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BACKGROUND AND PURPOSE
Histamine modulates several behaviours and physiological functions, and its deficiency is associated with neuropsychiatric
disorders. Gestational intake of valproic acid (VPA) is linked to autism spectrum disorder (ASD), characterized by impaired
sociability and stereotypies. VPA effects on the neurochemistry and functional morphology of the histaminergic system in ASD are
unclear. Zebrafish are highly social, and given the similarities between zebrafish and human neurotransmitter systems, we have
studied the effects of VPA on histamine in zebrafish.

EXPERIMENTAL APPROACH
Histaminergic, dopaminergic and noradrenergic systems of larval and adult zebrafish exposed to VPA from the end of gastrulation
until neural tube formation were studied using HPLC, quantitative PCR, immunocytochemistry and in situ hybridization.
Sociability, dark-flash response and locomotion were also studied.

KEY RESULTS
Zebrafish larvae exposed to VPA showed decreased locomotion and an abnormal dark-flash response. Additionally, a reduced
number of histaminergic neurons, low histamine and altered mRNA expression of key genes of the monoaminergic systems were
also detected. The reduced mRNA expression of genes of the studied systems persisted until adulthood. Furthermore, adult VPA-
exposed animals presented lower brain levels of noradrenaline and 3,4-dihydroxyphenylacetic acid, along with impaired
sociability.

CONCLUSIONS AND IMPLICATIONS
VPA exposure in early development causes molecular and neurochemical alterations in zebrafish, which persist into adulthood
and accompany impaired sociability. These findings will highlight the possible involvement of the histaminergic system in
outcomes related to neuropsychiatric disorders. Furthermore, it supports zebrafish as a tool to investigate mechanisms underlying
these disorders.

Abbreviations
ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; DBH, dopamine β-hydroxylase; dpf, days
post fertilization; HDC, histidine decarboxylase; hpf, hours post fertilization; mpf, months post fertilization; rpl13a, ribo-
somal protein large subunit 13a; VPA, valproic acid
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Introduction
Valproic acid (VPA) is a simple branched-chain fatty acid
widely used to treat epilepsy and bipolar disorder (Phiel
et al., 2001). As a histone deacetylase inhibitor, VPA in-
duces acetylation of histones and non-histone proteins,
which are associated with nucleosome remodelling and gene
transcription (Phiel et al., 2001). A Danish study that
followed children born between 1996 and 2006 associated
prenatal exposure to VPA with autism spectrum disorder
(ASD), concluding that for individuals born to mothers ex-
posed to VPA during pregnancy, the risk of ASD increased
fivefold over the general population risk (Christensen et al.,
2013). Thus, exposure to VPA has been used to reproduce
the core symptoms of ASD in animal studies (Bambini-Junior
et al., 2014).

ASD is a neurodevelopmental disorder characterized by
deficits in sociability and communication, and by a limited
repertoire of interests and behaviours (Happé and Ronald,
2008). Alterations in different neurotransmitter systems,
such as serotonergic, dopaminergic, GABAergic and gluta-
matergic systems have been reported in ASD patients and in
animal models of the disorder (McDougle et al., 2005;
Bambini-Junior et al., 2014). Surprisingly, the histaminergic
system has received less attention in ASD studies.

Histamine modulates a series of behaviours and physio-
logical functions, such as the sleep–wake cycle (Haas and
Panula, 2003), motivation and goal-directed behaviours
(Burgess, 2010), feeding behaviour (Gotoh et al., 2013) and
short- and long-term memory acquisition (Kraus et al.,
2013). Its deficiency has been associated with different
neuropsychiatric disorders (Panula and Nuutinen, 2013).
Recently, altered expression of histamine receptors and
other histaminergic genes in post mortem dorsolateral pre-
frontal cortex (DLPFC) samples of individuals with ASD was
reported (Wright et al., 2017). Also ciproxifan, an inverse
agonist of histamine H3 receptor, attenuated the impaired
sociability presented by mice prenatally exposed to VPA
(Baronio et al., 2015). As these receptor regulates the release
of histamine and some other neurotransmitters (Panula
et al., 2015), it is possible that the augmented release of hista-
mine could be beneficial in the disorder.

