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ABSTRACT

Histone deacetylases (HDACs) are key epigenetic enzymes and emerging drug targets in cancer and
neurodegeneration. Pan-HDAC inhibitors provided neuroprotection in Parkinson’s Disease (PD) models,
however, the HDAC isoforms with highest neuroprotective potential remain unknown. Zebrafish larvae
(powerful pharmacological testing tools bridging cellular and in vivo studies) have thus far been used in PD
modelling with limited phenotypic characterization. Here we characterize the behavioural and metabolic
phenotypes of a zebrafish PD model induced with MPP*, assess the feasibility of targeting zebrafish HDAC1
and HDACG6 isoforms, and test the in vivo effects of their selective inhibitors MS-275 and tubastatin A,
respectively. MPP* induced a concentration-dependent decrease in metabolic activity and sensorimo-
tor reflexes, and induced locomotor impairments rescuable by the dopaminergic agonist apomorphine.
Zebrafish HDAC1 and HDACG isoforms show high sequence identity with mammalian homologues at the
deacetylase active sites, and pharmacological inhibition increased acetylation of their respective histone
and tubulin targets. MS-275 and tubastatin rescued the MPP*-induced decrease in diencephalic tyrosine
hydroxylase immunofluorescence and in whole-larvae metabolic activity, without modifying mitochon-
drial complex activity or biogenesis. MS-275 or tubastatin alone modulated spontaneous locomotion.
When combined with MPP*, however, neither MS-275 nor tubastatin rescued locomotor impairments,
although tubastatin did ameliorate the head-reflex impairment. This study demonstrates the feasibility
of pharmacologically targeting the zebrafish HDAC1 and HDAC6 isoforms, and indicates that their inhi-
bition can rescue cellular metabolism in a PD model. Absence of improvement in locomotion, however,
suggests that monotherapy with either HDAC1 or HDACG inhibitors is unlikely to provide strong benefits
in PD. This study highlights parameters dependent on the integrity of zebrafish neuronal circuits as a
valuable complement to cell-based studies. Also, the demonstrated feasibility of pharmacologically tar-
geting HDAC1 and HDACG in this organism paves the way for future studies investigating HDAC inhibitors
in other diseases modelled in zebrafish.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative dis-
order that manifests progressive hypokinesia, rigidity and resting
tremor, and evidences loss of dopaminergic neurons within the
substantia nigra [1,2]. PD has been associated with mitochon-
drial dysfunction, including decreased complex I activity, oxidative
stress, and impaired mitochondrial dynamics [2,3]. Available treat-
ments alleviate some PD symptoms, but fail to halt disease
progression [2]. Further advances in drug development for PD, as
well as other neurodegenerative disorders, are partly hindered by
the available models. PD has been modelled in cells and animals, but
none fully recapitulates PD pathophysiology and symptoms [4,5].

Zebrafish (Danio rerio) is increasingly used for disease modelling
and pharmacological testing, assembling a set of advantages that
include larval transparency, rapid embryonic development, and
high genetic and physiological homology to mammals. Zebrafish
larvae are particularly amenable to high-throughput drug testing
given their low cost, simple handling, and reduced size; they con-
tain key organs and systems, and allow behavioural studies [6].
Thus, zebrafish larvae constitute a powerful pharmacological test-
ing tool to bridge the gap between cellular models and in vivo
testing in rodents. Parkinsonian phenotypes have been induced in
zebrafish by genetic manipulation [7] or dopaminergic toxins such
as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and its
active metabolite 1-methyl-4-phenylpyridinium (MPP*) [8,9], yet
still with limited characterization of the behavioural phenotypes
[9-12].

Histone deacetylases (HDACs), a.k.a. lysine deacetylases, are key
epigenetic enzymes [13] and emerging drug targets in cancer and
neurodegeneration [14]. Besides transcriptional regulation by his-
tone deacetylation, HDACs regulate several non-histone targets,
including heat shock protein 90, cortactin or a-tubulin [15]. Such
multiple targets might modulate diverse cellular processes that are
compromised in neurodegenerative disorders [1,16]. The efficacy
of HDAC inhibitors in PD models has been tested in cell cultures,
Drosophila and rodents, primarily using non-selective compounds
that inhibit class I and Il HDACs [1]. As such, it remains unknown
which HDAC isoforms present higher neuroprotective potential
[1,16]. HDAC1 and HDACG6 isoforms are interesting candidates.
HDACT inhibition was found neuroprotective against excitotoxic
and neuroinflammatory injuries [17,18], whereas HDAC6 inhibi-
tion was beneficial in in vivo models of amyotrophic lateral sclerosis
[19], Alzheimer’s disease [20], and Charcot-Marie-Tooth disease
[21].

In the present study, we model PD in zebrafish using the
dopaminergic toxin MPP*, characterize the associated behavioural
and metabolic phenotypes, and assess the feasibility of targeting
zebrafish HDAC1 and HDACG6 isoforms. Further, we examine the
effects of the selective inhibitors MS-275 and tubastatin A, and
investigate whether these compounds can rescue the in vivo PD
phenotypes.

2. Material and methods
2.1. Drugs, solvents and solutions

MPP* (Sigma-Aldrich) stock solutions were prepared in water,
whereas those from tubastatin A (TBA) or MS-275 (Selleckchem)
were prepared in dimethyl sulfoxide (DMSO). Experiments were
performed with 0.1% DMSO present in all treatment and con-
trol conditions (‘solvent’). Sodium 4-phenylbutyrate, a pan-HDAC
inhibitor 1], was from Merck Millipore. Apomorphine, antimycin A,
rotenone, malonate, tricaine methanesulfonate, and all other drugs
or reagents were from Sigma-Aldrich, unless otherwise stated.

