miRNAs that are en-
riched in the nervous system and whose expression is
tightly controlled, both spatially and temporally, during
development (2–4). In animal studies, genomic abla-
tion of dicer, a key ribonuclease involved in miRNA
biogenesis, results in the loss of dicer-dependent
miRNA synthesis and severe deficits in brain develop-
ment (5–7). In zebrafish maternal-zygotic dicer mu-
tants, defects in central nervous system (CNS) pattern-
ing were partially rescued by exogenous miRNA (miR)-430,
underscoring the significance of miRNAs in brain
morphogenesis (6). Dicer ablation is also associated
with neurodegeneration (8), neuronal cell death (5),
survival of differentiating neural crest cells (9), and
synaptic plasticity, including deficits in dendritic ar-
borization (10) and axon pathfinding (11). Taken
together, these studies emphasize the importance of
miRNAs in neural development and disease. While
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specific miRNAs have been associated with a wide range
of neurodevelopmental processes, the neurobehavioral
roles of specific miRNAs are less well understood.

The larval zebrafish boasts a rapidly developed ner-
vous system, with the first wave of neurogenesis occur-
ring between 16 and 36 hours postfertilization (hpf; ref.
12). During this window, key developmental events take
place, resulting in a fully functional nervous system at
the time of hatching. The rapid developmental profile
coupled with fertilization external to the mother and
genetic tractability render the larval zebrafish an excel-
lent model with which to uncover the role of miRNAs in
the establishment and maintenance of the developing
neurobehavioral system.

We have shown previously that developmental expo-
sure to ethanol results in characteristic teratogenic
effects in embryonic zebrafish (13, 14). In the current
study, ethanol exposure was employed to examine the
functional role of miRNAs in directing neurobehav-
ioral development. While several studies implicate spe-
cific miRNAs in a wide range of neurodevelopmental
processes (5, 6, 9, 10), to our knowledge, the functional
consequence of miRNA disruption during develop-
ment has yet to be examined at a behavioral level.
However, a single report links a specific miRNA with a
functional behavioral phenotype in vivo. Kocerha et al.
(15) showed that repression of miR-219 expression in
the prefrontal cortex, following acute exposure to an
NMDA receptor inhibitor, functions as a compensatory
mechanism by which pharmacological locomotor man-
ifestations are abrogated in adult mice. Here we show
that transient developmental exposure to ethanol re-
sults in persistent behavioral aberrations that are medi-
ated, in part, via misexpression of specific miRNA
species during critical windows of nervous system de-
velopment.

MATERIALS AND METHODS

Fish care and husbandry

Adult tropical 5D strain zebrafish (Danio rerio) were raised
according to Institutional Animal Care and Use Committee
protocols in the Sinnhuber Aquatic Research Laboratory at
Oregon State University. Adults were maintained on a 14/10
h light-dark schedule on a recirculating system in which water
was maintained at 28 � 1°C and pH 7.0 � 0.2.

Ethanol exposure

Depending on experiment, groups of embryos were exposed
to waterborne ethanol (0–300 mM; absolute ethyl alcohol
USP, 200 proof; AAPER Alcohol and Chemical, Brookfield,
CT, USA; Supplemental Table S1) in buffered embryo me-
dium (16) or embryo medium alone in 20-ml glass vials sealed
with Teflon-lined lids to prevent volatilization. Each exposure
group was considered a single replicate. Based on previous
studies, embryos were exposed to ethanol from 4 to 24 hpf
(13) and rinsed, and embryo homogenate was collected or
whole embryos were raised until 5, 35, 60, or 100 days
postfertilization (dpf), depending on experiment.