Zebrafish (Danio rerio) provide important tools in neuro-
science and have been successfully used to study basic mech-
anisms of different brain disorders (Kalueff et al., 2014). These
vertebrates display similarities to humans and rodents regard-
ing neurochemistry, anatomy and pharmacology (Kaslin and
Panula, 2001; Sundvik and Panula, 2012). More specifically,
the neuronal histaminergic system of the zebrafish in the
CNS is similar not only to humans and rodents (Eriksson
et al., 1998) but also to several different phylogenetic levels
of vertebrates, including reptiles (Inagaki et al., 1990), am-
phibians (Airaksinen and Panula, 1990) and other teleost fish
(Inagaki et al., 1991). Briefly, the histaminergic neurons ap-
pear early in the developing larval zebrafish and are located
in the ventral hypothalamus and innervate the rostral dorsal
telencephalon (Eriksson et al., 1998). This neurotransmitter
system appears during the period when the larva starts to ac-
tively search for food (Eriksson et al., 1998), supporting the
proposed role for the histaminergic system in alertness
modulation.

Zebrafish are highly social and prefer to swim in groups
for different reasons, such as mating, foraging or avoiding
predators (Pitcher, 1986). Given the high homology between
the zebrafish and human genomes (Barbazuk et al., 2000) as
well as the similarities displayed between these species in
neurotransmitter systems (Eriksson et al., 1998; Kaslin and
Panula, 2001; Sundvik and Panula, 2012), it seemed reason-
able to use zebrafish to study the effect of VPA, an ASD-
associated drug, on the histaminergic system.

The main goal of our study was to evaluate the behaviour
and the status of the histaminergic system of larval and adult
zebrafish exposed to VPA during neural tube formation.
Therefore, the level of histamine, histamine receptors and
histidine decarboxylase (HDC), the enzyme controlling
the formation of histamine, were studied. Our group demon-
strated previously that dopamine regulates the differentia-
tion of histaminergic neurons and that these cells surround
L-tyrosine hydroxylase 2 (TH2)-expressing neurons in
the hypothalamus (Chen et al., 2016). Due to the close rela-
tionship between these two systems, we analysed TH1 and
TH2, the enzymes responsible for catalysing the conversion
of the amino acid L-tyrosine to L-DOPA, the rate limiting step
in dopamine biosynthesis. We also included in the analysis,
dopamine β-hydroxylase (DBH), which converts dopa-
mine to noradrenaline, as well as the levels of catecholamines
and their metabolites. Basic locomotor activity, dark-flash re-
sponse and social interaction were the relevant behaviours
analysed.

Methods

Experimental animals and VPA exposure
All animal care and experimental procedures complied with
the ethical guidelines of the European convention (ESAVI/
6100/04.10.07/2015) and were approved by the Office of
the Regional Government of Southern Finland. Animal stud-
ies are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015).

A total of 420 larval (5 days post fertilization, dpf) and 22
adult male (6 months post fertilization, mpf) zebrafish of the
wild-type Turku strain were used in the experiments. This
strain has been maintained for more than 15 years and has
been used in previous publications (Kaslin and Panula,
2001; Sundvik et al., 2011). For breeding, adult zebrafish were
placed in tanks overnight and were separated by a transpar-
ent barrier that was removed on the following morning. After
collection, embryos were transferred to a Petri dish contain-
ing 1 × E3 (zebrafish embryonic medium; 5.00 mM NaCl,
0.44 mM CaCl2, 0.33 mM MgSO4 and 0.17 mM KCl). At
10 hpf, embryos were randomly distributed in wells (30 em-
bryos per well) of a 6-well plate containing 1 × E3 (controls)
or 25 μM VPA (Sigma P4543, Darmstadt, Germany) diluted
in 1 × E3. The solution containing VPA was removed at
24 hpf, replaced by 1 × E3, and embryos were maintained in
an incubator at 28.5°C. Embryos exposed to VPA or the con-
trol solution were observed for morphological abnormalities
every day until 5 dpf. Of the embryos exposed to VPA, 27%
died or were excluded due to obvious malformations (e.g. spi-
nal curvature). In pilot studies based on previous publications
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(Zimmermann et al., 2015), we exposed zebrafish to 50 μM of
VPA, and this dose led to a high mortality rate at 5 dpf (more
than 50%). Later, we reduced the dose to 35 and 25 μM. Ex-
posing embryos to 35 μM of VPA led to clearly arrested devel-
opment, high rates of deformities at 5 dpf and mortality after
10 dpf. We then defined 25 μM as the optimal concentration
of VPA. At 5 dpf, Some of the larvae were used for the analyses
and the remaining animals were grown until 6 mpf in 3 L
transparent acrylic tanks with system water. A timeline of
the experiments is shown in Figure 1.

