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Abstract

Using morphological, histological, and TEM analyses of the cranium, we provide a detailed
description of bone and suture growth in zebrafish. Based on expression patterns and locali-
zation, we identified osteoblasts at different degrees of maturation. Our data confirm that,
unlike in humans, zebrafish cranial sutures maintain lifelong patency to sustain skull growth.
The cranial vault develops in a coordinated manner resulting in a structure that protects the
brain. The zebrafish cranial roof parallels that of higher vertebrates and contains five major
bones: one pair of frontal bones, one pair of parietal bones, and the supraoccipital bone.
Parietal and frontal bones are formed by intramembranous ossification within a layer of mes-
enchyme positioned between the dermal mesenchyme and meninges surrounding the
brain. The supraoccipital bone has an endochondral origin. Cranial bones are separated by
connective tissue with a distinctive architecture of osteogenic cells and collagen fibrils. Here
we show RNA in situ hybridization for col1ala, col2ala, col10a1, bglap/osteocalcin, fgfria,
fgfr1b, fgfr2, fgfr3, foxq1, twist2, twist3, runx2a, runx2b, sp7/osterix, and spp1/ osteopontin,
indicating that the expression of genes involved in suture development in mammals is pre-
served in zebrafish. We also present methods for examining the cranium and its sutures,
which permit the study of the mechanisms involved in suture patency as well as their patho-
logical obliteration. The model we develop has implications for the study of human disorders,
including craniosynostosis, which affects 1 in 2,500 live births.

Introduction

The objective of this study is to further understand the zebrafish cranial vault and suture devel-
opment and their homeostasis in adult animals. This topic has only briefly been described in
previous work [1, 2].

The vertebrate head skeleton is a complex structure composed of the neurocranium (skull
base and vault) and viscerocranium (jaw and branchial arch derivatives), which originate from
the neural crest (NC) and mesodermal mesenchyme [3-7]. The skull vault, or roof of the neu-
rocranium, serves to protect the brain while concurrently permitting skull expansion during
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development. It is composed of two types of bilaterally developing bones: frontal and parietal.
These bones are formed in the process of intramembranous ossification, in which condensing
mesenchymal cells directly differentiate into the osteogenic linage. The fifth bone of the cranial
vault, the supraoccipital bone, is of endochondral origin and requires an intermediate cartilage
template. All cranial bones are formed between dermal mesenchyme and the meninges sur-
rounding the brain [3]. Fate mapping experiments have revealed that the mouse frontal bone
originates from NC lineage while the parietal bone develops from the mesoderm [6, 8]. The
zebrafish frontal bone has dual origin; its anterior part arises from the NC and its posterior
from the mesoderm. The cartilaginous epiphyseal bar underneath the frontal bones demar-
cates the border between the anterior and posterior segments [5]. The parietal bone originates
from the mesoderm in both zebrafish and mice. Cell lineage-tracing studies in mice suggest
that calvarial bones develop independently from the dermal mesenchyme, therefore the term
“membrane bones”, as opposed to the term “dermal bones”, has been proposed as being more
adequate [4].

Fibrous joints, called sutures or syndesmoses, separate the opposing edges of the cranial
bones [1, 9]. Sutures are identified with respect to their adjacent bones, i.e., the interfrontal
suture (metopic in humans) lies in between the frontal bones. The coronal suture separates the
frontal and parietal bones, the sagittal suture separate the parietal bones, and the lambdoid
sutures separate the occipital and parietal bones [10]. Because mutations in genes encoding
FGF receptors and transcription factors like Twistl and Msx2 cause premature suture oblitera-
tion and fusion of cranial bones, it is accepted that sutures serve both as growth and signaling
centers [11-15].

In mammals, the cranial sutures have an important role in skull functionality as they are
maintained patent long enough to sustain growth of cranial bones while being coordinated
with the overall growth of the neurocranium. Delayed ossification of the cranium results in
wide-open fontanels and suture agenesis, while the accelerated growth of cranial bones causes
suture obliteration and craniosynostosis disorders in humans [16]. Premature fusion of cranial
bones in humans occurs in approximately 1 in 2,500 live births [17, 18]. This restricts the
growing brain, which can lead to several health problems including increased intracranial
pressure and developmental impairments [19-22].

Organisms differ in the patency of cranial sutures. In zebrafish, all cranial sutures remain
patent throughout the organism’s life [2]. Only the posterior interfrontal suture undergoes
programmed fusion in the mouse [23]. In contrast in humans, with the exception of the meto-
pic suture, which fuses during the first two postnatal years, cranial sutures normally do not
fuse until the third or fourth decade of human life [24].

Several mechanisms involved in suture patency have been proposed, however, none of
them have been studied in zebrafish. Using the mouse model, it has been proposed that the
mechanism of suture patency relies on ossification fronts and sutural tissue being from differ-
ent cell lineages [3]. Premature bone fusion was observed as a result of the incorrect mixing of
cell populations at the border between the neural crest derived frontal bone and paraxial meso-
derm-derived parietal bone in the Twist] mutant mouse [25]. Craniosynostosis was also
induced by altering proliferation, apoptosis, and the rate of differentiation of the sutural mes-
enchyme, or in cells at the leading edges of ossifying bone [26-28].