2.2. Zebrafish maintenance and drug treatments

Adult wild-type zebrafish (D. rerio) or larvae were maintained
at 28 +1°C with 14 h:10h light:dark cycles. Handling for egg pro-
duction was performed as we previously described [22]. Fertilized
eggs were kept in autoclaved water containing 1 WM methylene
blue until 3 days post fertilization (dpf). At 3 dpf, hatched lar-
vae without detectable abnormalities (normomorphic larvae) were
randomly distributed into multi-well plates containing autoclaved
water and exposed to treatments (MPP*, HDAC inhibitors, or
solvent). With the exception of the resazurin metabolism assay
(Section 2.10), treatments were performed in 12-well plates (15 lar-
vae/1 mL/well) or 24-well plates (5 larvae/0.5 mL/well), depending
on the number of larvae required (e.g incubations for subse-
quent protein/DNA/RNA/mitochondria purification used 12-well
plates; incubations for subsequent behaviour or immunofluores-
cence assays used 24-well plates). At 4 dpf, larvae were imaged
with an inverted microscope (Eclipse TE300, Nikon) to assess
viability. Dead larvae (typically under 10%) were removed and
half volume replaced with freshly prepared treatment solutions.
Behavioural assessments, biochemical assays, and other param-
eter determinations were performed at 5 dpf, unless otherwise
specified. For rescuing experiments with the dopaminergic agonist
apomorphine, 5 dpflarvae were exposed to freshly prepared 50 uM
apomorphine 30 min prior to video recording for behavioural eval-
uation.

2.3. Behavioural evaluation

2.3.1. Spontaneous swimming

Normomorphic larvae with demonstrated swimming capacity
(at least 1 positive tail reflex in 3 trials; typically over 90% larvae)
were distributed into 6-well plates (1 larvae/well). Each well had
an internal agarose ring (0.5% w/v; 3.5 mm thickness and height) to
minimize shadows/reflections in the borders. After 10 min acclima-
tion at 26 + 1 °C, spontaneous locomotion was recorded in 10 min
videos with a HD digital camera (C525, Logitech). Native videos
were converted into 5 frames per second with iWisoft (www.
iwisoft.com/videoconverter) before analysis with the Image] parti-
cle tracker plugin ([23]; http://mosaic.mpi-cbg.de/ParticleTracker).
Spatial coordinates and time data were exported to spreadsheets
(Microsoft Excel) where we automated the quantification of: (a)
travelled distance; (b) time in movement; (c) movement speed — a-+-b;
(d) initiations; (e) circles — number of sequential passages through
all virtual quarters of the well; (f) movement heterogeneity — stan-
dard deviation (SD) of the time spent moving in each virtual quarter
of the well; and (g) time in movement in centre — a virtual central cir-
cle with half of the well’s area. For all parameters, the threshold for
movement detection between two time points was set at 0.1 cm.

2.3.2. Sensorimotor reflexes

After spontaneous swimming recordings, each larvae was gently
touched with a micropipette tip, in the head and in the tail, to reg-
ister either positive (immediate swimming) or negative responses
(no movement upon touch). This procedure was repeated 10-times
for each larvae (alternating head and tail touches, and allowing
30s rest per larvae between each individual touch) to calculate the
proportion of positive responses.

2.4. Immunofluorescence

Larvae were fixed in 4% paraformaldehyde (overnight, 4 °C), and
then depigmented and permeabilized in a freshly prepared solu-
tion of 3% H,0, and 1% KHO (30 min). Further permeabilization,
blocking was performed in antibody dilution (Abdil) solution [PBS
with 1% Triton X-100 (PBSTX) and 5% bovine serum albumin (BSA)]
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for 90 min. Larvae were then incubated overnight at 4°C in Abdil
containing the primary antibody: anti-acetylated-histone H3K9
(1:500; ab10812, Abcam); anti-acetylated-a-tubulin (1:1000;
T6793, Sigma-Aldrich); anti-tyrosine hydroxylase (1:500; MAB318,
Merck Millipore); followed by washing in PBSTX and incubation
with respective secondary AlexaFluor-488 conjugated antibodies
(A-11029 or A-11034; 1:500, Life Technologies) overnight at 4°C
in Abdil. Afterwards, larvae were washed in PBSTX and incubated
with 1 pg/mL Hoechst 33258 (Sigma-Aldrich) for 30 min, then
washed with PBS and mounted with antifade medium (DAKO).
Images were acquired in a system composed by a fluorescence
microscope (Eclipse TE300), a monochromator (Polychrome II, TILL
Photonics), a CCD camera (C6790, Hamamatsu) and a computer
with the Aquacosmos 2.5 software (Hamamatsu). For intensity
comparisons of the same fluorophore, non-saturated images were
acquired with identical equipment settings. The mean intensity of
tyrosine hydroxylase (TH) immunofluorescence in the diencephalic
region was quantified after background subtraction. Image pro-
cessing and intensity measurements were performed with Image]
(http://rsbweb.nih.gov/ij/; National Institutes of Health).

2.5. Live neuromast imaging

Larvae were incubated for 30 min with MitoTracker Green FM
(100 nM; Life Technologies) to label neuromasts. Live imaging was
performed under anaesthesia (0.8 mM tricaine) by fluorescence
microscopy (Eclipse TE300 system) using 488 nm excitation and
>510 nm emission.