Larval locomotion assay and dark-flash
response
Zebrafish locomotor activity is controlled by light, and larvae
display characteristic behaviours during switches between
light and dark states (Burgess and Granato, 2007). The larvae
were tracked individually on a 48-well plate using the
DanioVision system and EthoVision XT software (Noldus
Information Technology, Wageningen, The Netherlands).
During light conditions, the illuminance was set at approxi-
mately 330 lux, in accordance with our previous studies
(Sundvik et al., 2011). The larvae were habituated to the sys-
tem for 10 min, followed by a 15 min basal locomotion assay
in light. This was followed by alternating 2 min periods of
light and darkness, with three periods of darkness in total.
The transition between different illumination conditions
was carried out instantaneously.

Adult locomotion assay and social interaction
Adult fish were individually tracked in separate cylindrical
observation tanks (inner diameter 22 cm and water depth
8 cm), as described previously (Peitsaro et al., 2003). The fish
had 1 min of habituation time in the tank before the tracking
started. The swimming performance of the animals was auto-
matically detected and tracked for 10 min by a digital video
camera connected to a standard PC computer system running
the EthoVision 3.1 software (Noldus Information Technol-
ogy, Wageningen, The Netherlands).

Zebrafish are visually attracted to conspecifics and in-
stinctively aggregate into shoals. We utilized this innate
tendency to develop a fish visual choice test of preference
for social interaction, based on the rodent three-chamber

sociability test (Baronio et al., 2015) and similar approaches
that have been utilized with zebrafish (Zimmermann et al.,
2015; Liu et al., 2016). In this assay, the social interaction of
adult animals was evaluated in an acrylic apparatus (29 cm
length × 19 cm height × 29 cm width) divided by a transpar-
ent wall into two chambers, one of which was subdivided in
two smaller compartments. A group of eight fish, serving as
stimulus, was placed in one of the compartments, and the
other compartment was filled with stones and plant imita-
tions. The tested fish was put in the other chamber, and the
time spent next to the stimulus (Zone 2), the object (Zone
3) and in the distal part of the chamber (Zone 1) was mea-
sured with EthoVision 3.1 software (Noldus Information
Technology, Wageningen, The Netherlands).

Quantitative PCR (qPCR)
Larval and adult zebrafish were killed in ice-cold water prior
to RNA extraction. Total RNA was extracted using the RNeasy
mini Kit (Qiagen, Hilden, Germany) according to the instruc-
tions of the manufacturer. Larval samples (15 pooled larvae
per sample) and the whole brains of adult fish were collected,
and 1.0 μg of total RNA was reverse-transcribed using
SuperScriptTM III reverse transcriptase (Invitrogen, Carlsbad,
USA). qPCR was performed with the LightCycler 480 real-
time PCR system and the LightCycler 480 SYBR green Imaster
kit (Roche Applied Science, Mannheim, Germany). Primers
for amplification were designed by Primer-BLAST (NCBI),
and sequences are shown in Table 1. Cycling parameters were
as follows: 95°C for 30 s and 45 cycles of the following, 95°C
for 10 s and 62°C for 45 s. Fluorescence changes were mon-
itored with SYBR Green after every cycle. Dissociation curve
analysis was performed (0.2°C per s increase from 60 to
95°C with continuous fluorescence readings) at the end of
cycles to ensure that only a single amplicon was obtained.
All reactions were performed in duplicate to ensure the reli-
ability of single values. Results were evaluated with the
LightCycler 480 Software version 1.5. Quantification was
done by Ct value comparison (Livak and Schmittgen,
2001), using the Ct value of ribosomal protein large subunit
13a (rpl13a) as the reference control. rpl13a has been con-
sidered the most reliable reference gene in a study which
evaluated a large number of reference genes for data from
different tissues of zebrafish, during different developmen-
tal stages and after different chemical treatments (Xu
et al., 2016).

Histamine and catecholamines measurement
by HPLC
Histamine (Yamatodani et al., 1985; Rozov et al., 2014) and
catecholamines (Puttonen et al., 2013) were assayed by HPLC
as described previously. Briefly, groups of 15 whole larvae
were homogenized by sonication in 2% perchloric acid for
each sample, centrifuged for 30min at 15 000 g at 4°C, and fil-
tered through a 0.45-μm PVDF filter (Pall Life Sciences, Ann
Arbor, USA) before loading onto the HPLC system. All analy-
ses were done in duplicate to ensure the reliability of single
values. The analytical HPLC system consisted of four
Shimadzu LC20AD pumps, a Shimadzu SIL-20AC
autosampler, a Shimadzu RF-10Axl fluorescence detector, a
Shimazdu CBM-20A controller and LCSOLUTION 1.21
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Figure 1
Timeline of the experiments. Exposure to 25 μM VPA was applied
from 10 to 24 hpf. Behavioural tests and the study of histaminergic
and catecholaminergic systems of zebrafish were performed at
5 dpf and 6 mpf.

