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Abstract

Objectives: The posterior lateral line (PLL) system
in zebrafish has recently become a model for inves-
tigating tissue morphogenesis. PLL primordium
periodically deposits neuromasts as it migrates
along the horizontal myoseptum from head to tail
of the embryonic fish, and this migration requires
activity of various molecular mechanisms. Histone
deacetylases (HDACs) have been implicated in
numerous biological processes of development, by
regulating gene transcription, but their roles in reg-
ulating PLL during embryonic development have
up to now remained unexplored.

Material and methods: In this study, we used
HDAC inhibitors to investigate the role of HDACs
in early development of the zebrafish PLL sensory
system. We further investigated development of the
PLL by cell-specific immunostaining and in sifu
hybridization.

Results: Our analysis showed that HDACs were
involved in zebrafish PLL development as pharma-
cological inhibition of HDACs resulted in its defec-
tive formation. We observed that migration of PLL
primordium was altered and accompanied by dis-
rupted development of PLL neuromasts in HDAC
inhibitor-treated embryos. In these, positions of
PLL neuromasts were affected. In particular, the
first PLL neuromast was displaced posteriorly in a
treatment dose-dependent manner. Primordium cell
proliferation was reduced upon HDAC inhibition.
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Finally, we showed that inhibition of HDAC func-
tion reduced numbers of hair cells in PLL neuro-
masts of HDAC inhibitor-treated embryos.
Conclusion: Here, we have revealed a novel role
for HDACs in orchestrating PLL morphogenesis.
Our results suggest that HDAC activity is neces-
sary for control of cell proliferation and migration
of PLL primordium and hair cell differentiation
during early stages of PLL development in zebra-
fish.

Introduction

The lateral line is a mechanosensory organ in zebrafish
that detects directional water flow. This helps fish avoid
obstacles and predators, and also facilitates prey capture
(1). The lateral line system is comprised of a set of
sense organs, called neuromasts, located on the surface
of the head (anterior lateral line) and the body (posterior
lateral line, PLL) in species-specific patterns. The PLL
system is generated by a sensory primordium, comprised
of around 100 cells, found along the horizontal myosep-
tum from head to tip of the tail. During its embryologi-
cal journey, the primordium deposits five or six
regularly spaced neuromasts and two or three terminal
neuromasts at the tail-tip at 48 hours post-fertilization
(hpf) (Fig. 1a) (2,3). Early studies have elucidated com-
plex signalling pathways that regulate primordium
migration. Fibroblast growth factor (Fgf) signalling is
active in the trailing primordium and regulates several
aspects of lateral line morphogenesis. In the leading
region, the Wnt/B-catenin pathway is active and is
responsible for inducing and restricting Fgf signalling to
the trailing zone, which in turn restricts Wnt/p-catenin
signalling to the leading edge (LE) of the migrating pri-
mordium. The Wnt/B-catenin pathway not only induces
proneuromast formation by facilitating interaction with
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Figure 1. Effects of histone deacetylases
(HDAC) inhibitors on the migration of pos-
terior lateral line (PLL) primordium. (a) A
schematic drawing of the PLL along the hori-
zontal myoseptum at 48 hours post-fertiliza-
tion (hpf). (b) The effect of HDAC inhibitors
on PLL primordium migration was assessed
by DAPI staining in 32 hpf wild-type
embryos. (c) Different doses of valproic acid
(VPA) were added to embryos from 6 to
72 hpf. Number of PLL neuromasts assessed
using DAPI staining in wild-type embryos at
72 hpf. n, total number of embryos. (d) The
process of primordium migration was signifi-
cantly delayed in transgenic line (Brn3c:
mGFP) embryos by HDAC inhibitor treat-
ment from 6 to 48 hpf. The positions of the
neuromasts are indicated by arrows. (e) The
deposition process of the first five PLL neuro-
masts (L1-L5). The percentages of wild-type
embryos developing the corresponding neuro-
masts are shown with black squares (Control),
red dots (DMSO), purple diamonds (0.2 um
trichostatin  A) and blue triangles (50 pum
VPA).
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activity of Fgf signalling, but also controls primordium
migration by regulating cxcrdb and cxcr7b proteins
required for normal migration of PLL primordium (4-8).
Recently, several genes have been shown to be
expressed in the migrating PLL primordium cell popula-
tion, including kalla, lymphoid enhancer factor 1 and
ladybird homeobox homologous gene 2 responsible for
PLL formation during embryonic development (9,10).
However, there is currently little understanding regard-
ing effects of epigenetic mechanisms on migration of
PLL primordium and periodic deposition of neuromasts
during lateral line morphogenesis.

Epigenetic mechanisms such as DNA methylation,
histone post-translational modification and non-coding
RNA-mediated post-translational regulation have been
shown to play roles in development and fate of cells.
Histone modification is a key mechanism of eukaryotic
gene transcriptional regulation due to its ability to post-
translationally modify N-terminal tails of core histones
(11,12). Acetylation and deacetylation of histones are
the most widespread histone modifications and are cru-
cial in modulating chromatin structure and transcrip-
tional activity (13). Histone acetylation is usually
associated with transcriptional activation and leads to
diminished chromatin compaction by relaxing DNA
coiling from histone cores and increasing accessibility of
transcription factors to interact with regulatory regions.
Conversely, histone deacetylation is associated with
transcriptional repression (13,14). Histone acetylation
and deacetylation are governed by opposing effects of
two classes of enzyme, histone acetyltransferases and
histone deacetylases (HDACsS) that acetylate and deacet-
ylate specific lysines in tail residues of histones, respec-
tively (15).