Larval locomotion assay

At 5 dpf, automated quantification of larval movement was
obtained during alternating periods of light and dark (17,
18). For all experiments, larvae were subjected to locomotion
analyses at 12:00 to 3:00 PM in a sound- and temperature-
controlled (26°C) behavioral testing room. Movement of 96
individual larvae were simultaneously measured and recorded
using an automated video tracking system (Videotrack, quan-
tization mode; Viewpoint Life Sciences, Lyon, France). To
distinguish 5-dpf larvae within each individual well from the
background, the life-stage-specific size parameter was set at
17, and the number of seconds during which the larvae
moved above the movement threshold, set at 7, was analyzed
in 60-s bins. The data were processed using a custom PERL
script. Data are presented as the total time spent in motion (s)
during the initial 5-min dark period. To detect statistical
differences between groups, the data were averaged among
16 animals/exposure group, and the experiment was re-
peated 7 times. Data were analyzed using a repeated-measures
analysis of variance (ANOVA) with a Tukey’s multiple-com-
parison post hoc test.

Juvenile locomotion assay

Juvenile testing was performed on 35-dpf animals using the
Viewpoint tracking system as described above. On the day of
testing, juveniles were transferred to individual wells of 6-well
plates that contained inserts to prevent well-to-well visibility.
Following plate acclimatization, movement of 24 animals was
assessed concurrently (Viewpoint). For 35-dpf juveniles, the
life-stage parameter was set at 30. The amount of time spent
in movement above the background threshold, set at 45, was
measured in 60-s bins. Data are presented as time spent in
motion (s) during 10-min light or dark periods. To eliminate
the effect of size bias on swimming activity, juvenile move-
ment data was normalized to animal length (Supplemental
Fig. S1).

cDNA and miRNA microarray assays

mRNA was isolated using TRIzol Reagent (Life Technologies,
Carlsbad, CA, USA). Each replicate was collected at 24 hpf
and derived from pools of 75 embryos that were exposed to
100–300 mM ethanol or embryo medium control from 4 to
24 hpf (n�4). Sample cleanup was performed using MinElute
columns (Qiagen, Valencia, CA, USA). cDNA synthesis, label-
ing, and hybridization were performed by the University of
Idaho Initiative for Bioinformatics and Evolutionary Studies
core facility (Moscow, ID, USA) according to NimbleGen 5.0
microarray protocol, with the exception of the first-strand
synthesis step, in which 50 �M oligo (dT) per reaction and
400 ng of random hexamers per microliter of reaction were
used (Roche NimbleGen, Madison, WI, USA). Labeled cDNA
samples were hybridized to a zebrafish 12�135K Nimblegen
array and NimbleScan software was used for image analysis
and quality control. Raw intensity data were quantile normal-
ized by RMA summarization (19), and outliers were identified
by correlation analysis based on Pearson correlation coeffi-
cient. A single replicate was removed from the 100 mM
treatment group and resulting data were subjected to both
pairwise analysis of variance (20) with Tukey’s post hoc test and
5% false discovery rate calculation (21).

For the miRNA expression study, RNA was isolated using a
miRNeasy kit (Qiagen) from pooled tissue (75 embryos)
harvested at 12–48 hpf (n�2). The microarray assay was
performed by LC Sciences (Houston, TX, USA) as per the
manufacturer’s specifications (22). Labeled cDNA samples
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were hybridized to miRZebrafish arrays (LC Sciences; probe
content reflects miRBase release 12.0), and images were
collected using a laser scanner (GenePix 4000B; Molecular
Devices, Sunnyvale, CA, USA) and digitized using Array-Pro
image analysis software (Media Cybernetics, Bethesda, MD,
USA). Data were background-subtracted, normalized by
LOWESS (locally weighted regression; ref. 19), and analyzed
for differential expression by t test (P�0.05). All array data
are accessible through the U.S. National Center for Biotech-
nology Information Gene Expression Omnibus (23), series
accession number GSE30497 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc�GSE30497).