VPA affects the histaminergic system of zebrafish BJP

British Journal of Pharmacology (2018) 175 797–809 799



software (Shimadzu, Kyoto, Japan). In order to normalize the
results from HPLC measurement, we utilized the
bicinchoninic acid assay kit (Thermo Fisher Scientific,
Waltham, USA) to measure protein concentration.

Immunohistochemistry
Larvae were killed in ice-cold water and collected for over-
night fixation in 4% 1-ethyl-3,3(dimethyl-aminopropyl)
carbodiimide (EDAC; Carbosynth, Berkshire, UK) for stain-
ing. The detailed protocol for immunohistochemistry has
been described previously (Sallinen et al., 2009). Rabbit
polyclonal anti-histamine 19C antibody (1:10 000) (Panula
et al., 1990), mouse monoclonal proliferating cell nuclear
antigen (PCNA) antibody (lot GR201287, 1:1000, Abcam,
Cambridge, UK) (Thummel et al., 2008) and mouse mono-
clonal L-tyrosine hydroxylase (TH) antibody (lot 907001,
1:1000, Immunostar, Hudson, USA) (Semenova et al.,
2014) were used. For detection, the samples were incubated
with Alexa-conjugated antibodies (Alexa Anti-rabbit 488
and Anti-mouse 568, Invitrogen, Carlsbad, USA) diluted
1:1000.

Fluorescent in situ hybridization
Larvae were killed in ice-cold water and collected for over-
night fixation in 4% paraformaldehyde diluted in PBS at
4°C. Following fixation, the larvae were washed in PBS,
followed by dissection of the brain. The brains were
dehydrated in methanol. In situ hybridization was carried
out as described previously (Lauter et al., 2014), with minor
modifications as described (Sundvik et al., 2011; Chen et al.,
2016). Digoxigenin- and fluorescein-labelled riboprobes
against histamine H1 and H3 receptors specified earlier
(Sundvik et al., 2011) were used. DY-647P1 (Dyomics 647P1-
01, Jena, Germany) and 5(6)-TAMRA (Thermo Fisher
Scientific C1171, Waltham, USA) conjugated tyramides were
synthesized as described (Speel et al., 1998). The tyramides
were diluted 1:250 in amplification buffer, and amplification
was carried out for 15 min. Samples were mounted in 75%
glycerol diluted with PBS for imaging.

Microscopy and imaging
Immunohistochemistry and in situ hybridization samples
were imaged using a Leica SP2 AOBS confocal microscope.

For whole brain images, an HC PL APO 20/0.70 CS objective
was used. The Alexa 488- and 568-labelled secondary anti-
bodies were detected using a 488 nm argon laser and a
568 nm diode laser respectively. The emission wavelength
areas were adjusted to 500–550 and 590–650 nm, respec-
tively, to avoid bleedthrough. The TAMRA- and DY647P1-
conjugated tyramides were detected using a 568 nm diode
and 633 nm Helium/Neon laser respectively. The emission
wavelength areas were adjusted to 570–622 and
650–700 nm, respectively, to avoid bleedthrough. Immuno-
histochemistry stacks were acquired using the software de-
fined optimized step size between focal planes. Image stacks
were analysed in Fiji (Schindelin et al., 2012), and cell
numbers were quantified manually, without knowledge of
the cell treatments.

Data and statistical analysis
The data and statistical analysis comply with the
recommendations on experimental design and analysis
in pharmacology (Curtis et al., 2015). Sample sizes were
based on a pilot study and other toxicological investiga-
tions conducted in our group. Fish were randomly
distributed in arenas and automatically analysed
simultaneously. Cell counts, qPCR analyses and HPLC
were carried out blindly, using numbered samples. All pri-
mary data in this paper will be freely available for reanal-
ysis. Results are shown as means ± SEM. Data were
analysed by Student’s t-test or two-way repeated measure
ANOVA followed by Sidak’s post hoc test, and P < 0.05
was considered statistically significant. Data analysis was
performed by GraphPad Prism version 7 software (San
Diego, USA).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b).