The HDAC family is subdivided into four major
classes: Class I (HDACI1, -2, -3, and -8), Class II
(HDACH4, -5, -6, -7, -9, and -10), Class III (Sir2 family
of NAD"-dependent enzymes), and Class IV (HDACI11).
Each class is essential for multiple biological processes
(16,17). HDAC inhibition has been shown to promote
hyperacetylation of nucleosomal histones, and this
appears to be an important mechanism that regulates
gene expression and many aspects of cell behaviour,
including proliferation, apoptosis, differentiation and
migration (18-22). Several studies have suggested that
HDAC:Ss are critically involved in regulation of develop-
mental processes including neurogenesis, liver and exo-
crine pancreas development, and heart valve formation
in zebrafish embryos (23-25). HDAC activity has spe-
cific functions in neural progenitor differentiation. For
example, HDACI is required for transformation of neu-
ral stem cells into mature neurons and glia during devel-
opment of the central nervous system in zebrafish and in
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mice (25-28). Conditional deletion of both HDAC1 and
HDAC?2 in mouse neuronal precursors results in severe
brain abnormalities (28). In addition, some reports indi-
cate that HDAC inhibitors prevent maturation of oligo-
dendrocytes from progenitor cells and suggest that
histone deacetylation is a critical component in oligo-
dendrocyte differentiation (29-31).

Compared to significant progress that has been made
in the study of epigenetics in many biological processes,
little research has focused on epigenetics in hearing
research. Epigenetics, however, plays an essential role in
hearing-related processes (32). A role of HDACsS in reg-
ulation of cell proliferation and differentiation in regen-
erating sensory epithelia from the avian utricle has been
reported (33). It has been shown that histone deacetyla-
tion is a positive regulator of regenerative proliferation,
and inhibition of HDACSs is sufficient to prevent entry
into the cell cycle of supporting cells. Furthermore,
HDAC inhibition does not affect hair cell differentiation
during the regenerative process. However, there is little
understanding concerning whether or how HDAC activ-
ity is connected to production of hair cells in the devel-
opment process.

The zebrafish is an excellent model for studying hair
cell differentiation. The study described here represents
an important step in validating use of zebrafish PLL as
a powerful model system for studying effects of HDACs
on PLL formation and for studying hair cell differenti-
ation. We show that inhibition of HDAC activity by
valproic acid (VPA) or trichostatin A (TSA) not only
impairs migration of PLL primordium but also interferes
with the position of neuromasts. We also demonstrate
that treatment with HDAC inhibitors dramatically
reduces cell proliferation in the migrating primordium.
Finally, we show that HDAC inhibition reduces num-
bers of hair cells in the neuromast during PLL develop-
ment. On the basis of these observations, we conclude
that HDAC activity is necessary for control of prolifera-
tion and migration of PLL primordium during develop-
ment, ongoing deposition of neuromasts and hair cell
differentiation.

Materials and methods

Zebrafish strains and maintenance

Fish and embryos were maintained in our facility
according to standard procedures. Brn3c:mGFP trans-
genic line was obtained from Zhengyi Chen, our collab-
orator at Harvard University, and all other embryos
were obtained from natural spawning of wild-type
adults. Zebrafish were staged according to the method
of Kimmel ef al. (34) and raised at 28.5 °C in Petri
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dishes. Ages of embryos and larvae are described as
hpf.

Pharmacological treatments

Valproic acid (2-propyl-pentanoic acid) and TSA were
dissolved as stock concentrations of 200 mm and
500 pmM, respectively, then diluted to the indicated con-
centrations in culture medium. Embryos were soaked in
VPA- or TSA- containing culture medium until an
appropriate stage. VPA and TSA were obtained from
Sigma-Aldrich (Buchs, Switzerland).

FM1-43FX labelling of lateral line HCs

For staining of functional hair cells within neuromasts, a
mechanotransduction marker was applied by exposing
live 3-day post-fertilization (dpf) larvae to 3 pm FMI1-
43FX (Invitrogen; F-35355) for 45 s under darkened
conditions. After quickly rinsing three times in culture
medium, larvae were anesthetized and killed in MS-222
(Sigma-Aldrich) then fixed in 4% paraformaldehyde
(PFA) for subsequent analysis.

Cell proliferation and analysis

For analysis of S-phase cells in migrating primordia,
embryos were manually dechorionated and transferred
into 10 mM 5-bromo-2-deoxyuridine (BrdU; Sigma-
Aldrich) for 1 h at 28.5 °C. BrdU incorporation was
detected by immunocytochemistry. Larvae were anesthe-
tized and killed in MS-222 (Sigma-Aldrich) then and
fixed in 4% PFA for 2 h at room temperature (RT).
Fixed larvae were washed three times in PBS in 0.5%
Triton X-100 (PBT-2) and placed into 2N HCI for 0.5 h
at 37 °C. They were then washed again in PBT-2, and
non-specific binding was blocked with 10% normal goat
serum for 1 h at RT followed by incubation in mouse
monoclonal BrdU antibody (1:200; Cat. no. sc-32323;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) over-
night at 4 °C. The next day, larvae were washed three
times in PBT-2 and incubated in secondary antibody for
1 h at 37 °C. BrdU labelling index was calculated as
ratio of BrdU-labelled nuclei to total DAPI-stained
nuclei.