The zebrafish model offers great potential for the study of suture patency and calvaria mor-
phogenesis. However, this is an underdeveloped area of zebrafish research. Here, we aim to
establish new protocols and to describe normal sutural tissue development and its mainte-
nance in adult zebrafish. Based on our data and evaluation of the literature, we propose that
zebrafish cranial vault development parallels the corresponding process in mammals.
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Materials and Methods
Zebrafish Lines and Maintenance

All fish used in this study where raised and cared for in accordance with approved protocol by
Ann & Robert H. Lurie Children’s Hospital of Chicago Institutional Animal Care and Use
Committee (IACUC# 13-008) and complied with NIH standards provided in the “Guide for
the Care and Use of Laboratory Animals”. The AB line was used as wild type and Tg(sp7:
EGFP)*'?'2 (ZDB-GENO-120413-2) transgenic line provided by Zebrafish International
Resource Center.

Fish harvesting

Fish were collected at various developmental stages, and the standard length (SL) was mea-
sured from the snout to the end of the hypuralia.

Bone and cartilage staining

The procedure was performed as described before [29], however, staining solutions were
applied sequentially for overnight incubation, beginning with Alcian blue and followed by
Alizarin red. Crania were dissected, cleared in glycerol and mounted on a microscope slide.
Photographs were taken using a Zeiss Stemi 2000 stereomicroscope equipped with a Zeiss
Axiocam camera.

Measuring cranial vault bones and suture development

This study of cranial vault development was based on fish (n = 72) from a broad range of ages,
varying from 5 mm larvae at 22 days post fertilization (dpf) to adults up to 35 mm at 526 dpf.
Because siblings grown in identical environmental conditions demonstrate variable standard
body lengths (SL), the SL value was used as a reliable indicator for developmental progress
[30]. Fish were randomly selected, euthanized, and photographed for measurement. The fol-
lowing measurements were taken: cranial length, cranial width, and the projected areas of the
cranial vault frontal, parietal, and supraoccipital bones. The projected areas of the interfrontal,
coronal, sagittal and lambdoid sutures were also measured using the area of overlapping
bones; an example is illustrated in Fig 1E by the black dotted line for area considered as the
interfrontal suture and the red dotted line for the right coronal suture. A linear regression of
measured areas on SL was calculated in STATA.

Vital staining with Calcein green and Alizarin red to label mineralized
matrix

Nine wild type zebrafish (21 dpf) with SL between 4.5 mm and 9 mm were used for live stain-
ing as described by [31]. 0.003% Alizarin red and 0.0025% Calcein green stains were applied
sequentially for overnight incubations using water from the fish facility. Three different condi-
tions were tested. In the first, Alizarin red stain was applied at 21 dpf (7.7 mm SL), followed by
Calcein green 5 days later (8.1 mm SL), and Alizarin red was again added after 2 days (8.6
mm). In the second group, Alizarin red was applied at 21 dpf (8.0 mm SL) followed by Calcein
green two weeks later (15.0 mm SL). In the third group, Alizarin red was applied at 42 dpf (16
mm SL) followed by Calcein 3 weeks later (26.0 mm SL). Finally, fish were rinsed from the
staining solution and euthanized by overdose of Tricaine. Calvaria were dissected and
mounted on a glass slide for imaging using the Zeiss V-8 Stereomicroscope, a Texas Red filter
for detection of Alizarin red, and a GFP filter for Calcein green.
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Fig 1. Developmental stages of zebrafish calvaria. (A) At 6 mm SL, ossification of the supraoccipital bone
becomes visible as indicated by the black arrow; frontal bones are not detected yet. The cartilaginous
epiphyseal bar is indicated by red arrow. (B) The frontal bones at 7.5 mm SL are outlined by the black dashed
line. The supraoccipital bone is indicated by a black arrow in sections A-D. (C) At 8 mm SL, the frontal bones
grow along the epiphyseal bar (red arrow) toward the midline, the parietal bones become visible as small radial
patches symmetrically located on both sides of the cranium (outlined by the yellow dashed line). (D) At the 11
mm SL stage, the anterior part of interfrontal suture is developed (green arrow); frontal and parietal bones meet
at the lateral side (black arrow head), initiating coronal suture formation, which progresses bilaterally toward the
midline (purple arrow). The presumptive lambdoid suture develops between the parietal and supraoccipital
bones (green arrowhead). (E) At 13 mm SL, all sutures are formed: the interfrontal (green arrow), coronal (black
arrowhead), and sagittal suture (red arrowhead) and lambdoid (green arrowhead); the area specified by the
black dotted line exemplify the measured area for morphometric study of the interfrontal suture. (F) Adult
zebrafish cranium at age eight months, 26 mm SL. The black and yellow dashed lines indicate frontal and
parietal bones respectively; the coronal and sagittal sutures are indicated by black and purple arrowheads
respectively. (A, B) lateral view of the head; (C-F) Dorsal view of dissected calvaria stained with Alizarin red and
Alcian blue. F—frontal bone, P—parietal bone, SOP—supraoccipital bone.