Table 1
List of the primers for qPCR analysis

Gene Forward primer Reverse primer

hdc TTCATGCGTCCTCTCCTGC CCCCAGGCATGATGATGTTC

th1 GACGGAAGATGATCGGAGACA CCGCCATGTTCCGATTTCT

th2 CTCCAGAAGAGAATGCCACATG ACGTTCACTCTCCAGCTGAGTG

dbh TGCAACCAGTCCACAGCGCA GCTGTCCGCTCGCACCTCTG

rpl13a AGAGAAAGCGCATGGTTGTCC GCCTGGTACTTCCAGCCAACTT

hrh3 CGCCACCGTCCTTGGGAACG GGGGATGCAAAACCCGCCGA

hrh2 GGCCACTAGGGGCGCACTTC AGCGGAGCAGTGACCGCAAA

hrh1 TCCTGATCCCGTCCGCACCA CCCGACGGTATGCAGCGTCC

pcna ACGCCTTGGCACTGGTCTT CTCTGGAATGCCAAGCTGCT
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Results
Behaviour of the larvae
The basal locomotor activity of the VPA-exposed larvae was
significantly decreased by approximately 75% under normal
light conditions (Figure 2A). When the lights were switched
off for a 2 min period, all larvae responded with an increase
in locomotion, with the VPA-exposed larvae displaying sig-
nificantly increased locomotion during the first period of
darkness, when compared with control larvae. In the subse-
quent periods of darkness, VPA-exposed and control larvae
showed an equal level of locomotor activity. When the light
was switched back on, the VPA-exposed larvae returned to a
lower level of activity in comparison with control animals.
We further analysed the light–dark transitions at a 1 s resolu-
tion, in order to see if the dark-induced flash response ob-
served during the first second of darkness (time point 11)
(Burgess and Granato, 2007) was intact. This dark-flash

response was present in the VPA-exposed larvae during the
first transition (Figure 2B). In the second (Figure 2C) and third
transition (Figure 2D), the response was significantly weaker
in VPA-exposed larvae in comparison with the control group.

Adult behaviour
We saw no difference in the basal locomotor activity be-
tween VPA-exposed and control adult zebrafish (Figure 3F).
Figure 3A, B shows the traces of swimming pattern of con-
trol and VPA-exposed fish during the social behaviour test.
When compared with the control group, VPA-exposed fish
spent less time in the zone closest to the compartment with
the stimulus fish (Figure 3D). In addition, VPA exposure
induced an increase in the time spent in the Zone 3, which
is closest to the compartment with the object (Figure 3E).
No difference was detected in the time spent in zone 1
(distal zone) between the VPA and control fish (Figure 3C).
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Figure 2
Locomotor activity of VPA-exposed and control zebrafish larvae at 5 dpf. Basal locomotion was evaluated in light during a 15 min time period.
VPA-exposed larvae displayed a significantly decreased locomotor activity when compared with the control group. After that, larvae were exposed
to alternating 2 min periods of light and darkness (grey shaded areas), with three periods of darkness in total. VPA-exposed larvae were signifi-
cantly more active than the control group during the first period of darkness, no difference between groups was detected in the other two periods
of darkness and the VPA group moved significantly less during the light periods (A). Analysing the light–dark transitions at a 1 s resolution (B–D),
the dark-induced flash response in the VPA group was present in the first transition (B) but significantly weaker when compared to control group in
the second (C) and third (D) transitions. Data are expressed as mean ± SEM, n = 32 per group. * P< 0.05, significantly different from control; two-
way repeated measures ANOVA, with Sidak’s post test.
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Quantitative PCR. The expression levels of the transcripts of
the genes for the H1, H2 and H3 receptors, HDC, PCNA TH1,
TH2 and DBH in 5 dpf larvae and whole brain of adult fish
from both groups were measured using qPCR (Figure 4). The
expression levels of mRNA for H1, H2 and H3 receptors,
HDC, TH1, and DBH at 5 dpf were significantly decreased in
the VPA-exposed group in comparison to controls. The
decreases seen in H3 receptor, HDC, TH1, and DBH mRNA
were also seen in adulthood (Figures 4 and 5).

Levels of histamine and other biogenic amines after VPA
exposure. The HPLC measurements showed that the level
of histamine in 5 dpf VPA-exposed larvae was significantly
reduced when compared with control larvae (Figure 7D).
This effect did not persist into adulthood, as adult VPA-
exposed and control fish had similar levels of histamine in
the brain (Figure 6H). However, adult VPA-exposed fish had
significantly decreased levels of noradrenaline in
comparison to control fish (Figure 6B). Adult VPA-exposed
fish also had decreased levels of the dopamine metabolite,
3,4-dihydroxyphenylacetic acid (Figure 6E). No significant
changes were seen in the levels of dopamine (Figure 6A), the
other dopamine metabolites (Figure 6F, G), 5-HT (Figure 6C)
and the 5-HT metabolite, 5-hydroxyindoleacetic acid
(Figure 6D).