Immunohistochemistry

Embryos fixed in 4% PFA were rinsed three times in
PBS and permeabilized with PBT-2 for 30 min. They
were then blocked in 10% normal goat serum for 1 h
and incubated in primary antibodies overnight at 4 °C.
The following primary antibodies were used: anti-
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acetylated histone H4 (1:400); anti-acetylated histone
H3 (1:400); and anti-cleaved caspase-3 (1:200).
Embryos were washed three times in PBS and incubated
in secondary antibodies to detect location of primaries.
Nuclei were labelled with DAPI for 20 min at RT.

Western blotting

Total protein was isolated from embryos at 72 hpf (per
sample) using AllPrep DNA/RNA/Protein Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Protein concentrations were mea-
sured using BCA protein kit, and samples of 50 pg each
were separated by SDS-PAGE on 12% gels. After elec-
trophoresis, proteins were transferred to PVDF mem-
branes (Immobilon-P; Millipore, Bedford, MA, USA)
blocked with 5% non-fat dried milk in TBST (50 mm
Tris-HC1 (pH 7.4), 150 mm NaCl, 0.1% Tween-20) for
1 h at RT. After washing, primary rabbit anti-acetyl H3
(1:1000), rabbit anti-acetyl H4 (1:1000), rabbit anti-
histone H3 (1:1000), and rabbit anti-histone H4 (1:1000)
antibodies were added to blocking buffer overnight at
4 °C. Membranes were washed three times (10 min
each) in TBST. Antibodies to acetyl H3 and acetyl H4
histones were purchased from Upstate Biotechnology
(Upstate Biotechnologies Inc., Lake Placid, NY, USA)
and total H3 and H4 histones were obtained from Cell
Signaling Technology Inc. (Danvers, MA, USA).

Whole-mount in situ hybridization

The probe for cxcr7b was amplified from cDNA from
32 hpf embryos and subcloned into pGEMTeasy vector
(cat. no. A1360; Promega Corporation, Madison, WI,
USA). Forward and reverse primers were 5'-GTTGAC-
CAGGAACGTCGAAT-3' and 5-AATATCCCCCTCC-
GTTTCAC-3". The probe was transcribed in vitro using
SP6 RNA polymerase (cat. no. P1460; Promega) and
prepared with a digoxigenin labelling kit. Whole-mount
RNA in situ hybridization was performed following
standard procedures. Briefly, embryos were depigmented
with 1-phenyl-2-thiourea (cat. no. P7629; PTU, Sigma-
Aldrich), euthanized in MS-222, and fixed overnight
in 4% PFA at 4 °C. Fixed embryos were washed in
PBS with 0.1% Tween-20 (PBST) and placed in 100%
methanol at —20 °C to dehydrate. Prior to use, they
were rehydrated in series of graded methanols and
washed three times for 5 min in PBST. To permeabilize
the embryos, proteinase K (15 pg/ml in PBST) was
added for 30 min and the embryos were re-fixed in 4%
PFA for 20 min. After washing in PBST, embryos were
prehybridized at 65 °C for >2 h in hybridization buffer
[50% formamide (Fluka, Buchs, Switzerland), 5x SSC,
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0.1% Tween-20, and 1 M citric acid]. For hybridization,
labelled probes were added to the hybridization buffer
(1:20) at 65 °C overnight. After washing for 10 min in
75%, 50%, and 25% HB, 2x SSC and for 30 min twice
in 0.2x SSC at 65 °C, embryos were rinsed with 75%,
50%, and 25% 0.2x SSC and PBST for 5 min. They
were then blocked for at least 2 h at 4 °C in blocking
buffer (5% sheep serum in 2 mg/ml bovine serum
albumin in PBST) and were incubated with preab-
sorbed sheep anti-digoxigenin-AP Fab fragments
(cat. no. 11093274910; Roche Diagnostics, Indianapolis,
IN, USA) at a 1:2000 dilution in blocking buffer over-
night at 4 °C. The next day, embryos were washed
8 x 15 min in 2 mg/ml bovine serum albumin in PBST
and 3 x 5 min in staining buffer (100 mm Tris (pH
9.5), 50 mm MgCl,, 100 mm NaCl, and 0.1% Tween-
20). Afterwards, they were stained in NBT/BCIP stain-
ing solution (cat. no. 11681451001; Roche) in the dark
for 30-60 min at RT. Finally, the colour reaction was
stopped by adding PBST and embryos were observed
using a bright field microscope (Leica, Heerbrugg,
Switzerland).

Statistical analysis

Comparisons between HDAC treatments and controls
were analysed using Student’s #-test with Spss version
19.0 (SPSS Inc., Chicago, IL, USA). Multiple samples
were statistically analysed for significance using one-
way analysis of variances (one-way ANOVA). Results
were expressed as mean £ SE (standard error). P-values
less than 0.05 were considered to be statistically signifi-
cant.

Results

Defective formation of zebrafish PLL

To study the function of HDACs in early zebrafish
development, embryos were treated with HDAC inhibi-
tor VPA, a potent compound that preferentially inhibits
Class I HDACs. Concentration of VPA used in our
experiments was determined empirically to produce visi-
ble phenotypes and concentrations of 50, 100, 150 and
200 pM administered from 6 to 72 hpf resulted in mor-
phologically different ones (Fig. S1). General develop-
ment of embryos treated with 50 um VPA appeared
similar to control embryos with no apparent develop-
mental anomalies nor retardation. As VPA concentration
increased, a curved body phenotype became more obvi-
ous and this was associated with lower survival and
hatching rates. In embryos treated with 100 and 150 pum
VPA, hatching rates were in the order of 65.9%
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(n = 120) and 16.2% (n = 120) at 72 hpf, respectively,
compared to nearly 100% in controls and 93.2%
(n = 120) in embryos treated with 50 um VPA. More-
over, at 150 um VPA, 50.5% hatched embryos had
curved bodies. At 200 um, VPA treatment was lethal
and induced severe morphological deformation including
pericardiac oedema and curved tails (Fig. S1). These
embryos did not reach the age of 120 hpf regardless of
being hatched or not. Thus, we used VPA concentration
of 50 pm in most following our experiments.