doi:10.1371/journal.pone.0165775.9001

Histological sections and light microscopy

Eleven wild type fish between 5 weeks (wpf) and 2 years of age (15 mm and 36 mm SL) were
used for histological analysis. Paraffin sections were stained with Hematoxylin and Eosin
(H&E) [32]. To visualize the interfrontal and sagittal sutures, a transverse plane of sectioning
was used, while a sagittal section was chosen for coronal and lambdoid sutures. All fish were
fixed in phosphate buffered 10% formalin overnight, followed by decalcification in 0.5M
EDTA pH 8 for 1 to 4 days at room temperature, depending on fish size. Samples were pro-
cessed using STP 120 Spin Tissue Processor—Thermo Scientific. The dehydration steps were
conducted with 70%, 95%, 100% ethanol treatments, each repeated twice for 45 min. Xylene
was applied twice for 45 min and paraffin (Thermo Scientific Histoplast Paraffin LP 8332)
three times for 60 min. Specimens were embedded using the Microm EC350-2 tissue-embed-
ding center. All tissue samples were sectioned at 5 um using rotary microtome and stained
with Hematoxylin and Eosin (H&E) [33] to evaluate morphological structures. Zeiss Axio-
plan2 Imaging Microscope equipped with an Axiocam HRc camera was used for imaging.

Transmission Electron Microscopy (TEM)

Dissected calvaria from 14 wpf (n = 3) were fixed in 0.1M sodium cacodylate buffer pH 7.3
containing 2% paraformaldehyde and 2.5% glutaraldehyde for 24 hrs and decalcified in 0.5M
EDTA for several days. The Cell Imaging Facility at Northwestern University Feinberg School
of Medicine processed these samples for imaging.

Picro sirius red staining for collagen

Cranial suture paraffin sections were stained using the Picro-sirius red (Direct red 80) tech-
nique as described by [34]. Haematoxylin was used to stain the nuclei and slides were mounted
in DPX medium. In bright-field microscopy, collagen fibers appear red on a pale yellow back-
ground, and bright yellow or orange when DIC polarized light is used (Zeiss Axioplan2 micro-
scope). Confocal laser scanning microscopy and Z-stack optical sections of the interfrontal
suture were collected for three-dimensional reconstruction of collagen organization using
Zeiss LSM510 and Zen-Zeiss software.

Immunohistochemistry to detect SP7/GFP positive osteoblasts

Paraffin sections from Tg(sp7:EGFP)""?"? transgenic skulls at age 12 wpf (21 mm SL) were col-
lected for immunohistochemistry. The primary anti-GFP antibody (Abcam) diluted to 1:500
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and secondary Alexa Fluor 488 Donkey Anti-rabbit IgG diluted to 1:500 were used to detect
the GFP reporter per manufacturer’s recommendations. DAPI counterstaining allowed for
nuclei visualization. Specimens were observed using Zeiss 510 META Confocal Laser Scanning
Microscope and 488 nm and 405 nm laser lines.

RNAscope in situ hybridization

RNA probes, hybridization kits, and hybridization equipment were obtained from Advanced
Cell Diagnostics. Formalin-fixed, paraffin-embedded um sections were deparaffinized and
treated per manufacturer’s recommendations, with small adjustments to the permeabilization
and detection steps as follows. Slides were heated in Pretreat 2 reagent for 3 min at 101-104°C.
Pretreat 3 solution was applied to slides and incubated at 40°C for 10 min in the ACD HybEZ
Hybridization oven. Following amplification, the signal was detected for 20 min and counter-
stained with haematoxylin for nuclear visualization per manufacturer’s suggestions. The fol-
lowing probes were tested: collala, col2ala, collOala, bglap/osteocalcin, fgfrla, fgfr1b, fefr2,
fafr3, twist2, twist3, runx2a, runx2b, sp7/osterix, spp1, foxqla, and dapB as a negative control.
Each probe was tested in a minimum of three independent experiments. The weak expression
within the sutural tissue was only considered positive when the expression in other tissue, e.g.
head cartilages was obvious and as expected and the expression was noticeably higher than sec-
tions stained for the negative control.

We noticed that RNAscope in situ, provides a weaker signal for adult specimens than juve-
nile specimens. The longer specimens were treated with EDTA, which was used for bone
decalcification, the weaker the measured signal.

Results and Discussion
Developmental schedule of cranial bones and sutures

As previously described, five major bones constitute the cranial vault: paired frontal bones,
paired parietal bones, and a single supraoccipital bone. Our examination indicates that the ear-
liest ossification of the zebrafish cranial vault is observed in the supraoccipital bone at 5.9 mm
standard length (SL), as seen though Alizarin red staining. Ossification becomes noticeable as
two thin lines form along the anterior edge of both arms of the “V shaped” cartilaginous
framework (Fig 1A, 1B, 1C and 1D, black arrow) then progresses posteriorly as the two arms
of the supraoccipital bone also extend laterally. The supraoccipital bone ossifies from a carti-
lage precursor. In contrast, frontal and parietal bones ossify intramembranously (n = 67).