Real-time quantitative PCR

Relative gene expression in whole-embryo homogenates was
quantified using real-time quantitative RT-PCR (qRT-PCR).
Total RNA was isolated (Qiagen) and reverse-transcribed to
generate cDNA using a SSIII First Strand Synthesis kit (Invit-
rogen, Carlsbad, CA, USA). Primer sequences for BCL2
binding component 3 (Bbc3), dual specificity phosphatase 4
(DUSP4), glutathione peroxidase 3 (GPX3), neurogenic dif-
ferentiation 6 (neuroD6), ornithine decarboxylase 1 (odc1),
solute carrier family 6 (neurotransmitter transporter, GABA)
member 1 (SLC6A1), solute carrier family 16 (monocarboxy-
lic acid transporters) member 9 (SLC16A9), and carrier
family 17 (sodium-dependent inorganic phosphate cotrans-
porter) member 6 (SLC17A6; Eurofins MWG Operon, Hunts-
ville, AL, USA) are listed in Supplemental Table S2. Quanti-
tative fluorogenic amplification of cDNA was performed
using the ABI StepOne Plus (Applied Biosystems, Carlsbad,
CA, USA), primer sets of interest, and Power SYBER Green
PCR Master Mix (Applied Biosystems), and ROX internal
reference dye. For miRNA quantification, The miRCURY
LNA microRNA PCR System (Exiqon, Woburn, MA, USA)
including the universal RT microRNA PCR; polyadenylation
and cDNA synthesis kit; SYBR Green master mix; and
microRNA primer sets Homo sapiens (hsa)-miR-9 (PN 204513),
hsa-204 (PN 204507), or hsa-miR-9* (PN 204620); and con-
trol primer set [U6 small nucleolar RNA (snoRNA), PN
203907] were used to quantify miRNA expression. For Danio
rerio (dre)-miR-153c, the reverse primer for hsa-miR-153 (PN
204338) was coupled with a custom forward primer named
dre-miR-153b/c FwdP (PN 206999).

Bioinformatics

Unsupervised bidirectional hierarchical clustering of microarray
data was performed using a euclidean distance metric and
centroid linkage clustering to group treatments and gene ex-
pression patterns by similarity. Principal component analysis
(PCA) was performed on conditions using nontransformed
normalized intensity values. PCA was performed on conditions
using euclidean distance as a measure of dissimilarity for non-
transformed normalized intensity values. For PCA, a covariance
matrix was created by measurements between factors, and
eigenvectors were determined for the main condition profiles.
Eigenvalues, which are representative of the level of explained
variance as a percentage of total variance, are reported for the
top two components. The clustering algorithms, heat-map visu-
alizations, and centroid calculations were performed in Multi-
Experiment Viewer (24) or GeneSpring 11 software (Agilent
Technologies, Santa Clara, CA, USA) based on log2 expression
ratio values. To query array data, orthologous human, mouse,
and rat gene identifiers were imported into Ingenuity Pathway
Analysis (IPA; Ingenuity Systems, Redwood City, CA, USA).
Enrichment was calculated in the functional analysis tool using
the right-tailed Fisher’s exact test, where values of P � 0.05

indicate a statistically significant, nonrandom association. Target
prediction algorithms MicroCosm (http://www.ebi.ac.uk/
enright-srv/microcosm/cgi-bin/targets/v5/search.pl), Target
Scan (http://targetscan.org/) and PITA (http://
genie.weizmann.ac.il/pubs/mir07/mir07_dyn_data.html) were
employed to identify putative targets of candidate miRNAs. To
reduce the probability of false positives, targets predicted by �2
programs were excluded from downstream analyses. Putative
target lists were merged with empirically derived inversely ex-
pressed transcripts.

miRNA knockdown

miR-9, miR-153c, miR-204, and control 3� fluorescein-tagged
antisense oligonucleotide morpholinos (MOs; Gene Tools,
Philomath, OR, USA) were microinjected into single-cell
stage embryos (Supplemental Table S3). Injected animals
were screened at 24 hpf for MO incorporation, and screened
morphants were subjected to behavior analysis at 120 hpf or
35 dpf or micro-computed tomography (�CT) analysis at 60
or 100 dpf. Approximately 2 nl of 0.2 mM MO was microin-
jected into each embryo.

�CT analysis of mineralized tissue

�CT was used for nondestructive 3-dimensional evaluation of
mineralized tissue. Fish heads were scanned using a Scanco
�CT40 scanner (Scanco Medical AG, Brüttisellen, Switzer-
land) at a voxel size of 12 � 12 � 12 �m. Head and otolith
mineralized tissue volumes were evaluated at a threshold of
215 and 650 (scale 0–1000), respectively.