To determine whether HDAC activity is required for
organogenesis of the PLL, we treated the embryos with
VPA and investigated its effect on PLL development by
DAPI staining. As shown in Fig. 1b, VPA treatment
reduced numbers of PLL neuromasts at 32 hpf in con-
trast to normal PLL pattern of control embryos. Similar
results were obtained from embryos treated with TSA,
the further HDAC inhibitor (Fig. 1b). In 72 hpf control
embryos, average number of PLL neuromasts per side
was 8.34 £ 1.01 (n = 92). However, for embryos trea-
ted with VPA at 50, 100 and 150 pm from 6 to 72 hpf,
average number of PLL neuromasts was 5.1 4+ 0.12
(n =80; P <0.001 versus control), 3.95 + 0.16 (n =
80; P < 0.001 versus control) and 2.58 £ 0.14 (n = 80;
P <0.001 versus control), respectively (Fig. Ic). We
used Tg(Brn3c:mGFP) line that expresses GFP in
hair cells of PLL neuromasts, to examine formation of
PLL neuromasts during migration of the primordium
(35). Tg(Brn3c:mGFP) transgenic zebrafish embryos
were treated with HDAC inhibitors starting from 6 hpf.
As shown in Fig. 1d, HDAC inhibitor treatment reduced
numbers of GFP-positive PLL neuromasts at 48 hpf in
contrast to normal PLL pattern of control embryos. Sim-
ilar results were also obtained from embryos treated
with TSA.

To monitor deposition of PLL neuromasts, embryos
were treated with VPA (50 pum) or TSA (0.2 pum) from
6 hpf and numbers of DAPI-labelled neuromasts spaced
along the body axis were recorded starting from 24 hpf
(Fig. le). No deposited neuromasts were observed in
32 hpf VPA-treated embryos, in clear contrast to appear-
ance of first (L1) and second (L2) neuromasts in
untreated embryos of the same age. At 48 hpf, most
control embryos had completed PLL development with
deposition of 7-9 neuromasts, but only 27.5% (11/40)
VPA-treated embryos had deposited L1 and L2 neuro-
masts. At 72 hpf, in the order of 87.5% (35/40) VPA-
treated embryos had deposited L5 neuromast (Fig. le).
If VPA treatment continued to 5 dpf, PLL primordium
was able to finish its migration and deposit the terminal
neuromasts at the tip of the tail (Fig. S2). The effect of
VPA on PLL morphogenesis was also confirmed by
expression of cxcr7b, present in the trailing region (TR)
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(a) (d)

L2 Priml

Figure 2. Expression of cxcr7b in the
developing posterior lateral line (PLL) with
whole-mount in situ hybridization in 32

and 48 hours post-fertilization  (hpf)
embryos. In 32 hpf control embryos, cxcr7b
expression was present in the trailing half of
the migrating primordium and in freshly
deposited neuromasts L1 and L2 (arrows). As
a comparison, cxcr7b expression was only
detected in the region of the primordia in

0.2 pv  trichostatin® A (TSA)-treated and
50 um valproic acid (VPA)-treated embryos
(arrows). In 48 hpf control embryos, cxcr7b
expression was present in all L1-L5 neuro-
masts along the trunk (arrows). Meanwhile,
the 0.2 um TSA-treated and 50 pm VPA-trea-
ted embryos showed fewer neuromasts as
indicated by the expression of cxcr7b. The

32 hpf

48 hpf

neuromasts are numbered and the primordia
are marked with ‘Priml’.

Table 1. Time dependence of HDAC inhibitor effects on PLL neuromast formation in Tg(Brn3c:mGFP) zebrafish embryos. GFP-positive neuro-
masts can readily be observed at 3 dpf in the Tg(Brn3c:mGFP) line. For short-term treatments, VPA (50 pm) or TSA (0.2 um) was removed after 6
or 8 h of treatment and embryos were grown in normal culture medium up to 3 dpf.

Treatment start time (hpf) ~ Treatment end time (hpf)  TSA 0.2 um VPAS0 pm
Number of ~ Number of neuromasts ~ Number of embryos ~ Number of neuromasts
embryos

6 14 100 7.21 £+ 0.108 110 7.59 + 0.087

14 20 112 8.05 £+ 0.074 110 8.14 £+ 0.079

20 72 100 5.79 £+ 0.092 100 6.15 £+ 0.083

6 72 100 4.68 + 0.101 90 5.14 £ 0.112

Control 72 90 8.22 £ 0.075 92 8.34 £+ 0.105

HDAC, histone deacetylases; PLL, posterior lateral line; VPA, valproic acid; TSA, trichostatin A; hpf, hours post-fertilization.

of migrating primordium and freshly deposited neuro-
masts (Fig. 2) (7). In embryos treated with 0.2 um TSA,
PLL primordium migration was also impaired with
delayed cxcr7b expression, and only 7.5% (3/40) of
embryos had an L1 neuromast at 32 hpf, and only 65%
(26/40) had L1, L2, and L3 neuromasts at 48 hpf. These
results indicate that the process of PLL primordium
migration can be significantly altered with low concen-
trations of HDAC inhibitors but cannot be permanently
blocked. Taken together, these observations suggest that
HDACs were required for migration of PLL primor-
dium.