Histamine and TH neuron numbers. The number of histamine
immunoreactive neurons was significantly lower in 5 dpf
VPA-exposed larvae in comparison with the control group
(Figure 7G). The shape of the caudal hypothalamus, which
contains the histaminergic neurons of the zebrafish, appeared

similar in both groups. The histaminergic neurons resided in
an area with prominent expression of PCNA immunoreactivity
in the posterior hypothalamus (Figure 7C, G). The VPA-
exposed larvae also showed a significantly decreased number
of TH1-immunoreactive neurons in the diencephalic
(population 13, Figure 8G) and preoptic populations
(populations 3 and 4, Figure 8D) in comparison to control
larvae. However, no changes were seen in the number of
neurons in the postoptic/thalamic/posterior tuberculum
(populations 5,6 and 11, Figure 8E), posterior tuberal nucleus
and anterior paraventricular organ (populations 8 and 12,
Figure 8F). We also did not detect changes in the number of
neurons in the noradrenergic locus coeruleus (Figure 8C). Cell
populations were identified, named and numbered as
described previously (Sallinen et al., 2009).

Receptor expression by in situ hybridization. At 5 dpf, VPA-
exposed larvae (Figure 9B) showed decreased H3 receptor
mRNA hybridization signal in the dorsal telencephalon, in
comparison with control larvae (Figure 9A). Similarly, the H1

receptor hybridization signal of the VPA larvae (Figure 9D),
in the same area, was clearly weaker when compared with
the control group (Figure 9C). These results support the
findings obtained by the qPCR analysis.

Discussion
The most significant and surprising finding of the present
study was the consistent decrease in the number of histamin-
ergic neurons and histamine levels in VPA-exposed fish. This
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Figure 3
Social interaction and locomotion assays of adult zebrafish. Social interaction of control (A) and VPA (B) fish was determined during a 10 min of
video recording session in a home-made social interaction apparatus. Zones 1–3 are digital zones, whereas the apparatus itself is physically divided
into three chambers. The zone 1 is the distal area, zone 2 corresponds to the segment closest to the stimulus (group of eight fish) and the zone 3 is
the segment closest to the object. The time spent in each zone was measured using EthoVision 3.1 software (C–E). In a different assay, a cylindrical
arena, the locomotor activity of both groups was recorded, and no difference in the total distance moved was detected (F). Data are expressed as
mean ± SEM; n = 6 per group. * P < 0.05, significantly different from control; Student’s t-test.
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significant reduction in histamine may have led to altered re-
sponses to sudden darkness, a phenomenon characteristic for
larvae lacking histamine synthesizing capacity due to transla-
tion inhibition of the gene for HDC (Sundvik et al., 2011). In-
terestingly, an abnormal social behaviour was detected in
VPA-exposed fish as adults as well.

The criteria for VPA exposure used in our study was deter-
mined based on the developmental stage relevant data from
other species. Clinical studies show that VPA exposure during
the first trimester of pregnancy is associated with higher inci-
dence of ASD. During this time window, the neural tube
closes, and shortly after that, the neuroepithelium will gener-
ate neurons and glia in the CNS (Bayer et al., 1993). Based on
that, prenatal exposure to VPA during the neural tube closure
was used to develop a rat model of ASD (Rodier et al., 1996).
The zebrafish embryos on the present study were exposed to
VPA from the end of gastrulation to neural tube formation
(Compagnon and Heisenberg, 2013).

At 5 dpf, larvae exposed to VPA presented reduced levels
of histamine and mRNA for H1, H2 and H3 receptors and
HDC. We also saw a reduction in the expression pattern of
mRNA for H1 and H3 receptors in the telencephalon by in situ
hybridization. VPA-exposed larvae were generally hypoactive
and also displayed an impaired dark-flash response, suggest-
ing a functional deficiency of the circuitry underlying this

behaviour, which is known to be histamine-dependent
(Sundvik et al., 2011). Sudden changes in illumination lead
to acute motor responses in zebrafish larvae (Burgess and
Granato, 2007). It is hypothesized that the abrupt reduc-
tion in light mimics the shadow of a potential predator
and that the large angle turns elicited and increased loco-
motor activity are a precursor to a visual startle response.
Analysing the light–dark transitions at a 1 min resolution,
VPA-exposed larvae were significantly more active than
the control group during the first period of darkness,
which could indicate a larger visual startle response.
Analysing the light–dark transitions at a 1 s resolution,
the dark-induced flash response in the VPA group was
present in the first transition. However, the response was
significantly weaker when compared to control group in
the second and third transitions, which could be related
to an impaired histaminergic system.