2.6. HDAC sequence analysis

HDAC1 and HDAC6 protein sequences were obtained from
NCBI (http://ncbi.nlm.nih.gov/protein). For HDAC1: Homo sapi-
ens NP_004955.2; Macaca mulatta AFJ71458.1; Mus muscu-
lus AAIO8372.1; Rattus norvigecus NP_001020580.1; D. rerio
AAI165208.1; Drosophila melanogaster AAF47924.1; Caenorhabdi-
tis elegans 017695.1; Saccharomyces cerevisiae AAB20328.1. For
HDAC6: H. sapiens NP_006035.2; M. mulatta AFI34191.1; M.
musculus AAH41105.1; R. norvigecus XP_.001057931.1; D. rerio
XP_009302027; D. melanogaster AF126269.1; C. elegans Q20296.2; S.
cerevisiae NP_014377. Percentages of identity were calculated using
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Active site amino
acids for the deacetylase domains (DD) were identified based on
the NCBI protein database. Leucine-rich motifs were identified
as nuclear export signal (NES) (LX5.3LX 5L or LX53L/1X5 4LXL, X
represents any amino acid) [18,24,25], whereas lysine-rich motifs
were identified as nuclear localization signal (NLS) (KKXKXXK or
KX3KKX1, KKKXKXKK) [24,26]. In HDAC6, SE14 (serine-glutamate-
containing tetradecapeptides) was identified by eight consecutive
tetradecapeptides [24]. For sequence analysis of the HDAC asso-
ciation domain (HAD) of HDAC1 we compared the first 53 amino
acids [26]; for the dynein motor binding domain (DMB) of HDAC6
we compared the sequence between the 2 deacetylase domains
[27].

2.7. HDAC mRNA levels

15 larvae per condition were collected and stored in RNAlater®
(Life Technologies). Total RNA was extracted with illustra RNAspin
Mini kit (GE Healthcare) and quantified via 260 nm absorbance.
RNA purity was assessed by 260/280 nm absorbance ratios, and
RNA integrity by agarose (1.2%) gel electrophoresis. cDNA were
synthesized from 0.5 g RNA (iScript™ cDNA synthesis kit; Bio-
Rad), and gqPCR performed with iQ™5 (Bio-Rad). 4 uL of cDNA
(diluted 1:10) were added to 1x iQ™ SYBR Green supermix (Bio-
Rad) containing 200 nM of each primer in a final volume of 20 L.

qPCR primers for hdacl and hdac6 were designed with Primer-
BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/) using Ensembl
sequences (www.ensembl.org/index.html) and synthesized by
Stab-Vida. Forward (F-) and reverse (R-) primers were: hdacl, F-
ACATCAAGTTCCTCCGCTCC, R-TGTAGACCTCCTGCCCATT; hdacé, F-
CTGCACAGGCCATATCCA, R-TTCCATGGTGAACGTCCCAG. The refer-
ence gene rpl8 was determined with previously described primers:
F-TTGTTGGTGTTGTTGCTGGT, R-GGATGCTCAACAGGGTTCAT [28].
gPCR initiated with 3 min denaturation at 95°C, followed by 40
cycles of denaturation, annealing and extension. Melting and stan-
dard curves (5-fold serial dilutions of cDNA) were generated for
each gPCR reaction. Each PCR product was analysed by agarose
(2%) gel electrophoresis to confirm a single band of the correct
size.Relative gene expression was calculated with the Pfaffl method
(correcting for measured efficiencies) [29].

2.8. Mitochondrial biogenesis

30 larvae per condition were placed in RNAlater: 15 for
RNA extraction to quantify tfam and pgc-la mRNA levels,
and 15 for DNA extraction to quantify mtDNA (nd1)/nDNA
(ef-1a) ratios. RNA extraction and cDNA synthesis were as
described in the previous section. DNA was extracted with DNeasy
Blood & Tissue Kit (Qiagen), quantified via 260 nm absorbance,
and diluted to 25 pg/mL. Primer design and qPCR reactions
were performed as described in the previous section, except
that genomic DNA required a longer initial denaturation step
(5min, 95°C). Primers: tfam, F-CGCTTGAGCGACACACAAAA,
R-GTGCTCCTCCCACGATTTGA; pgc-la, F-
CCAACCATCTTGCCACTTCC, R-CACTCAGTGTGCGTTCAATGG; ndl,
F-AGCCTACGCCGTACCAGTATT,  R-GTTTCACGCCATCAGCTACTG;
ef-1a, F-AAGCCGCTGAGGTAAGCGTTCAAC, R-
TTGAGCCGAGAAACGCGTGCTG.

2.9. Western blot

45 larvae per condition were sonicated in ice-cold lysis
buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxy-
cholate, 1mM EDTA) supplemented with a protease inhibitor
cocktail (Fisher Scientific). After 3 freeze-thaw cycles, lysates
were centrifuged at 12,000 x g (10min, 4°C) and supernatant
protein concentrations were quantified by the Bradford method.
Samples were denatured (95 °C, 5min) in 5x sodium dodecyl sul-
fate (SDS) loading buffer (NZYTech), loaded (50 g protein) into
10% SDS-polyacrylamide gels, electrophoresed (125V, 90 min),
and transferred into PVDF membranes (overnight, 30V, 4°C).
Membranes were then blocked (1h, 4°C) with 5% non-fat dry
milk in PBST (PBS with 0.05% Tween 20), and incubated (4h)
with primary antibodies: anti-acetylated histone H3K9 (1:2000;
ab10812, Abcam) and anti-acetylated-a-tubulin (1:5000; T6793,
Sigma-Aldrich). After washing with PBST, membranes were incu-
bated (1 h) with respective secondary antibodies conjugated with
horseradish peroxidase (G-21234, G-21040; 1:4000; Life Tech-
nologies), for detection using Novex ECL Chemiluminescent kit
(Life Technologies) and ChemiDoc MP Imaging System (Bio-Rad).
Membrane Coomassie staining was used as loading control. Den-
sitometric analyses were performed with Image .

2.10. Metabolic activity

Resazurin reduction into resorufin was used to estimate
the metabolic activity of individual larvae [30]. At 3 dpf, 10
larvae per condition were distributed into 96-well plates (1 lar-
vae/200 pL/well) and exposed to treatments. At 4 dpf, the total
volume was rapidly replaced by freshly prepared treatment solu-
tions, followed by 40 wM resazurin addition. After 24h (5 dpf),
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resorufin fluorescence was assessed by 530nm excitation and
590 nm emission in a microplate reader (Synergy HT, BioTek) and
expressed as arbitrary units (A.U.). Wells containing the same vol-
ume of solutions but no larvae were used as blank controls. Wells
containing dead, dysmorphic or areflexic larvae (absence of tail-
touch reflex; 3 trials) at 5 dpf were excluded from analysis — this
was a rare event (typically 0 or 1 larvae per condition).