Development of zebrafish PLL can be divided into
two stages. During the early stage (less than 20 hpf),
initial primordium cells are developed. During the later
stage (from 20 to 48 hpf), previously formed sensory
primordium travels along the horizontal myoseptum

© 2013 John Wiley & Sons Ltd

from the head to the tip of the tail. To determine spe-
cific function of HDACs over different periods of devel-
opment, we treated Tg(Brn3c:mGFP) transgenic fish
with HDAC inhibitors at various times and analysed
development of neuromasts at 72 hpf (Table 1). There
was reduction in numbers of neuromasts deposited fol-
lowing inhibitor treatment from 6 to 14 hpf, but the
effect was only moderate compared to samples with
continuous treatment (VPA-treated fish from 6 to 14 hpf
had 7.59 £ 0.087 neuromasts per side, n = 110, versus
72 hpf control fish had 8.34 £ 0.105 neuromasts per
side, n=92; P <0.00l. VPA treatment from 6 to
14 hpf versus VPA-treated fish from 6 to 72 hpf had
5.14 £ 0.112 neuromasts per side, n = 90; P < 0.001.
TSA-treated fish from 6 to 14 hpf had 7.21 £ 0.108
neuromasts per side, n = 100, versus 72 hpf control fish
had 8.22 4+ 0.075 neuromasts per side, n = 90;
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P <0.001. TSA treatment from 6 to 14 hpf versus
TSA-treated fish from 6 to 72 hpf had 4.68 £ 0.101
neuromasts per side, n = 100; P < 0.001). However, if
HDAC inhibitor treatment was applied from 14 to
20 hpf, PLL neuromasts appeared at the normal devel-
opmental time (VPA-treated fish from 14 to 20 hpf had
8.14 £+ 0.079 neuromasts per side, n = 110 versus
72 hpf control fish; P = 0.237. TSA-treated fish from
14 to 20 hpf had 8.05 £ 0.074 neuromasts per side,
n =112 versus 72 hpf control fish; P = 0.067). This
observation suggests that the period from 6 to 14 hpf
was an important stage for formation of the initial pri-
mordium. When inhibitors were present from 20 to
72 hpf, we also observed fewer neuromasts in the Tg
(Brn3¢:mGFP) transgenic fish indicating that HDACs
had an effect on migration of PLL primordium (VPA-
treated fish from 20 to 72 hpf had 6.15 + 0.083 neuro-
masts per side, n = 100 versus 72 hpf control fish;
P <0.001. TSA-treated fish from 20 to 72 hpf had
5.79 £ 0.092 neuromasts per side, n = 100 versus
72 hpf control fish; p < 0.001).

To further determine the basis for PLL defects
observed in embryos treated with HDAC inhibitors,
functional (mechanotransductively active) hair cells were
stained with vital dye FM1-43FX (Fig. S3) (36). VPA
treatment from 6 hpf or 14 to 72 hpf led to a delay in
functional PLL neuromast formation with fewer stained
neuromasts appearing at 72 hpf compared to control
embryos. Average number of FM1-43FX-stained PLL
neuromasts in control embryos was 7.93 £+ 0.077 per
side (n = 86). In contrast, average number of functional
neuromasts was reduced to 3.79 + 0.136 (n = 82)
(P < 0.001 versus control) and 4.74 + 0.124 (n = 98)
(P < 0.001 versus control) when VPA was present from
6 to 72 hpf or from 14 to 72 hpf, respectively. For treat-
ment from 14 to 72 hpf, we also observed a moderate
effect on functional neuromast development compared
to embryos with VPA treatment from 6 to 72 hpf
(P < 0.001). This observation further suggests that the
time from 6 to 14 hpf is an important period for devel-
opment of the functional PLL neuromast. Similar results
were also observed in samples treated with 0.2 um TSA
where the average number of stained neuromasts was
3.12 +£ 0.152 (n =52) (P <0.001 versus control) and
4.63 + 0.118 (n = 82) (P < 0.001 versus control) when
TSA was present from 6 to 72 hpf or from 14 to
72 hpf, respectively (TSA treatment from 6 to 72 hpf
versus TSA treatment from 14 to 72 hpf, P < 0.001).

To confirm that the PLL defect seen in VPA- and
TSA-treated embryos was caused by inhibition of
HDACS, changes in acetylation of histone H3 and H4
proteins were analysed by immunocytochemistry and
western blotting. As shown in Fig. S4, VPA and TSA
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treatment induced increase in levels of both acetyl H3
and acetyl H4. These results indicated that TSA and
VPA might affect PLL formation by inhibiting normal
activity of HDAC:s.