Statistical analysis

Data are presented as means � se. Unless indicated other-
wise, 2-tailed paired Student’s t test or 1-way ANOVA with a
Dunnet’s or Tukey’s multiple-comparison post hoc test was
used to evaluate differences between control and treated
groups; values of P � 0.05 were considered statistically
significant. Results were tabulated with Prism 5.01 (Graph-
Pad, La Jolla, CA, USA).

RESULTS

Transient developmental exposure to ethanol results
in persistent neurobehavioral effects in larval and
juvenile zebrafish

The effects of transient developmental exposure to
ethanol are shown in Fig. 1. At 120 hpf, exposure to
20–200 mM ethanol had no visibly discernable effect
on larval morphology (Fig. 1A). In contrast, larvae
transiently developmentally exposed to 300 mM etha-
nol presented with a number of malformations, includ-
ing craniofacial and eye defects, shortened trunk, and
yolk sac and pericardial edemas. At 120 hpf, develop-
mentally exposed larvae (0–200 mM ethanol) were
subjected to an automated light–dark locomotion test
(Fig. 1B). Larval locomotion was more pronounced
during periods of dark relative to periods of light (Fig.
1C). Transient developmental exposure to 20, 100, or
200 mM ethanol resulted in behavioral hyperactivity
(Fig. 1D).
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To determine whether ethanol-induced behavioral
abnormalities persist, a subset of 100 mM exposed and
clutch-matched embryo medium-exposed embryos
were raised until 35 dpf, and subjected to a juvenile
light–dark locomotion test (Fig. 1E and Supplemental
Fig. S1). Movement data was normalized to individual
animal lengths to control for differences in size. Tran-
sient developmental exposure to ethanol resulted in
general behavioral aberrations, with pronounced hy-
peractivity under conditions of light and hypoactivity in
the absence of light (Fig. 1F). Taken together, these
data suggest that, in the absence of physically discern-
able malformations, transient developmental exposure
to ethanol results in persistent locomotor abnormalities
in response to changes in lighting conditions.

Exposure to ethanol induces widespread changes in
developmental gene expression

In order to obtain a general assessment of the effects of
ethanol on developmental gene expression, we next gen-
erated gene expression profiles by microarray analysis of
pools of embryos developmentally exposed ethanol. Of
the 165 transcripts, 155 differentially expressed in em-
bryos exposed to 100 mM ethanol were similarly misex-
pressed in the 300 mM ethanol group (Fig. 2A). Valida-
tion of microarray results was performed by qRT-PCR to
measure levels known to be pivotal to neurobehavioral
development or associated with ethanol toxicity: neu-

roD6, VGLUT2, atonal homolog 2B (Atoh2B), bbc3,
GPX3, and SLC16A9 (Fig. 2B).

Functional enrichment statistics and network analy-
ses were performed to identify the most significant
biological processes affected by 100 mM ethanol treat-
ment (Fig. 2C). Using IPA, 112 of 165 transcripts
differentially expressed in embryos exposed to 100 mM
ethanol are associated with neurological disease. Of
relevance to the locomotion phenotypes observed in
ethanol-exposed cohorts, transcripts broadly associated
with both the nervous and musculoskeletal systems
were also significantly misexpressed relative to controls.
When examining the top 10 canonical signaling pathways
perturbed in the 100 mM ethanol-exposed cohort, the
majority of pathways were critical to nervous system
development and function, including actin and cyto-
skeleton, axonal guidance, calcium, GABA receptor,
protein kinase A, ephrin, and RhoA signaling pathways
(Fig. 2D). These data point to a subset of genes that
may be involved in the complex neurobehavioral man-
ifestations observed in larvae and juveniles transiently
exposed to ethanol during development.