The number of histamine-immunoreactive neurons was
reduced in the larvae exposed to VPA. In zebrafish, VPA is
known to reduce the proliferation of telencephalic cells with-
out inducing apoptosis (Lee et al., 2013), but the levels of
mRNA for PCNA were not different between control and
VPA groups in our study. The qPCR may be unable to reflect
a possible difference in the small area where the histaminer-
gic neurons are found. It is noteworthy that although a

E F G H

A B C D

ct
rl

VPA
0.0000

0.0010

0.0020

0.0030

0.0040
hdc

ex
p

re
ss

io
n

re
la

ti
ve

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.0001

0.0002
th2

ex
p

re
ss

io
n

re
la

ti
ve

t o
rp

l1
3a

ct
rl

VPA
0.0000

0.0005

0.0010

0.0015

0.0020
dbh

ex
p

re
ss

io
n

re
la

ti
v e

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.0005

0.0010

0.0015

0.0020
hrh1

ex
p

re
ss

io
n

re
la

ti
ve

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.0002

0.0004

0.0006

0.0008
hrh2

ex
p

re
ss

io
n

re
la

ti
ve

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.0020

0.0040

0.0060
hrh3

ex
p

re
ss

io
n

re
la

ti
v e

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.0010

0.0020

0.0030

0.0040
th1

ex
p

re
ss

io
n

re
la

ti
ve

to
rp

l1
3a

*

ct
rl

VPA
0.0000

0.1000

0.2000

0.3000

pcna

ex
p

re
ss

io
n

r e
la

ti
ve

to
rp

l1
3a

Figure 4
mRNA expression of key genes of the histaminergic and dopaminergic systems in VPA-exposed zebrafish larvae. The histaminergic system was af-
fected by VPA exposure, with reduced levels of mRNA for HDC (hdc; A), H1(hrh1;E), H2 (hrh2; F) and H3 receptors (hrh3; G) . Changes were also
detected in the dopaminergic and noradrenergic systems with a decrease in TH1 (th1;B) and DBH (dbh; D) mRNA levels respectively. Expression
levels of TH2 (th2; C) and PCNA (pcna; H) were similar in both groups. Data are expressed as mean ± SEM; n = 5 per group. * P< 0.05, significantly
different from control; Student’s t-test.
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reduction was also seen in the number of neurons in some TH
populations, other TH populations were unaffected. These re-
sults indicate that the development of distinct monoaminer-
gic populations is impaired by VPA exposure.

Although the brains of adult zebrafish exposed to VPA
presented normal levels of histamine, we detected a decrease
in the levels of mRNA for HDC and H3 receptors. The animals
that displayed these abnormalities had impaired social be-
haviour. Others have reported that zebrafish embryonically
exposed to VPA had a social interaction deficit (Zimmermann
et al., 2015; Liu et al., 2016), one of the core symptoms of ASD.
In addition, Zimmermann et al. later reported alterations in
biochemical and molecular parameters of the purinergic sys-
tem of zebrafish exposed to VPA (Zimmermann et al., 2017).
The results corroborate the data available regarding purine
metabolism in ASD patients (Stubbs et al., 1982) and the in-
volvement of the adenosine A2A receptor on locomotion,
anxiety and sleep regulation (Moreau and Huber, 1999), all
relevant parameters in ASD.

The brains of VPA fish also had abnormally low levels of
noradrenaline, a neurotransmitter relevant for attention
and cognition. In fact, increasing cerebral cortical noradren-
aline levels has been suggested in the therapeutic ap-
proaches for attention deficit hyperactivity disorder

(ADHD) (del Campo et al., 2011), a disorder that shares
symptoms with ASD, in terms of social and other behav-
ioural impairments (de Boo and Prins, 2007). In BTBR mice,
a strain that exhibits reduced play and social approach be-
haviour and is utilized as an animal model of ASD, nor-
adrenaline is significantly decreased in the cortex, striatum
and hippocampus when compared to C57BL/6J mice (Guo
and Commons, 2016).

Alterations in the histaminergic system are present in
the pathophysiology of different neuropsychiatric disorders,
including schizophrenia (Iwabuchi et al., 2005), ADHD
(Stevenson et al., 2010) and Gilles de la Tourette syndrome
(Castellan Baldan et al., 2014). Only recently, a post mortem
analysis of the expression of histamine receptors and other
histamine signalling genes in the DLPFC of ASD patients
was performed (Wright et al., 2017). None of the genes of
interest were individually identified to be differentially
expressed in the DLPFC. In contrast to the individual ex-
pression analyses, a significant overexpression was detected
in ASD samples when the genes were analysed as a gene set.
It is important to highlight that ASD is a highly heteroge-
neous disorder and that the sample size in this study was
small (13 individuals diagnosed with ASD and 39 non-
psychiatric controls), which could explain the inconsistence
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Figure 5
mRNA expression of key genes of the histaminergic and dopaminergic systems in the brain of adult VPA-exposed zebrafish. The reductions caused
by VPA exposure in the larval stage in mRNA for HDC (hdc; A), TH1 (th1; B), DBH (dbh; D) and H3 receptors (hrh3; G) persisted until adulthood.
However, no significant changes in the expression of mRNA for H1 (hrh1; E) or H2 receptors (hrh2; F) were seen in adult VPA-exposed brains in
comparison to controls. As in larval fish, expression of mRNA for TH2 (th2; C) and PCNA (pcna; H) was unchanged. Data are expressed as mean-
± SEM; n = 5 per group. * P < 0.05, significantly different from control; Student’s t-test.
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between the two analyses. Moreover, only one area of the
brain was analysed, and the expression of histamine recep-
tors occurs in different structures of the CNS.