The ossification of the frontal bones is initiated symmetrically at the lateral edge of the pos-
terior taenia marginalis (Fig 1A). Then it progresses anteriorly along the taenia marginalis and
medially along the underlying epiphyseal bar (Fig 1A and 1C red arrow), which, according to
the recent transgenic studies [5], demarcates the posterior end of the NC contribution to the
frontal bone. The opposite edges of the growing frontal bones come first into proximity at the
level of the epiphyseal bar at around 10 mm SL (Fig 2A, blue arrow). Then, the juxtaposition of
frontals progresses anteriorly along the midline, reaching the end-to-end position at around
11 mm SL (Fig 1D, white arrow). The posterior frontal bones of the NC origin start to
approach each other along the midline, starting from the epiphyseal bar. Frontal bones reach
full association at about 12.5 mm SL.

Similar results were obtained when sequential live staining of bones with Alizarin red and
Calcein green was applied, however, it was also obvious that frontal bones also expand laterally
as the skull develops, though at a much slower rate (Fig 2A-2C). In addition this experiment
revealed the areas of bone thickening, visualized as yellow, when both stains were absorbed.
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8.6mm SL 15mm SL

Fig 2. The growth pattern of calvaria bones as revealed by sequential staining with Alizarin red and Calcein green. (A) Initial
directions of frontal bone growth (white arrows) and radial growth of the parietal bone are depicted after each vital staining by red and
white dotted lines. The supraoccipital bone is depicted by the red dotted line. (B-C) The white, blue and purple arrows indicate developing
sutures: interfrontal, sagittal and coronal, respectively. (B) The contour of frontal and parietal bones growth is outlined by red dotted lines
labeling the first vital staining with Alizarin and by white-dotted lines the second treatment by Calcein green. (C) Posterior frontal bone
advancement (long white arrows) revealed after second vital staining with Calcein green, and lateral growth of frontal bone (small arrow
on the left side). Note the interdigitation of the frontal and parietal bones. Skulls were dissected and mounted for imaging from a dorsal
view.

doi:10.1371/journal.pone.0165775.g002

As the skull continues to grow and the frontal and parietal bones encounter each other on
the lateral side of the skull, an elastic junction is formed between them, known as the coronal
suture (Fig 1D, the green arrow indicates the developing interfrontal suture; the black arrow-
head shows the coronal suture and schematic representation Fig 3A).

The ossification of the parietal bone is initiated at the lateral center and was detected at 7.2
mm SL. Two parietal bones develop symmetrically on either side of the skull to form the poste-
rior roof of the cranium (Fig 1C and 1D parietal bone indicated by yellow dashed line).
Sequential live staining with Alizarin red and Calcein green revealed two small patches of
intramembranous ossification that grow radially with new bone tissue being added at their
edges, analogous to the process described in rodents and humans (Fig 2A, parietal bone pri-
modium labeled with red and white dashed lines). This initially radial ossification, observed as
circumferentially deposited layers of red and green stains incorporated into newly deposited
bone matrix (indicated by doted lines) is followed by asymmetrical ossification, which pro-
gresses anteriorly toward the presumptive coronal suture (Fig 2A, red arrow) and later medi-
ally towards the presumptive sagittal suture (Fig 1B-1D). Development of the first cranial
suture, the lambdoid, is initiated when the growing anlage of the parietal bone becomes associ-
ated with the supraoccipital bone (Fig 1D, green arrowhead). In zebrafish, as in mammals, the
lambdoid suture is uniquely formed between the supraoccipital bone of endochondral origin
and the intramembranously formed parietal bone. Live sequential bone staining with Alizarin
red and Calcein green suggests that, in zebrafish, the lambdoid is the first suture initiated in
the developing cranial roof. A similar suture was identified in Xenopus [35].

At 8 mm SL, the parietal and frontal bones juxtapose at the lateral edge of the skull, initiat-
ing the formation of the coronal suture (Fig 1D, black arrowhead). The frontal bone
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Fig 3. Schematic representation of the cranium development. (A) Developmental steps of frontal (F), parietal
(P) and supraoccipital (SOP) bones growth; directions of bones growth are indicated by arrows; dotted line indicates
the epiphyseal bar. (B) Cellular and matrix components making up the interfrontal suture. Black arrows indicate the
direction of bone growth and mineralization.

doi:10.1371/journal.pone.0165775.9003

progressively overlaps the anterior edge of the parietal bone, advancing symmetrically towards
the midline. Formation of the sagittal suture between two parietal bones is initiated by 13 mm
SL (Fig 1E and 1F, red arrowheads and Fig 2B and 2C, blue arrows). Similarly, in rodents, fron-
tal and parietal bones grow from an initially basolateral position upwards toward the apex of
the skull [4]. Our results suggest that in zebrafish, as in humans, each parietal bone develops
from a single ossification center. After the initial phase of radial advancement, the parietal
bones also undergo directional growth towards the presumptive coronal and sagittal sutures.
Zebrafish calvarial roof development significantly differs from that of Xenopus. The frontal
and parietal bones are fused in frogs. They form one frontoparietal bone, which also initiates
laterally, but develops in a posterior-to-anterior direction [35].

To summarize, development of the calvarial roof in zebrafish follows an intricate pattern,
which leads to the formation of a structure that closely resembles the mammalian cranium,
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although the overall shape of the skull is dramatically different. Schematic representation of
cranial roof development in zebrafish is presented in Fig 3A.