2.11. ATP/ADP quantification

25 larvae per condition were sonicated (Vibra-cell, Sonics) in
ice-cold 0.6 M perchloric acid, and the resulting lysates centrifuged
at 3000 x g (10 min, 4°C). Supernantants were neutralized (pH 7)
with KHO, allowed to rest for 30 min on ice, and cleared by cen-
trifugation at 20,000 x g (10 min, 4°C) to deposit the potassium
perchlorate crystals. ATP and ADP were quantified using HPLC
with a reversed-phase column [250 x 4.6 mm Luna 5 pm C18(2)
100 A; Phenomenex], a diode-array detector (Agilent 1100 series)
and a computer with the Clarity software (DataApex). The elution
was performed in isocratic mode, with phosphate buffer (0.06 M
K;HPOy,, 0.04M KH;POy4; pH 7) at 1.2 mL/min flux. Determinations
were performed via 260 nm absorbance, using ATP and ADP stan-
dards for calibration curves and specific peak identification.

2.12. Activity of mitochondrial complexes

40 larvae per condition were sonicated in ice-cold lysis buffer
(250 mM sucrose; 20 mM HEPES; 3 mM EDTA, pH 7.5) [ 7], followed
by 3 freeze-thaw cycles and centrifugation at 600 x g (10 min, 4 °C).
The supernatant was re-centrifuged at 20,000 x g (25 min, 4°C) to
yield the mitochondrial-rich pellet that was suspended in ice-cold
lysis buffer. Protein concentration was quantified via the Brad-
ford method. Complex I activity was determined by monitoring
the reduction of 2,6-dichlorophenolindophenol (DCPIP) via 600 nm
absorbance readings (30s intervals, 30°C) in 96-well microplates
(Synergy HT). Mitochondrial suspensions (25 L containing 2.75 g
of protein) were mixed with 150 L of assay buffer (25 mM KH,PO4,
5mM MgCl,; pH 7.2) supplemented with 3.5 mg/mL BSA, 120 uM
DCPIP and 50 M ubiquinone Q1. After 5 min base-line readings,
the reaction was started by addition of 125 wM NADH (15 min read-
ings). Rotenone (7 M) was then added to determine the complex
[ independent signal changes (15 min readings). Complex II activity
was determined similarly to complex I (DCPIP reduction), except
that the assay buffer supplements were: 50 uM DCPIP, 50 puM
ubiquinone Q1, 4 wM antimycin A, and 7 wM rotenone; and the
reaction was started with 20 mM succinate, and stopped with 5 mM
malonate to determine complex Il independent signals [7].

2.13. Statistical analysis

Values are mean + standard error of the mean (SEM) of n lar-
vae from 3 to 5 separate breedings, except for neuromast and
apomorphine data (n larvae from 2 separate breedings). For nor-
mally distributed data, t-test or ANOVA (with Dunnet’s post-Hoc)
were used, respectively, to compare two or more groups. The
Mann-Whitney test and Kruskal-Wallis ANOVA (with Dunn’s post-
Hoc) were used for non-normally distributed data. When analysing
two factors and their interaction (MPP* x treatments) we used
Two-Way ANOVA with the Sidak post-Hoc. All tests were per-
formed with Prism 6.0 (GraphPad). Differences were considered
statistically significant when P<0.05.

3. Results

3.1. MPP* reduces zebrafish sensorimotor reflexes and
metabolism, and induces locomotor impairments that are rescued
by a dopaminergic agonist

To model PD in zebrafish we used the toxin MPP*, a substrate of
the dopamine transporter and a mitochondrial complex I inhibitor
[31], which was previously shown to be more selective for zebrafish
dopaminergic neurons than the pre-toxin MPTP [9]. By monitoring
zebrafish over time we identified 5 dpf as a suitable time point
for behavioural assessment with maximal sensorimotor reflexes
and spontaneous locomotion (Fig. 1A and B). At 5 dpf the zebrafish
blood brain barrier (BBB) is still incomplete [32], allowing the use
of MPP* that is safer to handle than the BBB permeable MPTP [31].

We exposed hatched larvae from 3 to 5 dpf to MPP* (or solvent)
and found a concentration-dependent decrease in sensorimo-
tor reflexes (Fig. 1C), and in dehydrogenase-dependent resazurin
metabolism (Fig. 1D), indicating 500 uM MPP* as the minimal effec-
tive concentration. Survival was unaffected by 500 M MPP* (100%)
and was partly reduced by 1000 puM MPP* (90+3.5% vs. 100%
for solvent; n=3 independent experiments). We tested whether
500 wM MPP* affected lateral-line neuromasts (mitochondria-rich
sensory structures) and detected neither morphological changes
nor altered numbers (Fig. 1E). We confirmed that treatment with
500 WM MPP* decreases tyrosine hydroxylase (TH) immunoflu-
orescence in the diencephalon (Fig. 1F), suggesting reduction
of dopaminergic neurons in a zebrafish brain region considered
homologue to the mammalian substantia nigra [9].