Misregulation of miRNAs observed in ethanol-
exposed embryos

We performed miRNA expression profiling studies to
detect developmental differences in miRNA expression
in embryos exposed to ethanol from 4–24 hpf. A total

Figure 1. Developmental exposure to ethanol results in
sustained neurobehavioral effects in larval and juvenile
zebrafish. Embryos were exposed to 0–300 mM ethanol
from 4 to 24 hpf, and locomotion was assessed at 120 hpf
and 35 dpf. A) Representative images at 120 hpf; pericar-
dial edema (PE), yolk sac edema (YSE), and eye (E) and
craniofacial (CF) malformations are noted. B) Larval
locomotion test, consisting of alternating periods of light
(open bar) and dark (solid bar). C) Movement data from
a single experiment consisting of 16 larvae; data are
represented as time spent in motion (s). D) Total move-
ment during the initial 5 min of the dark period was
measured in control and ethanol-exposed groups (n�7).
E) Juvenile behavior test. F) Juvenile movement during
10-min dark or light periods, represented as time spent
in motion (s) normalized to individual weight-to-length
ratios. (n�12). *P � 0.05, **P � 0.01, ***P � 0.001.
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of 35 miRNA transcripts were significantly differentially
expressed relative to controls with the greatest number
of misexpressed miRNAs detected at 24 hpf (Supple-
mental Fig. S3A). A subset of these miRNAs was se-
lected for further examination based on their previ-
ously reported enriched expression patterns in the CNS
(2, 25) and sequence homology with mouse and hu-
man homologs (Table 1). miR-9 and miR-9* are en-
coded on the 5p and 3p arms of the same hairpin
precursor molecule. As expected, repression of miR-9,
miR-153c, and miR-204 was observed by qRT-PCR in
ethanol-exposed animals (Fig. 3). Together with the
mRNA profiling study, these data suggest that transient
developmental exposure to ethanol results in targeted

misexpression of genes that encode both miRNAs and,
possibly, their target transcripts.

Misexpressed transcripts are putatively targeted by
inversely expressed miRNAs

To identify changes in gene expression that may be
subject to miRNA regulation, we employed a bioinfor-
matics approach (Fig. 4A). As shown in Fig. 4B, biolog-
ical processes enriched in misexpressed transcripts
predicted to be regulated by inversely expressed
miRNA include genetic disorder, neurological disease,
skeletal and muscular disorder, cell-to-cell signaling,

Figure 2. Global misregulation of gene expression in zebrafish embryos developmentally exposed to ethanol. cDNA microarray
analysis was performed on samples obtained at 24 hpf from pools of embryos exposed to 0, 100, or 300 mM ethanol from 4 to
24 hpf (n�4). A) Venn diagram depicting the overall number of statistically significant differentially expressed genes relative
to stage-matched controls (P�0.05, 5% FDR). B) GAT-1, VGLUT2, nueroD6, GPX3, BBC3, and SLC16A9 mRNA levels were
measured by qRT-PCR at 24 hpf in pools of embryos exposed to 0–300 mM ethanol. Data were normalized to ODC1 levels;
values reflect fold change relative to unexposed controls (n�5). *P � 0.05, **P � 0.01, ***P � 0.001. C, D) Significant biological
processes (C) and canonical pathways (D) enriched in the 100 mM ethanol vs. control array dataset (P�0.05, 5% FDR).
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nervous system development and function, and devel-
opmental disorder. When down-regulated or up-regu-
lated transcripts putatively targeted by inversely ex-
pressed miRNA were examined in isolation, the top
biological processes were similar but not identical (Fig.
4C and Supplemental Fig. S4).

miR-9/9* and miR-153c control neurobehavioral
development in zebrafish

We next examined whether misexpressed miRNAs in-
fluence locomotion in larval and juvenile zebrafish.
Larvae injected with anti-miR-9/9* or anti-miR-153c
MOs were hyperactive during periods of dark, relative
to control MO-injected populations, phenocopying the
effects of ethanol on larval swimming activity (Fig. 5A).
In support of these findings, miR-9/9* and miR-153c
morphants (animals injected with morpholinos), raised
to the juvenile stage, recapitulated abnormal swimming
patterns observed in ethanol-exposed animals (hyper-
activity under light conditions and hypoactivity in the

dark; Fig. 5B). These data suggest that the effects of
ethanol exposure on locomotion may be mediated, in
part, via repression of miR-9/9* and miR-153c levels
during early neurogenesis.

miR-153c promotes skeletal development in zebrafish

To examine the role of miR-153c on skeletal develop-
ment, we performed �CT analysis on adult zebrafish (60
and 100 dpf) that experienced developmental miRNA
knockdown of miR-153c. Clutch-matched adults injected
with a control MO or exposed to embryo medium or 100
mM ethanol were included for comparison. Relative to
unexposed controls, significant differences in mineralized
head or otolith tissue volumes (Fig. 6A) were not detected
at either 60 or 100 dpf in ethanol-exposed animals (Fig.
6B, C). In contrast, a significant reduction in head min-
eralized tissue volume, relative to control morphants, was
observed in miR-153c morphant fish at 100 dpf (Fig. 6B).
Reduced otolith volume was additionally observed in
miR-153c morphants at 60 dpf (Fig. 6C).