Abnormal pattern of PLL neuromast deposition

To examine effects of HDAC inhibition on spatial distri-
bution of PLL neuromasts, we analysed average posi-
tions of the first four neuromasts. In embryos treated
with 50 pm VPA, spatial distribution of neuromasts
within the PLL organ was clearly altered compared to
untreated control embryos at 48 hpf (Fig. 3). In particu-
lar, position of the first PLL neuromast (L1) in VPA-
treated larvae was displaced significantly posteriorly
(Fig. 3a—c). The effect of VPA on position of L1 neuro-
mast also was dose dependent (Fig. 3d). Average posi-
tion of L1 neuromast in control embryos was
5.23 + 0.1 somites (n = 70). In contrast, at VPA con-
centrations of 50, 100 and 150 pMm, average positions of
L1 neuromasts were 9.36 + 0.34 (n = 70), 11.1 + 0.21
(n =102), and 11.4 £ 0.19 (n = 102) somites, respec-
tively (Fig. 3d). Similar results were also observed in
embryos treated with 0.2 pm TSA in which the L1 posi-
tion was displaced posteriorly to 8.7 £ 0.25 somites
(n =70) (P < 0.001 versus control) (Fig. 3a—c).

Reduced proliferation in migrating primordium

Cell proliferation is crucial for formation of a complete
and normal PLL system. To determine whether modula-
tion of HDAC activity could regulate cell proliferation
in migrating primordia, we measured ratios between
BrdU-positive cells and total nuclei in migrating primor-
dia at various developmental stages. Figure 4 illustrates
that VPA-treated primordia had significantly lower BrdU
index compared to control primordia (Fig. 4a,b; at the
developmental stage before deposition of any PLL neu-
romasts, BrdU index for control primordia was
0.43 £ 0.025, n = 10, and BrdU index for VPA-treated
primordia was 0.17 4+ 0.016, n = 10; P < 0.001). Simi-
lar results were also observed in embryos treated with
TSA (Fig. 4a,b; at the developmental stage before depo-
sition of any neuromasts, BrdU index for control pri-
mordia was 0.42 + 0.025, n = 10, and BrdU index for
TSA-treated primordia at the same stage was
0.18 +£ 0.02, n = 10; P < 0.001). We further examined
BrdU incorporation index in both LE and TR cells. LE/
TR BrdU index was calculated as ratio of BrdU incorpo-
ration index in LE to TR in control and HDAC inhibi-
tor-treated primordia. Our results showed that there was
no difference between leading/TRs in HDAC inhibitor-
treated and control embryos. At the developmental stage
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before deposition of any PLL neuromasts, LE/TR BrdU
index for VPA-treated primordia was 1.79 £ 0.17,
n = 10, compared to LE/TR BrdU index for control pri-
mordia of 1.88 £ 0.25, n =10 (P =0.734). LE/TR
BrdU index for TSA-treated primordia was 1.77 £ 0.29,
n = 10, compared to LE/TR BrdU index for control pri-
mordia of 1.98 + 0.14, n =10 (P = 0.212). We then
compared LE/TR BrdU index of the primordium at dif-
ferent developmental stages, including after deposition
of neuromasts L1, L2, L3 and L4, and found that LE/
TR BrdU index in treated and untreated samples did not
differ significantly.

Because initial primordium cells are crucial for forma-
tion of a complete and normal PLL, one possible explana-
tion for delay in neuromast development is that HDAC
inhibitors reduce initial cell numbers in the primordium.
To address this possibility, we counted DAPI-labelled
nuclei in primordia of both VPA-treated and control
embryos at the stage before deposition of the first PLL
neuromast (30 hpf for treated and 24 hpf for untreated
embryos). Our analysis revealed that there was no signifi-
cant difference in primordium cell counts (primordium
cell count in control embryos at 24 hpf was

© 2013 John Wiley & Sons Ltd

98.05 £ 1.13, n =20 and primordium cell count in
VPA-treated embryos at 30 hpf was 97.15 £ 1.79,
n =20; P =0.673). Similar results were also obtained
with TSA-treated embryos (primordium cell count in con-
trol embryos was 97.85 + 1.27, n = 20 and primordium
cell count in TSA-treated embryos was 96.9 + 1.15,
n =20; P =0.377). These results suggest that HDAC
inhibitors did not affect initial numbers of cells in the
early PLL primordium. However, during migration,
reduction in primordium cell numbers in embryos trea-
ted with HDAC inhibitors became more evident when
compared to controls (P < 0.05) (Fig. 4c). We also
measured cell numbers in the first few deposited neuro-
masts. Our results showed that neuromasts deposited
from treated primordia contained the same number of
cells as control neuromasts (Fig. 5).

We further tested whether cell death was responsible
for defective PLL neuromast formation. We detected
only limited apoptosis in both control and inhibitor-trea-
ted embryos, and this was confirmed by cleaved cas-
pase-3 immunolabelling (Fig. S5). Thus, cell death was
ruled out as a major cause of PLL defect in embryos
treated with HDAC inhibitors.
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Control
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Figure 4. Effect of histone deacetylases
(HDAC) inhibitors on cell proliferation. (a)
Cell proliferation analysis in control, trichos- (b)
tatin A (TSA)-treated, and valproic acid
(VPA)-treated embryos. After the BrdU pulse,

embryos were fixed before (LO; the first row)

and after deposition of neuromast L1 (the sec-

ond row), L2 (the third row), L3 (the fourth

row) or L4 (the fifth row). In these images,

nuclei are labelled with DAPI and red spots
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Fewer hair cells developed in the neuromast