Translating VPA doses used in humans to the equivalent
in organism models is challenging. When pregnant women
are exposed to VPA, the therapeutic doses can range from
200 to 3600 mg per day (Roullet et al., 2013), making it diffi-
cult to select a representative dose. Furthermore, the mecha-
nisms of VPA transport across the human placenta is not
clear and the degree of fetal exposure is uncertain (Semczuk-
Sikora et al., 2010). It is noteworthy that the use of VPA to
model ASD does not aim at a therapeutic effect but rather es-
tablish amechanism that leads to an ASD-like phenotype. For
instance, in already well-established ASD rodent models, the
VPA dose utilized is 5–20 times higher than that used in
humans (Bambini-Junior et al., 2014). Based on pilot studies
and published data (Zimmermann et al., 2015), we exposed
zebrafish to 50 μM VPA, and this led to a high mortality rate
at 5 dpf (more than 50%). Exposing embryos to 35 μM of
VPA led to a clear arrested development and high rates of

deformities at 5 dpf and mortality after 10 dpf. We then de-
fined 25 μM as the optimal VPA concentration as only a small
proportion of larvae had to be excluded due to
malformations. The lack of an intrauterine environment dur-
ing zebrafish development does not allow us to fully repro-
duce the mechanism involving VPA exposure and the onset
of autistic-like features. Nevertheless, zebrafish andmammals
generally have high concordance in developmental toxicity
(Nishimura et al., 2016) and it is possible to expose zebrafish
to various environmental factors neonatally in a more exper-
imentally controllable environment.

In summary, we report significant molecular and neuro-
chemical changes in the histaminergic, noradrenergic and
dopaminergic systems of zebrafish exposed to VPA during a
short period in early development. Importantly, we show that
some of these changes persist into adulthood, despite the re-
markable regenerative capacity of zebrafish, and that VPA-
exposed adult fish have an impaired social behaviour. These
findings will bring more attention to a possible involvement
of the histaminergic system in the outcomes related to
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Measurements of neurotransmitters and metabolites by HPLC in the brain of adult zebrafish. Exposure to VPA during the embryonic period led to
decreased levels of noradrenaline (NA; B) and 3,4-dihydroxyphenylacetic acid (DOPAC; E) in the brains of adult zebrafish. No significant changes
were detected in the levels of dopamine (DA; A), 5-HT (C), 5-hydroxyindoleacetic acid (5-HIAA; D), homovanillic acid (HVA; F), 3-
methoxytyramine (3-MT; G), histamine (HA; H). Data are expressed as mean ± SEM; n = 5 per group. * P < 0.05, significantly different from con-
trol; Student’s t-test.
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Figure 7
Histaminergic neurons and histamine in VPA-exposed zebrafish larvae. Immunostainings were carried out on 5 dpf fish brains. A representative
image for each group is shown. Images A and D show the histaminergic neurons of control and VPA-exposed larvae respectively. When the cell
numbers were quantified, a significant reduction of histamine immunoreactive neurons was detected in the VPA-exposed larvae (G). VPA-exposed
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on PCNA staining. Data are expressed as mean ± SEM; n = 12 per group. * P < 0.05, significantly different from control; Student’s t-test.
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Figure 8
TH-immunoreactive cell populations in the brain of zebrafish larvae. TH populations were identified in control (A) and VPA-exposed (B) larval
brains, which were imaged from the ventral side. The number of cells did not differ between groups in the LC (C) and in populations 5, 6 and
11 (E) and 8 and 12 (F). VPA-exposed larval brains presented a reduction in the number of TH1-immuoreactive cells in populations 3 and 4 (D)
and 13 (G) when compared with the control group. A representative image for each group is shown. Data are expressed as mean ± SEM; n = 6
per group. *P < 0.05, significantly different from control; Student’s t-test.
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neuropsychiatric disorders. Furthermore, it supports the use
of zebrafish as a useful model system to investigate mecha-
nisms underlying these disorders.
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