Cranial vault bone and suture growth show linear relationship with
standard length

To assess skull growth and the potential relationship between standard length, representing
the developmental stage of fish, and projected areas, representing size of the cranial bones and
sutures, we performed a linear regression. As described in the Methods, measurements were
collected from n = 72 fish of different age, as represented by SL. This is shown graphically by
scatter diagram in Fig 4 and Table 1.

We observed that as the zebrafish continues to grow through its lifetime (we estimate an
average of 0.34 mm per week), the growth of cranial bones and sutures, as measured by the
projected area, follows a linear relationship. Increases in the width of the coronal suture, which
develops in parallel to body length, are most strongly correlated with an increase in SL. By con-
trast, the sagittal suture, which develops perpendicular to the body length axis, exhibits the
weakest, although still positive, correlation. These values can be used to estimate pathological
changes in the size of cranial bones and sutures in future models of craniosynostosis in zebra-
fish. Our analysis also confirms visual observations that the frontal bones are the most rapidly
developing bones, followed by the parietal and supraoccipital bones.

Cranial suture appearance

Cranial sutures are deformable joints formed between bones bridged by collagen fibers. Suture
morphology may range from straight-edged to interdigitated. The elaborate pattern of inter-
digitation is especially apparent along the midline and is prevalent in the interfrontal suture.
However, the sutural outline on the surface of the skull, as visualized by whole mount Alizarin
red staining, may not reflect suture morphology as accurately as do perpendicular sections and
histological staining (Fig 5A-5F). Indeed our observations suggest that only perpendicular sec-
tions of studied suture can expose patency or bone fusion.

To examine the anatomy of zebrafish cranial sutures, we applied H&E histological staining
to sections of skulls embedded in paraffin. Transverse and sagittal sections from animals at dif-
ferent ages (5 wpf juveniles to 2 year old adult zebrafish) were evaluated. Nuclei positive for
hematoxylin were observed within the sutures and in cells lining the cranial bone plates (Fig
5). The interfrontal, coronal, sagittal and lambdoid sutures (Fig 5B) were examined and all
provide strong evidence for maintained suture patency in zebrafish. Examination of the inter-
frontal suture revealed that the osteogenic front of the frontal bones can split during develop-
ment and the opposite bone grows in-between. No directional preference for the side where
the split occurs was observed. The sagittal suture exhibited an overlapping pattern, either as
two parietal bones sliding one over the other without a specific direction (example Fig 2C, blue
arrow), or two bones positioned end-to-end (Fig 5C). The coronal suture forms in a uniform
pattern where the frontal bone consistently overlaps dorsally over the anterior part of the pari-
etal bone (Fig 2B and 2C, purple arrow and Fig 5E, red arrow). We predict that the continuous
growth of the zebrafish body requires a mechanism that provides concomitant and propor-
tional increase in skull growth. Continual growth and lifelong patency of the cranial suture
could provide such a mechanism. The reason for the elaborate pattern of the interfrontal
suture is difficult to explain. However computational analysis conducted by Jasinoski et al.

[36] suggests that interdigitated sutures absorb more energy than straight ones, hence provid-
ing better protection of the brain.

PLOS ONE | DOI:10.1371/journal.pone.0165775 November 9, 2016 9/23



®PLOS | one

Cranial Sutures in Zebrafish

A : .
= Cranial Bone Area as a Function of Standard Length
=4 B
©
S -
7
E
E
8
c
@
®
CQ
I
(6]
©
(1]
o 1
<
:
-E—c -
= 10 15 20 25 30 35
Standard Length (mm)
95% CI Fitted values® Frontal Fitted Values
. Parietal Fitted values® Supraoccipital
Suture Size as a Function of Standard Length
e
o
=
o
w
E @ -
=
w
@
5.
&Y
(73]
S
©
D oy
2
k5
B
o
nl: 2] ] 1 L) 1 1
15 20 25 30 35
Standard Length of Fish (mm)
95% Cl Fitted values * Coronal Fitted values
® Sagittal Fitted values * Interfrontal
PLOS ONE | DOI:10.1371/journal.pone.0165775 November 9, 2016 10/23



@° PLOS | ONE

Cranial Sutures in Zebrafish

Fig 4. Correlation of growing cranial bones and sutures with increasing standard length. (A) Each cranial bone
demonstrates a unique, strong linear correlation with standard length. The frontal bone shows the most rapid growth rate,
followed by the parietal and the supraoccipital bone. (B) The coronal suture shows the strongest correlation with standard

length.

doi:10.1371/journal.pone.0165775.9004

Cellular genetic markers identified in the suture

The mechanisms underlying the morphogenesis of the zebrafish cranial roof are not well
known. The literature on rodents describes a population of cells between the osteogenic fronts
of developing bones and corresponding sutures with different origins and functions. These are
mesenchymal cells, pre-osteoblasts, and gradually maturating osteoblasts involved in bone for-
mation, as well as osteoclasts involved in bone remodeling [37]. Initially, using RT-PCR on
total RNA isolated from calvaria of zebrafish age 4-6 weeks, we tested for expression of differ-
ent genes associated with suture development in mammals. The RT-PCR was positive for all
tested genes: fgfrla, fgfrlb, twist la, twist 1b, twist2, twist3, msx2, wnt5a, wnt5b, foxdl (data not
shown) so we developed RNA in situ hybridization on paraffin sections to assess the expression
patterns within the sutural tissue (Figs 6 and 7).