Previous studies addressing the effects of MPTP or MPP* on
zebrafish locomotion have identified reductions in distance, time
in movement, and number of initiations (Supplementary Table 1).
Here we further characterize movement profiles (Fig. 2A and B)
and include complementary parameters such as the number of cir-
cles and movement heterogeneity (SD — standard deviation of the
time spent moving in each virtual quarter of the well) that show
robust concentration-dependent impairment by MPP* (Fig. 2C).
Treatment with 500 wM MPP* reduced distance, time in movement,
and number of circles, while increasing movement heterogene-
ity (Fig. 2C and D) and decreasing number of initiations (8.3 + 1.6
vs. 2444 2.3 for solvent, n=41-42 larvae, P<0.01). The average
movement speed was not significantly reduced by 500 wuM MPP*,
but was robustly increased by treatment with 50 WM apomorphine
in MPP*-treated as well as in control larvae (Fig. 2Dii). Signifi-
cantly, apomorphine treatment rescued the MPP*-induced changes
in distance, time in movement, number of circles and movement
heterogeneity (Fig. 2D).

Taken together, these results show that MPP* induces locomo-
tor impairments in zebrafish that are rescuable by a dopaminergic
agonist, thereby modelling important PD symptoms and pharma-
cology.

3.2. Zebrafish Hdac1 and Hdac6 deacetylase domains have high
sequence similarity with mammals, and their pharmacological
inhibition increases target acetylation

HDAC inhibition in PD models has been primarily assessed with
non-selective class I and II inhibitors (Supplementary Table 2). To
assess if the class [ Hdac1 and the class IIb Hdac6 are viable phar-
macological targets in zebrafish we performed a study of sequence
identity comparing zebrafish isoforms with mammals and other
model species, monitored their mRNA levels, and determined the
effects of selective inhibitors on target acetylation (Fig. 3; Table 1).

Zebrafish Hdac1l contains all key domains found in human
HDAC1 (1HAD, 1 DD, 3 NES and 1 NLS) and displays full iden-
tity at the 10 amino acids of the deacetylase active site (Fig. 3A;
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Fig. 1. Effect of MPP* on zebrafish reflexes, metabolism, neuromasts, and diencephalic dopaminergic neurons. (A) Schematic representation of tail and head reflexes. (B)
Changes in spontaneous swimming distance and reflexes from 3 to 6 dpf; n=38-46 untreated larvae. (C and D) Concentration-dependent effects of MPP*-treatment upon
reflexes (n=33-51 larvae) and dehydrogenase-dependent resazurin metabolism at 5 dpf; n=17-63 larvae, *P<0.05 vs. solvent (white bars). (E) Zebrafish neuromasts (lateral
L1-L5 and terminal - ter) labelled with MitoTracker green at 5 dpf, and their quantification (bar graph; n=10-17 larvae). (F) Tyrosine hydroxylase (TH) immunofluorescence
in solvent vs. MPP*-treated zebrafish at 5 dpf. The upper (i), medial (ii), and lower (iii) focal planes are shown as drawings with brain regions and dopaminergic populations
(left; adapted from Sallinen et al. [9] and Schweitzer et al. [35]), and as immunofluorescence images (right), with quantification of diencephalic TH levels (iv); n=5-7 larvae,
P<0.05; A.U,, arbitrary fluorescence units; Di, diencephalon; OB, olfactory bulb; POA, preoptic area; Pr, pretectal area; PTN/Hy, posterior tuberculum/hypothalamus; Tel,
telencephalon. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Comparison of human HDAC1 and HDAC6 with homologues from model species.
Organism HDAC1 HDAC6

Total? HAD? DD NES®© NLS© Total? DD1P DD2P Znf-UBP® DMB? SE144 NES®© NLS©

Human 100% 100% 10 3 1 100% 8 8 11 100% Yes 2 1
Macaque 99% 100% 10:10 3 1 99% 8:8 8:8 11:11 96% Yes 2 1
Mouse 99% 98% 10:10 3 1 74% 8:8 8:8 9:11 71% No 3 1
Rat 99% 98% 10:10 3 1 75% 8:8 8:8 9:11 57% No 3 1
Zebrafish 93% 92% 10:10 3 1 52% 7:8 8:8 8:11 n.h. No 0 0
Fly 79% 87% 10:10 2 0 44% 8:8 8:8 9:11 n.h. No 0 0
Nematode 64% 76% 10:10 1 0 39% 7:8 8:8 7:11 n.h. No 0 0
Yeast 63% 74% 10:10 0 0 39% n.a. 8:8 n.a. n.h. No 0 0

HAD, HDAC association domain; DD, deacetylase domain; NES, nuclear export signal; NLS, nuclear localization signal; DMB, dynein motor binding; SE14, serine-glutamate
tetradecapeptide repeat domain; Znf-UBP, zinc-finger ubiquitin-binding protein; n.a., not applicable; n.h., no homology (BLAST E value > 0.1).

2 Percentage of identity vs. Human.

b Amino acids of active site in common with Human.

¢ Number of sequences.

d Presence (Yes) or absence (No).

Table 1). Zebrafish Hdac6 displays full identity with human HDAC6 binding (8:11). Still, zebrafish Hdac6 lacks the NES, NLS and DMB
at the 8 active site amino acids of each deacetylase domain (DD1 domain (found only in mammalian HDAC6), and the SE14 sequence
and DD2), except for one phenylalanine instead of tyrosine in DD1; (present only in primate HDAC6) (Fig. 3B; Table 1).

and high similarity concerning amino acids involving in ubiquitin
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Fig. 2. Effect of MPP* and apomorphine on zebrafish locomotion. (A and B) Movement profiles are characterized according to ‘movement heterogeneity’ (SD - standard
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MPP* concentration. (C) Concentration-dependent effects of MPP*-treatment upon distance, number of circles, and movement heterogeneity (SD) at 5 dpf; n=33-42 larvae,
*P<0.05, vs. solvent (white bars). (D) Effect of 50 wM apomorphine alone or combined with 500 wM MPP* upon distance, movement speed, time in movement, circles, and
movement heterogeneity; n=23-24 larvae, *P<0.05 vs. solvent, #P<0.05 vs. MPP* alone. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