TABLE 1. Misexpressed miRNAs display conserved CNS expression and seed sequence homology

miRNA log2 P Mature miRNA sequence

dre-miR-9 �3.7 0.024
Human ucuuugguuaucuagcuguauga
Mouse ucuuugguuaucuagcuguauga
Zebrafish ucuuugguuaucuagcuguauga

dre-miR-153c �2.8 0.048
Human uugcauagucacaaaagugauc
Mouse uugcauagucacaaaagugauc
Zebrafish uugcauagucacaaaaaugauc

dre-miR-204 �2.7 0.016
Human uucccuuugucauccuaugccu
Mouse uucccuuugucauccuaugccu
Zebrafish uucccuuugucauccuaugccu

dre-miR-9* �2.6 0.057
Human auaaagcuagauaaccgaaagu
Mouse auaaagcuagauaaccgaaagu
Zebrafish uaaagcuagauaaccgaaagu

For all miRNAs listed, CNS expression is conserved in humans, zebrafish, and mice; seed sequences
are underscored. Sequences derived from miRBase (http://www.mirbase.org).

Figure 3. Exposure to ethanol affects developmental miRNA expression. miR-9, miR-153c, miR-204, and miR-9* transcript levels
were assessed by qRT-PCR in pools of embryos exposed to 0, 100, or 300 mM ethanol from 4 to 24 hpf. Data were normalized
to U6 snRNA levels; values reflect fold change relative to unexposed controls (n�6–9). *P � 0.05.
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DISCUSSION

The mechanisms by which miRNAs facilitate or regulate
neurobehavioral development and function are not well
understood. miRNAs are critical to a variety of neurode-
velopmental processes (6, 10, 11, 26, 27). Therefore, we
hypothesized that miRNAs are similarly required to estab-
lish a functional neurobehavioral system during develop-
ment. In the present study, we used ethanol as a tool to
disrupt normal miRNA-dependent signaling during devel-
opment to identify for the first time a number of miRNAs
that control vertebrate neurobehavioral development.

Genetically encoded sensory-motor circuitry is hard-
wired into embryonic development, resulting in a simple
set of behaviors that enables the organism to locate food

and detect and avoid predators (28). In vertebrates,
locomotion is controlled by acute light exposure in addi-
tion to endogenous circadian rhythms (28, 29). Darkness
also serves as a robust stimulus for vertebrate photorecep-
tors (30). In larvae, alternating the two lighting condi-
tions results in a unique and reproducible swimming
activity pattern recently fit to a successive induction
model that describes the lulls and bursts of movement
as quantifiable and predictable reflexes to changes in
lighting condition (31).

We employed automated locomotion tests to individu-
ally quantify swimming activity in larval and juvenile
zebrafish stimulated with changing lighting conditions.
Resulting changes in locomotion were therefore used as a
readout of neurobehavioral function, capturing key devel-
opmental events spanning the junction between the ner-
vous and musculoskeletal systems. Thus, a measure of
locomotor output can be used to rapidly identify whether
an exogenous compound (18, 32), gene (33), or miRNA
modifies or controls the development of either of these
closely interacting systems.