To examine effects of HDAC inhibition on differentia-
tion of hair cells in the developing lateral line neuro-
mast, we treated the transgenic zebrafish embryos with
HDAC inhibitor at 6 hpf, fixed them at 72 hpf, and
measured numbers of hair cells in the neuromast by
FM1-43FX staining and GFP expression (Fig. 6). We
found that treatment with VPA resulted in reduction in
hair cells (Fig. 6; 72 hpf control fish had 4.47 + 0.13
FM1-43FX—stained hair cells in the L1 neuromast,
n =30 and 72 hpf VPA-treated fish had 2.67 4+ 0.18
FM1-43FX-stained cells in the L1 neuromast, n = 30;
P < 0.001. Seventy-two hours post-fertilization control
fish had 6.33 + 0.11 GFP-positive cells in the L1 neu-
romast, n =30 and 72 hpf VPA-treated fish had
4.0 £ 0.11 GFP-positive cells in the L1 neuromast,
n = 30; P <0.001). Similarly, treatment with TSA also
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caused reduction in hair cells (Fig. 6; 72 hpf control fish
had 4.6 + 0.15 FM1-43FX-stained hair cells in the L1
neuromast, n = 30, and 72 hpf TSA-treated fish had
2.23 + 0.09 FM1-43FX—stained cells in the L1 neuro-
mast, n = 30; P < 0.001. Seventy-two hours post-fertil-
ization control fish had 6.23 + 0.21 GFP-positive cells
in the L1 neuromast, n = 30, and 72 hpf TSA-treated
fish had 4.17 £+ 0.07 GFP-positive cells in the L1 neu-
romast, n = 30; P < 0.001). Thus, HDAC inhibition
results in reduction in numbers of hair cells during ini-
tial differentiation processes.

Discussion

Histone deacetylases belong to a vast family of enzymes
that are known to have roles in numerous biological
processes during development. It has been demonstrated
that global deletion of Class I HDACs leads to early
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lethality in mice, suggesting that HDACs play a critical
role in control of gene expression programs (15). Early
studies have demonstrated that all Class I HDACs are
highly expressed in the developing brain, specially in
forebrain regions, during early embryogenesis in chick-
ens and mice. Robust Class I HDAC expression can
also be observed in optic and otic vesicles, nose pla-
codes, limb buds, neural crest cells, and developing
liver, lung and heart (37). Until now, however, the role
of HDACS in zebrafish PLL development had remained
unclear.

In this study, HDACs were pharmacologically inhib-
ited to investigate their effect on PLL development. A
significant reduction in numbers of DAPI, cxcr7b, GFP
and FM1-43FX-stained neuromasts was seen in treated
embryos. Our data showed that HDAC inhibitor treat-
ment resulted in defective formation of zebrafish PLL.
HDAC inhibition did not disturb migration of the pri-
mordium, but affected both differentiation and function-
ality of PLL neuromasts. It is imperative to note that the
overall number of cells in the primordium has an impact
on rate of primordium migration. Here, we have com-
pared total number of cells in primordia at different
developmental stages. We observed no evident differ-
ences in initial numbers of primordium cells in treated
and control embryos at a developmental stage just
before deposition of the L1 neuromast. However, after
migration starts, numbers of primordium cells in treated
embryos reduced significantly. One obvious interpreta-
tion of these results is that more cells were deposited
during primordium migration. We have addressed this
possibility by measuring cell number in the first few
deposited neuromasts. Our results indicate that control

© 2013 John Wiley & Sons Ltd
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and HDAC inhibitor-treated primordia deposit neuro-
masts that are not significantly different in cell number.
This observation suggests that reduction in primordium
cell numbers in treated embryos was not due to more
cells being dropped off.

Previous studies have shown that deposition of neu-
romasts is largely regulated by cell proliferation within
the migrating primordium (38—40). Here, we have analy-
sed proliferation of migrating primordium cells and
observed significantly fewer BrdU-stained cells in
HDAC inhibitor-treated embryos. This result is consis-
tent with previous studies showing that HDAC inhibitors
can hinder cell proliferation in both transformed and
normal cells (41-43). The lower cell number is largely
accounted for by reduced cell proliferation within
migrating primordia. In the proliferation study, it might
be informative to divide the primordium into LE and
trailing zone, but it is difficult to tell whether prolifera-
tion is different in these two functionally distinct com-
partments of the primordium. In our experiment, we
observed that that there was no difference between
changes in leading/TRs in both HDAC inhibitor-treated
and control embryos. This suggests that HDAC activity
was required for proliferation of both leading and TR
cells of the primordium. Studies by Aman et al. (38)
have demonstrated that Wnt/B-catenin and Fgf signalling
pathways act in concert to induce cell proliferation in
the primordium. The phenotype that results from inhibi-
tion of HDAC activity might be due to disruption of
signalling pathways. Future studies will aim to examine
the exact nature of how HDAC activity affects prolifera-
tion of the primordium and nature of the different under-
lying signalling pathways.
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One previous study has demonstrated that prolifera-
tion defects in the primordium lead to depletion of cells
in the leading zone and to collapse of the primordium
(40). In the present study, we did not observed any col-
lapse of the primordium in embryos treated with HDAC
inhibitors, at least not at the 50 pm dose used in most of
our experiments. Development of PLL primordium in
treated embryos can be completed by reaching the end
of the animal at around 5 dpf and depositing 2 or 3 ter-
minal neuromasts at the tip of the tail. This suggests that
reduction in number of deposited neuromasts in HDAC
inhibitor-treated embryos could result from reduction in