We quantified the mRNA levels of zebrafish hdacl and hdac6
during the experimental period (3-5 dpf). We found that hdac1 pre-
sented higher transcript levels than hdac6, and that the mRNA levels
of both isoforms were stable during the studied period in whole lar-
vae (Fig. 3C), which does not exclude the possibility of variations in
specific body regions. We next tested the efficacy of pharmacolog-
ically inhibiting zebrafish Hdac1 and Hdac6 with MS-275 and TBA,
respectively, using the highest concentration devoid of detectable
toxic effects. The concentration-dependent effects of MS-275 and
TBA on zebrafish survival, morphology and spontaneous swim-
ming (Supplementary Fig. 1) allowed the identification of 1 WM as
a suitable sub-toxic concentration for both drugs. Previous stud-
ies reported that 1 wM MS-275 or 1 wM TBA inhibited mammalian
HDAC1 or HDAC6 by increasing histone or tubulin acetylation,
respectively [17,21,33]. Here we show in zebrafish that treatment
with 1 wM MS-275 and 1 wM TBA from 3 to 5 dpf increased the
acetylation of histone H3K9 and a-tubulin K40, respectively, as ver-
ified in Western blots from whole-zebrafish extracts (Fig. 3D-E).
By in situ immunofluorescence, we verified that the distribution
of acetylated a-tubulin in zebrafish was primarily confined to the
nervous system, and that with TBA treatment its increased levels
were noticeable in the telencephalon (Fig. 3F-H); acetylated his-
tone H3K9 was widely distributed throughout zebrafish cell nuclei,
and with MS-275 treatment its increased levels were evident in
neuromasts (Fig. 3 Fand I).

Together, these results in zebrafish indicate that this model
organism expresses Hdac1 and Hdac6 with functional deacetylase
domains. Consistently, the HDACT1 inhibitor MS-275 inhibited the
deacetylation of histone H3K9 (a typical HDAC1 target), whereas

the HDAC6 inhibitor TBA inhibited the deacetylation of tubulin K40
(a typical HDACEG target).

3.3. HDAC inhibitors rescue decreases in diencephalic TH and in
metabolic activity, without modifying mitochondrial complex
activity or biogenesis

Previous studies report that non-selective HDAC inhibitors
improve viability in cellular models of PD induced with dopamin-
ergic/mitochondrial toxins or mutant a-synuclein (Supplementary
Table 2). We thus tested if treatment with selective HDAC inhibitors
could rescue the effects of MPP* on zebrafish dopaminergic neu-
rons, by quantification of diencephalic TH immunofluorescence,
and on zebrafish metabolism, by using a reporter of cell viabil-
ity and metabolism (resazurin-resorufin conversion). Co-treatment
with either MS-275 or TBA rescued the MPP*-induced reduc-
tion in diencephalic TH, and TBA alone increased diencephalic
TH immunofluorescence versus control larvae (Fig. 4A). Also, both
HDAC inhibitors rescued the metabolic impairment induced by
MPP* (Fig. 4B); significantly, ATP/ADP ratios were kept stable, sug-
gesting no widespread toxicity of either MPP* or HDAC inhibitors
(Fig. 4C). Since the main mechanism of action of MPP* is the
inhibition of mitochondrial complex I [31], and since the activity
of mitochondrial complexes contributes to resazurin metabolism
[34], we investigated whether HDAC inhibitors could be rescuing
metabolism by increasing the activity of mitochondrial complexes
or the amount of mitochondria (increased biogenesis).

Mitochondria extracted from zebrafish treated in vivo with
HDAC inhibitors and/or MPP* showed no alteration in the activ-
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Fig. 3. Zebrafish Hdac1 and Hdac6 sequence analysis, mRNA levels, and target acetylation. (A and B) Schematic representation of human HDAC1 and HDAC6 domains (HAD,
HDAC association domain; DD, deacetylase domain; DMB, dynein motor binding; NES/NLS, nuclear export and localization signals; SE14, serine-glutamate tetradecapeptide
repeat; Znf-UBP, zinc-finger ubiquitin-binding), and comparison of human (Hum) and zebrafish (Zebr) amino acids involved in deacetylase activity or ubiquitin binding
(shown red when identical or blue when different). Further sequence analyses are summarized in Table 1. (C) Levels of zebrafish hdac1 and hdac6 mRNA relative to rpl8
from 3 to 5 dpf; n=5 independent experiments. (D and E) Quantification and representative Western blots for the levels of acetyl-histone H3K9 and acetyl-a-tubulin in
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of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ity of complexes I or II (Fig. 4D-F). Notwithstanding the evidence
that MPP* impairs locomotion (Fig. 2) and selectively inhibits the
zebrafish complex I (in vitro; Fig 4G), the in vivo effects upon
mitochondria from MPP*-targeted dopaminergic cells seem diluted
beyond detection in extracts from whole-zebrafish (Fig. 4E). We
next examined mitochondrial biogenesis by quantifying mRNA
levels for the mitochondrial transcription factor tfam and the bio-
genesis inducer pgc-1o, and also mitochondrial to nuclear DNA
ratios (mtDNA/nDNA). We detected a small decrease in tfam
mRNA levels in zebrafish treated with MPP* alone, but not when
co-treated with MS-275 or TBA. Still, neither HDAC inhibitors
nor MPP* altered the levels of pgc-1a mRNA or mtDNA/nDNA
ratios (Fig. 4H-K). These results evidence no major changes in
whole-organism mitochondrial biogenesis following treatment
with HDAC inhibitors, without eliminating the possibility of MPP*
selectively altering mitochondrial biogenesis in target dopaminer-
gic cells.

Having excluded the hypothesis that treatment with MS-275 or
TBA elevates whole-organism mitochondrial complex activity or
biogenesis, we considered the possibility that the metabolic reduc-
tion evoked by MPP* (Fig. 4B) is related to decreased dopaminergic
signalling and hypomotility (Fig. 2), and therefore we tested

whether HDAC inhibitors could modulate zebrafish locomotion to
rescue hypomotility.