The following genes were tested: collala, col2ala, collOala, bglap, twist2, twist3, sp7,
runxla, runx1b, sppl, fgfrla, fgfrlb, fgfr2, fgfr3, foxqla on transverse sections of the skull taken
from juvenile fish (6 wpf) and adults (14 wpf). RN Ascope in situ hybridization for collala
encoding Type I collagen alpha 1a indicates very abundant expression within the sutural tissue
of juvenile and adults. With age however, the number of cells lining the osteogenic fronts
declines, and so does the expression of collala in these cells and in the suture (Figs 6A, 7A and
7C). In mammals, Type I collagen represents approximately 95% of the entire collagen content
of bone and about 80% of the total bone protein [38] and synthesis of Type I collagen precedes
the expression of Runx2, considered to be the earliest determinant of osteoblast differentiation
in mice [39].

The expression of col2ala, which encodes for fibrillar type IT alphal collagen, was barely
detected within the interfrontal suture, in juvenile and adults zebrafish. However, as a major
component of the cartilage, the expression of col2ala was detected in head cartilages at a dra-
matically higher level and on the same sections supporting our conclusion that the expression
of col2ala in the interfrontal stature is either negative or on the border of the sensitivity of the
RNAscope method (Fig 7F and S1-S3 Figs).

Table 1. Regression table for a scatterplot and regression graphs presented for cranial bone and suture.

Frontal Average
[mm?]

Standard Length 0.146*** (0.00202)
(mm)

Constant -0.952*** (0.0306)
N 72
R? 0.987

Standard errors in parentheses
* p<0.05

** p<0.01

*** p<0.001

Parietal Average SOP [mm?] Coronal [mm?]  |IF [mm?] Sagittal [mm?]

[mm?]

0.0902*** (0.00166) | 0.0432*** 0.0258%** 0.0112%** 0.00537***
(0.00072) (0.0025) (0.0019) (0.00114)

-0.649*** (0.0252) -0.255%** (0.0111) | -0.256*** -0.0938* (0.0354) | -0.0531* (0.0217)

(0.0473)
72 72 38 38 34
0.977 0.980 0.740 0.489 0.411

Cl- confidence interval, SOP—supraoccipital bone, IF- interfrontal suture

doi:10.1371/journal.pone.0165775.1001
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Fig 5. Histological examination of cranial sutures in adult zebrafish. H&E stained transverse sections (A-C) and sagittal sections (D-E) of skulls. (A)
The interfrontal suture (boxed) and presented in (B) higher magnification; green arrows indicate the interfrontal suture between overlapping frontal bones.
(C) The sagittal suture (yellow arrow) observed between two parietal bones. (D) The sagittal plane of sectioning revealed the coronal (left box) and
lambdoid sutures (right box, black arrow). (E) The posterior frontal bone overlapping the anterior portion of the parietal bone, with the coronal suture formed
between them (red arrow). (F) The lambdoid suture (black arrow) separates the parietal (upper plate) and the supraoccipital bone (lower plate).

doi:10.1371/journal.pone.0165775.9005

In juvenile animals, the expression of col10ala encoding Collagen type X alpha la has a
similar pattern to collala, with the exception of a small gap in the expression observed in the
middle of the suture in cells that separate the leading edges of frontal bones (Fig 6B, green
arrow). Based on their position, we presume that these coll0ala negative cells represent mes-
enchymal cells or pre-osteoblasts. In higher vertebrates, Col10al is considered an exclusive
marker for hypertrophic chondrocytes [40]. Indeed, zebrafish hypertrophic chondrocytes were
positive for coll0ala RNA on all tested slides (n = 15). We found that cells located at the imme-
diate periphery of cartilaginous structures, like the perichondrium of the quadrate, were posi-
tive for col10ala (S2 Fig). This observation is consistent with previously described [41]
expression of col10al in mature chondrocytes and in perichondral cells of ceratohyals as well
in osteoblasts of dentaries [41]. The expression of coll10ala was also described in the forming
parasphenoid, ectopterygoid, and operculum formed by intramembranous mechanism,
devoid of cartilage precursors as the earliest in the craniofacial region during intramembra-
nous bone growth and development [42]. Our in situ hybridization on adjacent slides suggests
that during the initial steps of suture development, when the frontal bones come into proxim-
ity, there is a group of cells located in the central part of the sutural tissue that are negative for
collagen coll0ala (Fig 6B, green arrow). These cells are positive for collal and likely to be posi-
tive for sp7 and runx2b, (Fig 6A, 6D, 6E and 6F). Based on this observation we speculate that,
unlike in higher vertebrates, hypertrophic chondrocytes and cranial osteoblasts at early stages
of maturation as well as mature osteoblasts express colI0ala. In the study of vertebral column
development in medaka based on analysis of the GFP reporter in transgenic col10al:nlGFP, it
was proposed that col10ala expression in the osteoblasts precedes the ossification of the verte-
bral column [43].