© 2013 John Wiley & Sons Ltd

rate of migration of the primordium. Furthermore, we
observed that HDAC inhibition induced displacement
of PLL neuromasts along the bodies of the embryos.
In particular, the first PLL neuromast (L1) was dis-
placed posteriorly in a dose-dependent manner. This
phenotype did not recover over time. We presently
have no interpretation for the abnormal somite
distribution of PLL neuromasts in the treated embryos.
We speculate, however, that these changes are possibly
the result of defects in cell proliferation or in
other molecular mechanisms associated with morpho-
genesis.
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To further clarify the specific effects of HDAC
inhibitors on different stages of PLL development, we
divided treatment time from 6 to 72 hpf into the subin-
tervals of 6-14, 14-20 and 20-72 hpf. It has previously
been shown that proliferation behaviour in lateral line
precursors mainly occurs between 6 and 10 hpf and pre-
cedes formation of the PLL placode (39). In our study,
transient VPA treatment from 6 to 14 hpf led to a delay
in PLL neuromast formation. It seems that HDACs are
probably required in specification of PLL primordium
before the PLL placode, from the underlying basement
membrane. We hypothesize, therefore, that the defect
observed in treated embryos from 6 to 14 hpf is possi-
bly due to an effect of HDAC inhibitors on proliferation
of primordium precursors. However, our data show that
there was no significant difference in initial primordium
cell counts. It seems that the migration defect in treat-
ment from 6 to 14 hpf is possibly the result of defects
in other molecular signalling mechanisms associated
with primordium morphogenesis. We also found that
HDAC activity was crucial during developmental stages
between 20 and 72 hpf. HDAC inhibitor treatment from
20 to 72 hpf reduced the number of neuromasts, and
this was associated with migration of the primordium.
Altogether, our results suggest that HDACs might have
effects on both development of primordium precursors
and migration of the primordium.

In an early study, Slattery et al. reported regulatory
effects of HDACs on regenerative proliferation and dif-
ferentiation in the avian utricle (33). Importantly, these
workers suggested that HDAC inhibition did not appear
to directly affect hair cell differentiation during the
regenerative process. However, there is little understand-
ing about whether or how HDAC activity is required for
production of hair cells during embryonic development.
In the present study, we found that pharmacological
inhibition of HDACs resulted in reduction in numbers
of hair cells in neuromasts during the initial differentia-
tion process. This suggests that HDAC activity is
required not only for migration and proliferation of the
PLL primordium but also for hair cell differentiation.

Several studies have demonstrated that Wnt/B-cate-
nin signalling controls proliferation of progenitors of the
PLL primordium leading zone and are critical for stable
morphogenesis of the lateral line (5,38,40,44). Wnt/f-
catenin signalling has been shown to play a role in regu-
lating migration of PLL primordia, proliferation of lat-
eral line progenitors during development, neuromast
formation and hair cell regeneration (38,45). HDACs
can participate in numerous developmental signalling
pathways, including Notch and Wnt, by interacting with
transcriptional repressors or activators to form transcrip-
tional complexes (25,46). An earlier study found that

© 2013 John Wiley & Sons Ltd

HDACI1 antagonized Wnt signalling to promote cell
cycle exit of retinoblasts (25). Anti-proliferative function
of HDAC in that study was unexpected as it was gener-
ally accepted that HDAC inhibitors efficiently suppress
cell proliferation in both transformed and normal cells
(41-43). Furthermore, HDACI-deficient mice have
severe proliferation defects (47). Yamaguchi et al. dem-
onstrated that hyperproliferation occurs exclusively in
the neural retina, but not in the brain, in the add mutants
that encode HDACT1. They explained that this result was
because the roles of HDACs are diverse among species
and cell types. In our study, we have no interpretation
for PLL neuromast developmental defects in HDAC
inhibitor-treated embryos. We speculate that these
changes are possibly the result of defects in cell prolifer-
ation or in other molecular mechanisms associated with
morphogenesis.

Given the importance of Wnt/B-catenin signalling in
control of proliferation at the leading zone of PLL pri-
mordia and its role in proliferation of lateral line progen-
itors during development, neuromast formation and hair
cell regeneration, we hypothesize that roles of HDACs
in PLL neuromast formation might depend on the Wnt
signalling pathway. Kim et al. have reported that HDAC
activity has an essential role in vertebrate heart tube for-
mation by activating Wnt/B-catenin signalling (24).
Here, we speculate that HDACs may play similar key
roles in controlling formation of PLL neuromasts in zebra-
fish by activating Wnt signalling. It would, therefore, be
interesting to look at expression of Wnt targets in the PLL
primordium following HDAC inhibition. Further investiga-
tions could also be directed towards identifying specific
genes as possible targets for HDAC inhibitor regulation.
This will be a future focus of our research and might pro-
vide better understanding of the link between epigenetic
regulation and zebrafish embryonic PLL development.

In this study, we demonstrate a functional role for
HDACS in zebrafish PLL development. We show that
HDACs are important for primordium migration and
neuromast development. Treatment with HDAC inhibi-
tors caused significant reduction in numbers of both pro-
liferating cells in the primordium and sensory hair cells
in the neuromast during PLL development. Further stud-
ies will aim to explore specific types of HDACs that
have effects on PLL development and will investigate
relationships between the signalling pathways (such as
Wnt/B-catenin signalling) and the role of HDACs in
primordium migration.
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Figure S1. Dose dependence of VPA’s effect on the

early development of zebrafish embryos.
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Figure S2. Imaging of PLL neuromast distribution
a Tg(Brn3c:mGFP) embryo treated with VPA at 5

dpf.

Figure S3. Time dependence of HDAC inhibitor

effects on PLL neuromast development.

Figure S4. Histone acetylation level.
Figure SS. Cleaved caspase-3 staining.
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