3.4. MS-275 and TBA modulate spontaneous zebrafish
locomotion, and TBA ameliorates the head reflex impairment
induced by MPP*

Treatment with HDAC inhibitors modulated the spontaneous
locomotion of zebrafish larvae: MS-275 alone increased the propor-
tion of time spent moving in centre (Fig. 5Ai), whereas TBA alone
increased the number of circles (Fig. 5Aii). Still, in spite of their
individual modulatory effects, neither MS-275 nor TBA rescued the
impairments in spontaneous movement induced by MPP* (Fig. 5A
— grey bars). In contrast, a pan-HDAC inhibitor, 4-phenylbutyrate
(PBA) improved the locomotion of MPP*-treated larvae, increasing
distance, time in movement and number of circles, and decreas-
ing movement heterogeneity (Supplementary Fig. 2), in agreement
with in vivo data from mouse PD models showing improved motor
function following PBA treatment (Supplementary Table 2).

We next investigated whether MS-275 or TBA modulated senso-
rimotor reflexes. We found that larvae treated with either MS-275
or TBA alone exhibited normal sensorimotor reflexes, similarly to
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solvent-treated larvae. Larvae treated with MPP* alone, however, These impairments were not rescued by co-treatment with MS-275
exhibited impairments in sensorimotor reflexes, with the head (Fig. 5Bi); however, co-treatment with TBA significantly amelio-
reflex being more severely affected than the tail reflex (Fig. 5B). rated the head reflex impairment induced by MPP* (Fig. 5Bii).
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4. Discussion

The zebrafish nervous system has similarities with mammals
that allow the modelling of neurodegenerative disorders, including
PD [7,9,35]. Here we exposed zebrafish larvae to the dopaminergic
toxin MPP* and tested the effects of HDAC1 and HDACG inhibitors
with the following purposes: (1) characterize the abnormal move-
ment profiles and the in vivo metabolic changes induced by MPP*;
(2) assess whether the zebrafish HDAC1 and HDAC6 isoforms are
viable pharmacological targets; (3) evaluate the in vivo effects of
HDAC1 and HDACE inhibitors; and (4) study whether HDAC1 and
HDAC6 inhibitors can rescue the MPP*-induced phenotypes.

4.1. Behavioural and metabolic effects of the dopaminergic toxin
MPP* in zebrafish

Previous studies have characterised the effects of MPTP or MPP*
upon zebrafish neuronal populations [9,36],and described the asso-
ciated decreases in larval zebrafish locomotion, namely, decreasing
distance or mean speed (distance - recording time), time in move-
ment, and number of initiations, while maintaining active velocity
(distance = time in movement) [9,37,38]. Here we confirmed these
findings and, given our circular recording area, we further show
that MPP* decreases the number of circles, increases movement
heterogeneity (SD), and maintains the proportion of time spent
moving in centre when compared to control larvae. Moreover, we
show that the dopaminergic agonist apomorphine can rescue the
behavioural phenotypes evoked by MPP*, thereby associating them
with dopamine deficiency as in PD.

In spite of evidence for dopaminergic neurodegeneration and for
decreased locomotion, scarce information exists about the in vivo
metabolic effects of MPTP or MPP*. Our present data show that
zebrafish treated with MPP* display a decrease in dehydrogenase-
dependent resazurin metabolism, however, maintaining ATP/ADP
levels which suggest no energy imbalance. Previous studies in
cellular models report that the inhibition of mitochondrial dehy-
drogenases [31] (e.g. complex I) by MPP* may not reduce ATP levels
if these are held by glycolysis [39,40]. Still, we found no inhibi-
tion of mitochondrial dehydrogenases (complex I and II) in extracts
from whole-zebrafish pre-treated with MPP*, which is consistent
with the dilution of the selectively targeted mitochondria from
dopaminergic neurons. In agreement with such selectivity, and
absence of a global mitochondrial defect, treatment with MPP*
changed neither the number of neuromasts (which are highly
enriched in mitochondria; [41]), nor the levels of mitochondrial
DNA. MPP* did evoke a small decrease in the mRNA levels of
tfam without changes in pgc-1«, which is in agreement with pre-
vious data from mammalian cells [42,43]. However, maintained
mitochondrial DNA levels indicate that MPP* does not decrease
the global zebrafish mitochondrial content, which could otherwise
explain decreased resazurin metabolism. Thus, the MPP* effects
on whole-organism resazurin metabolism likely reflect the lower
energy demand from reduced muscular activity (stemming from
decreased dopaminergic signalling and hypomotility), rather than
energy imbalance or a global defect in mitochondrial dehydroge-
nase activity.

4.2. Zebrafish Hdac1 and Hdac6 physiology and pharmacological
targeting

Non-selective class I and Il HDAC inhibitors were found pro-
tective in several PD models [44-46] including MPP*-induced
Parkinsonism [47]. The only selective compound thus far reported
in PD studies was the class IIb HDAC6 inhibitor tubacin, which at
>2 wM decreased viability of lactacystin-treated rat neurons [48]
or MPP*-treated PC12 cells over-expressing mutant a-synuclein

[49]. This in vitro HDAC6 inhibition toxicity was associated with
increased a-synuclein due to impaired protein degradation [48,49],
but nevertheless contrasts with in vivo reports that HDAC6 inhi-
bition was beneficial in models of amyotrophic lateral sclerosis
[19], Alzheimer’s [20] and Charcot-Marie-Tooth disease [21].
Also, although selective inhibition of the class I HDAC1 remains
unreported for PD models, it was found neuroprotective against
ischaemic, excitotoxic and/or inflammatory injury [17,18]. Thus,
further testing is warranted to ascertain the effects of HDAC6 and
HDACT1 inhibition in PD models, which together with the increas-
ing use of zebrafish for drug testing justifies the study of zebrafish
Hdac1 and Hdac6.