The effects of acute or chronic ethanol exposure on a
range of behavioral endpoints in zebrafish, including
locomotion, is the subject of a recent review article (34).
Our data showing hyperactivity in larvae transiently devel-
opmentally exposed to ethanol is in keeping with previous
reports describing hyperactive locomotion in larval ze-
brafish acutely exposed to 1–2% ethanol for 20 min or 4 h
at 6 dpf (18, 35). Also, a recent report shows that
developmental exposure to ethanol (10%) for 2-h periods
during multiple developmental stages results in reduced
swimming in the zebrafish light–dark test (36), but these
data include the swimming activity of deformed animals
that would be expected to swim less than morphologically
intact counterparts. Interestingly, our findings in juveniles
suggest that abnormal, yet unique, neurobehavioral re-

Figure 4. Misexpressed miRNAs predicted to target inversely expressed transcripts. A) Putative miRNA target lists were merged
with empirically derived inversely expressed transcripts. B) Biological processes enriched in misexpressed mRNA transcripts
predicted to be regulated by inversely expressed miRNA (P�0.05). Numbers of genes associated with each process are indicated
above bars. C) Processes associated with down-regulated mRNA transcripts predicted to be regulated by inversely expressed
miRNA (P�0.05).

Figure 5. miR-9/9* and miR-153c regulate neurobehavioral
development in zebrafish. miR-9/9* and miR-153c MOs were
injected into single-cell-stage embryos. A) At 120 hpf, miR-9/
9*, miR-153c, and control morphants were subjected to the
larval light-dark locomotion test (n�7). B) A subset of
miR-9/9*, miR-153c, and control morphants, raised until 35
dpf, was subjected to the juvenile locomotion assay; time
spent in motion (s) during 10-min dark or light periods was
normalized to individual weight-to-length ratios (n�8). *P �
0.05 and ***P � 0.001.
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sponses may persist throughout the life span of animals
transiently exposed to ethanol during development. In
support of this hypothesis, long-term behavioral changes
in response to early life stage exposure to ethanol have
been previously shown in a novel shoaling test in adults, in
which the distance an animal swam relative to its per-
ceived school of comrade fish was increased (37).

miRNAs are known targets and/or effectors of ethanol
toxicity. For example, in immature cortical neurosphere
cultures, exposure to ethanol suppresses the expression of
miR-21, miR-335, miR-9, and miR-153 (39). In the present
study, we similarly observed down-regulation of miR-9 and
miR-153c in embryos transiently exposed to ethanol dur-
ing early brain development. Ethanol-sensitive miRNAs
have additionally been linked to neuroadaptation follow-
ing ethanol exposure (40). The neuronal large-conduc-
tance calcium-activated and voltage-gated potassium (BK)
channel is a known modifier of ethanol sensitivity (41).
BK channels also exhibit tolerance to ethanol, or a
decrease in receptor activity as a result of sustained or
repeated exposure (40, 41), and deletion of the BK
channel gene blocks ethanol-mediated behavioral re-
sponses and the development of tolerance (42, 43).
Recently, Pietrzykowski et al. (40) showed that miR-9,
up-regulated in mature hypothalamic-neurohypophysial
system explants on exposure to ethanol, specifically tar-
gets a subset of BK channel splice variants that contain
miR-9 miRNA recognition elements. The remaining
splice variants encode BK isoforms with reduced respon-
siveness to ethanol, providing a strong mechanistic basis
for miR-9-mediated neuroadaptation to ethanol. Taken
together, these studies suggest that several miRNAs are
sensitive to ethanol exposure and that miR-9 in particular
may function as an ethanol-sensitive miRNA switch de-
pending on cell type or maturity.

In our system, we independently identified miR-153c
and miR-9 as strong candidates for the development of a

functional neurobehavioral system. Relative to miR-9,
considerably less is known about the role of miR-153c, a
miRNA ubiquitously expressed in the zebrafish CNS dur-
ing nervous system development (25). With respect to the
CNS, a single report has shown that miR-153 posttran-
scriptionally regulates �-synuclein mRNA levels, a gene
whose message and protein accumulation is associated
with Parkinson’s disease (47). miR-9 is considered to be
brain-specific (44), and its expression is well documented
in mice and zebrafish (27, 45). Although by no means
singular in its distinction, reduction of miR-9 levels has
been associated with a number of neurodegenerative
disorders, including Huntington’s disease (46) and Alz-
heimer’s disease (47), and in animal studies, miR-9 re-
pression has been linked to the development of spinal
muscular atrophy (48). Similar to ethanol exposure, we
found that putative knockdown of miR-9/9* or miR-153c
during development results in larval hyperactivity. Fur-
ther, movement aberrations persisted in miR-9/9* and
miR-153c morphants tested as juveniles. Though the exact
mechanism by which miR-9/9* and miR-153c choreo-
graph neurobehavioral development is likely complex
and will require further investigation, these data build on
previous studies to provide evidence that miRNAs contrib-
ute to the establishment of a functional neurobehavioral
system during development.