When bglap expression was analyzed, we found that the mesenchymal cells are negative for
the expression and only a few cells in the osteogenic fronts express bglap (Fig 6C, blue arrow).
The expression is seen in osteoblasts lining the inner and outer surfaces of the frontal bones
but located further from the osteogenic fronts. In adults (Fig 7E), the expression is excluded
from the inner surface of frontal bones and appears weaker on the outer surface; transcripts
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A collala B col10ala C bglap

Fig 6. RNA detection for genetic markers of osteoblasts in juvenile animals assessed using RNAscope in situ
hybridization on paraffin section. (A-F) Sequential sections (4 um) of the interfrontal suture collected from juvenile zebrafish
at age of 6 wpf. The expression of individual genes is visualized in red, counterstained with haematoxylin for nuclei in purple;
black arrows examples of positive expression, all green arrows indicate negative for expression cells. (A) The expression of
collatlais presentin all cells. (B) The green arrow indicates cells that are negative for col10a1a expression in the mid-suture
domain. (C) Expression of bglap weaker at the tips of frontal bones as indicated by blue arrow. (D) Expression of sp7 at
osteogenic fronts (blue arrow) and along the frontal bone (red arrow), (E) runx2b at the osteogenic front (blue arrow) and along
the bone (black arrow). (F) fgfr3 expression observed in osteogenic front (blue arrow) and along the frontal bones (black and
purple arrows). The scale bar represents 20 um.

doi:10.1371/journal.pone.0165775.g006

are easily detected within the sutural tissue, especially in the bone cavity (black arrow) where
we presume the bone is also formed. The presence of bglap positive cells lining the surfaces of
both frontal bones correlates with an intense process of bone thickening in juvenile animals.
In young adults (14 wpf) bglap expression diminishes from the outer surface of the frontal
bones and almost disappears from the inner surface. The process of ossification slows down
around this age as well. Bglap expression is recognized as a marker of mature osteoblasts [44,
45] and the expression pattern seen in zebrafish agrees with accumulation of mRNA in areas
of the bone formation.

The examination of the expression of sp7, an osteoblast specific transcription factor,
revealed an almost reverse pattern of that which was observed for bglap. The expression of sp7
was mainly detected in the osteogenic fronts, and the suture mesenchyme in cells which were
negative for bglap (Fig 6C and 6D). However, a small overlapping area with bglap expression
was seen in the osteogenic fronts (blue arrows) and in a few cells lining the outer side of the
frontal bone where bglap positive cells reside (Fig 6C, red arrows). In adults, the sp7 transcripts
were not reliably detected in tested sections (data not shown). Accordingly, we examined the
population of cells positive for sp7, by immunohistochemistry against the GFP reporter on par-
affin sections obtained from Tg(sp7:EGFP)"'?'? transgenic skulls (Fig 7G). In this line, the
expression of the GFP reporter occurs concurrently with Sp7 [46, 47]. This result revealed that
in this transgenic line, GFP positive cells dominated the sutural tissue (Fig 7G) covering both
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Fig 7. RNAscope in situ hybridization and IHC for GFP performed for adults at 12 wpf. (A-F) Sequential
sections (4 um) of interfrontal suture expression. Names of genes tested by RNAscope in situ hybridization
are labeled on each image. (A, B) Representative images of the skull taken at low magnification (5x) that
visualize entire expression pattern of (A) collataand (B) col10a1a. (C-F) Images of interfrontal sutures and
the expression of representative genes as labeled on each image. (G) Immunohistochemistry for sp7
observed in the interfrontal suture using a GFP reporter in the Tg(sp7:EGFP)°'22 transgenic line. Transverse
paraffin section, GFP positive cells (green) and nuclei stained with DAPI (blue).

doi:10.1371/journal.pone.0165775.9007

sides of frontal bones. We assume that the stability of the GFP reporter could partially explain
this result. Studies of murine osteoblasts suggest that expression of Sp7 is initiated as soon as
the mesenchymal cells enter the osteoblast lineage and becomes stronger with osteoblast differ-
entiation [48, 49]. Our data from juvenile sections of the interfrontal suture suggest that in zeb-
rafish, sp7 is strongly expressed by mesenchymal and osteogenic front cells and suggests that
the transcription decreases with osteoblast maturation. The contradictory results between in
situ data and immunohistochemistry are difficult to explain; perhaps more systematical, com-
parative analysis of sp7 expression in Tg(sp7:EGFP)”'?'? transgenic line is needed.

Runx2 is essential for the commitment of mesenchymal cells into the osteoblastic lineage
and is dynamically expressed during osteoblast maturation. RUNX2 activates the expression of
some bone matrix protein genes, and keeps the osteoblasts in an immature stage. Runx2
expression must be downregulated for differentiation into mature osteoblasts [40, 50, 51].
Increased Runx2 expression coincides with premature suture closure in many models of cra-
niosynostosis [52].