Zebrafish Hdac1 was reported necessary for neurogenesis, [50],
haematopoiesis [51], melanocyte differentiation [52], and for heart,
pancreas, liver, retina, craniofacial cartilage and pectoral fin devel-
opment [53,54]. In turn, zebrafish Hdac6 was reported necessary
for angiogenesis [55] and myogenic cell differentiation [56]. While
zebrafish Hdac1 exhibits all key domains of the human isoform,
zebrafish Hdac6 lacks some key human features such as NES
or NLS sequences and the SE14 domain, the latter present only
in primates [57] and associated with stable cytoplasmic reten-
tion [24]. The presence of a dynein-binding domain in zebrafish
Hdac6 remains uncertain, as we found no homology at the inter-
deacetylase domain region reported to mediate dynein binding in
human HDACG6 [27]. Still, increased tubulin acetylation with TBA
supports the cytoplasmic location of zebrafish Hdac6.

Studies with isolated human enzymes report that TBA presents
an ICsg of 15nM for HDAC6 and over 1000-fold higher for other
isoforms, except HDAC8 which is 60-fold higher [58]; and that MS-
275 presents an IC5g of 0.3 wM for HDAC1 and 8 uM for HDAC3
[59]. Assuming similar IC5q values in zebrafish, the 1 wM concen-
trations of TBA and MS-275 used in this study are expected to
inhibit zebrafish Hdac6 and Hdac1, respectively, without signifi-
cantly affecting other HDAC isoforms. As far as we could find in
the literature, however, there are no previous studies addressing
the specificity of HDAC inhibitors against proteins from teleosts
such as zebrafish, and thus we cannot exclude the possibility of off-
target effects. Still, the high sequence identity between zebrafish
and mammalian HDAC1 and HDACS, together with the differential
increases in substrate acetylation after MS-275 or TBA treatment
(MS-275 increased histone acetylation, whereas TBA increased
tubulin acetylation) supports their selectivity, and evidences the
feasibility of the in vivo pharmacological targeting of Hdac1l and
Hdac6 in zebrafish.

4.3. Effects of HDAC inhibitors on the PD model and spontaneous
behaviour

Co-treatment with either the HDACT1 inhibitor MS-275 or the
HDAC®6 inhibitor TBA prevented the decrease in diencephalic TH
and in whole-zebrafish metabolism evoked by MPP*, suggesting
protective effects in this in vivo PD model. Further protective effects
of TBA treatment were observed against the head reflex impair-
ment induced by MPP*. The tail reflex was less severely affected
by MPP*, and rescued neither by TBA nor by MS-275. Mechanisti-
cally, a dopaminergic toxin such as MPP* might impair both head
and tail touch responses since, in zebrafish, both signals are con-
veyed to hindbrain Mauthner neurons, which have arich excitatory
dopaminergic innervation promoting the escape response [60,61].
However, as the head touch also includes visual stimuli modulating
the escape response through hypothalamic dopaminergic neurons
[62], MPP*-induced dopaminergic degeneration has higher proba-
bility of impairing the head touch response. HDAC6 inhibition with
TBA may ameliorate the head-touch response through the expres-
sion of anti-oxidative genes [63], which could protect against the
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reactive oxygen species generated by complex I inhibition with
MPP* [31].

Treatment with TBA alone increased the number of complete
circles performed around the wells during spontaneous zebrafish
locomotion; whereas treatment with MS-275 alone increased the
time that zebrafish spent moving in centre. The increased circles
with TBA alone is consistent with the finding that mice treated with
HDACS6 inhibitors show increased exploratory behaviour, associ-
ated with increased a-tubulin acetylation [64]; TBA alone also
increased a-tubulin acetylation in zebrafish, but this was not sig-
nificant when TBA was combined with MPP*, which may partly
account for the inability of TBA treatment to rescue the MPP*-
induced impairments in spontaneous locomotion. TBA alone also
increased diencephalic TH, which may increase dopamine levels,
thereby being consistent with increased circles for both TBA and
the dopaminergic agonist apomorphine. The increased movement
in centre with MS-275 alone indicates reduced edge preference,
suggesting an anxiolytic effect for HDAC1 inhibition in zebrafish.
Indeed, previous studies showing reduced edge preference in 5dpf
zebrafish treated with the anxiolytic diazepam [65] support the
existence of anxiety-like behaviours in our study at the same
developmental stage. Mechanistically, MS-275 can increase GABA4
receptor subunit gene expression in mice [66], and the resulting
enhancement in GABAergic signalling is predicted to reduce anxi-
ety. On the other hand, GABAergic neuronal loss was reported in
MPTP-treated zebrafish and appears to be a downstream effect
of reduced dopamine signalling [38], which is consistent with the
failure of MS-275 to increase time in centre when combined with
MPP*.

5. Conclusions

This study extends the knowledge on the behavioural and
metabolic phenotypes of the zebrafish MPP* model of PD, and evi-
dences the feasibility of pharmacologically targeting the HDAC1
and HDACG6 isoforms of this organism. While treatment with HDAC1
or HDACG inhibitors seems capable of rescuing the reduction in TH
immunofluorescence and resazurin metabolism evoked by MPP*,
the absence of improvement in neuronal-circuit dependent loco-
motion suggests that monotherapy with these inhibitors is unlikely
to provide strong benefits in PD. Still, as the MPP* model only par-
tially recapitulates PD pathogenesis, further studies in genetically
induced PD models are required to fully elucidate the therapeu-
tic potential of HDAC1 or HDAC6 inhibition in PD context. This
study highlights the relevance of assessing neuronal-circuit depen-
dent parameters in zebrafish, as a valuable complement to studies
suggesting protection in cellular models. Moreover, the character-
ization of the in vivo effects of MS-275 and TBA in zebrafish should
assist future studies evaluating the therapeutic potential of HDAC
inhibitors in other diseases modelled in this organism.
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