Beyond examining the neurobehavioral relevance of
miRNAs, this study may have implications for some as-
pects of fetal alcohol spectrum disorder (FASD) research.
Indeed, on a morphological level, a handful of studies
have used the embryonic zebrafish model to uncover
mechanisms by which developmental ethanol exposure
triggers characteristic FASD-like teratogenic effects, in-
cluding facial dysmorphia (49–51). In the present study,
neurobehavioral endpoints were assessed at ethanol con-
centrations that fail to induce frank teratogenicty. Clinical
and epidemiological studies demonstrate that the major-

Figure 6. miR-153c influences skeletal development in
zebrafish. Embryos injected with miR-153c or control MOs
were raised until adulthood. A subset of clutch-matched
embryos was exposed to embryo medium control or 100
mM ethanol from 4 to 24 hpf for comparison. At 60 or 100
dpf, adult females were analyzed by �CT to assess skeletal
structure of the head. A) Representative �CT depicting head and otolith mineralized tissue volume. B, C) Head (B) and
otolith (C) mineralized volumes represent 4–9 females. *P � 0.05.
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ity of children with FASD present with deficits in neurobe-
havioral development and function, including attention
and inhibition problems, but not clinically discernable
physical abnormalities (53). Although more work is
needed to illuminate any mechanistic underpinnings, our
data showing similarly disrupted behavioral profiles in
larvae and juvenile animals that were exposed to ethanol
during early neurogenesis or experienced putative devel-
opmental knockdown of candidate miRNAs is in keeping
with the concept that ethanol-sensitive miRNAs may con-
tribute to certain adverse neurobehavioral outcomes asso-
ciated with developmental exposure to ethanol.

miRNAs have been implicated in osteoprogenitor differ-
entiation in vitro, but few in vivo studies have investigated
structural responses to miRNA repression (54–56). To de-
termine whether misregulation of miRNAs modifies skeletal
development, we assessed craniofacial and otolith bone
volume in adult animals. We detected statistically significant
reductions in mineralized tissues in a population of adult
animals that experienced putative antisense repression of
miR-153c during development. In support of this finding,
101 of 165 transcripts that were expressed differentially in
embryos exposed to 100 mM ethanol during development
were associated with skeletal and muscular disorders. In
addition to reductions in head mineralized skeletal content,
we also observed a significant decrease in miR-153c mor-
phant otolith volumes at 60 dpf, suggesting that aberrations
in swimming behavior responses result from a mechanism
that may involve changes in otolith mass. Otoliths are in-
volved in balance, equilibrium, and linear acceleration and
have been shown to be affected by ethanol exposure in
zebrafish (13). Taken together, these data provide in vivo
evidence that skeletal development is regulated by miR-153c.
Interestingly, while chronic ethanol abuse has been associ-
ated with decreased bone mass and strength (57), we did not
observe any effect on skeletal development following devel-
opmental exposure to ethanol. These data suggest that
ethanol-induced repression of miR-153c is not sufficiently
robust to impede skeletal development in this model system,
and more broadly, that ethanol-driven neurobehavioral ef-
fects likely involve the concerted actions of multiple, differ-
ent protein coding and noncoding genes.

miRNAs are critical modulators of brain morphogenesis.
Through studies aimed at elucidating the mechanism by
which miRNAs promote the establishment and mainte-
nance of a functional neurobehavioral system, we show here
that miR-9/9* and miR-153c likely contribute to neurobe-
havioral development in zebrafish. These findings support
an integral role for miRNAs in neurobehavioral and skeletal
development and further establish the utility of zebrafish as
a model for examining behavioral effects associated with
developmental exposure to ethanol.
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