Zebrafish has two homologues of Runx2, runx2a and runx2b, and both genes were tested in
juveniles and adults. The runx2b expression seams stronger than runx2a and was detected in
mesenchymal cells and tips of the osteogenic fronts (Fig 6E, S1 Fig) transcripts extend into
cells lining both sides of the bones (Fig 6E, black arrow); both runx2a and runx2b were
detected in the head cartilage elements, providing a good internal control (S2 Fig). In the
mouse Runx2 expression partially overlaps with Fgfr2and FgfrI [4, 28, 53] therefore we tested
for these genes expression on sequential sections. The fgfr3[37, 54] has the highest accumula-
tion of transcripts, detected in the osteogenic fronts as well in cells lining the frontal bone,
including presumed mature osteoblasts (Fig 6F, purple arrow). Transcripts for fgfrla, fgfr1b,
fefr2were difficult to distinguish from controls, these results were moved to supplementary
data (S1 and S2 Figs). In adults, a majority of the runx2b expression is restricted to osteoblasts
within the sutural tissue. A very weak signal was detected on the outer surface of the frontal
bones (data not shown).

The following genes were also tested: spp1, twist2, twist3, foxqla though the expression lev-
els within the sutural tissue were questionable (S1 Fig). For sppI we found a few potentially
positive cells in the mid-suture area and in cells lining the inner side of the bone (S1 Fig, black
arrows). The spp1 is a extracellular matrix protein involved in the bone remodeling process
[55] and is known to be a mineralization inhibitor that binds to the apatitic mineral crystals in
bones [56] in vivo and in osteoblast cultures [56-58]. The foxqla [59] hypothetical expression
was detected in the middle of sutural tissue, presumably in mesenchymal cells that might also
express runx2b and collala (S1 Fig, black arrow) but not col10ala, suggesting that this tran-
scription factor might be expressed by less differentiated osteoblasts or presumably their
precursors.

Signals of twist2 and twist3 [14] were below RNAscope detection level (S1 Fig). In murine
model the expression of Twist is observed in the midsutural mesenchymal cells and overlaps
with Fgfr2, representing the most immature (proliferating) osteogenic cells [14, 53, 60]. Twist
+/- mice exhibit faster mineralization and abnormalities in cranial vault development [61]. As
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expression of zebrafish homologues is hypothetical it is difficult to conclude from our data
whether proliferating osteoprogenitors express twist genes.

TEM microscopy of the interfrontal suture

Our histological and gene expression studies indicate that the cranial suture has a complex
architecture, which includes osteogenic cells at different steps of maturation surrounded by an
elaborate network of extracellular matrix (ECM). The literature also suggests that the morphol-
ogy of osteogenic cells correlates with their function [62, 63]. Therefore, to assess the ultra-
structural level of interfrontal suture organization, we applied TEM microscopy. Transverse
sections of the interfrontal suture were collected from 14 wpf adults (Fig 8). TEM micrographs
confirmed the presence of osteoblasts lining the outer surface of frontal bones. These cells have
a prominent nucleus and an elaborate rough endoplasmic reticulum (RER) and Golgi appara-
tus, indicative of intensive protein synthesis (Fig 8A). We predict that these are osteoblasts,

Fig 8. Transmission electron micrographs show various osteogenic cells within the interfrontal sutures.
The calvarium was isolated from adult zebrafish at 14 wpf. (A) An osteoblast in direct contact with the osteoid of the
upper frontal plate, indicative of ongoing ossification. (B) A mid-suture osteoblast not attached to bone. (C) The
longitudinal organization of collagen fibrils along the frontal bone. (D) The tip of the lower plate of the frontal bone,
with adjacent associated osteoblast. Abbreviations: C—collagen fibrils, F—frontal bone, G—Golgi apparatus, N—
nucleus, O-osteoid, RER-rough endoplasmic reticulum; arrows indicate collagen fibrils.

doi:10.1371/journal.pone.0165775.9008
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producing ECM components such as collagen type I and collagen type X, as both transcripts
were identified by in situ hybridization as abundantly present. In the mid-suture area, cells
were found at a distance from the bone, surrounded by fibrils of collagen and other compo-
nents of ECM (Fig 8B). Interestingly, in some osteoblasts attached to the bone, we noticed elec-
tron dense granules inside of mitochondria (data not shown). It has been described that
inorganic components like calcium phosphate could accumulate in mitochondrial granules of
mineralizing osteoblasts [64]. We also noticed the presence of crystallites in the osteoid being
in direct contact with such osteoblasts, suggesting that these are probably mineralizing osteo-
blasts. The TEM micrographs provided evidence of abundant Type I collagen, organized in
characteristically banded, periodic-structured fibrils, which occasionally form bundles. Longi-
tudinally organized collagen fibrils were observed along the frontal bone plates (Fig 8C).
Characteristically banded collagen fibrils were also observed in the unmineralized layer of the
ECM (Fig 8A and 8D).

Collagen organization within the suture

Collagen proteins, a principal component of the extracellular matrix, play a dominant role in
the preservation of connective tissue structures, providing strength and flexibility. To assess
the organization of collagen fibrils in the zebrafish interfrontal suture, we used Picro sirius red
staining on transverse paraffin sections. This method relies on an optical property of collagen
called birefringence [65]. In polarized light, the larger collagen fibers, mostly Type I, are bright
yellow or orange, and the thinner ones, including reticular fibers, are green [66, 67]. We have
tested juvenile zebrafish at age 6 wpf and adult zebrafish at age 14 wpf (Fig 9). No apparent
orthogonal lattice or lamellar organization of collagen fibers was observed within the suture

(n = 18). When analysis was extended to confocal microscopy and three-dimensional recon-
struction of the optical sections, similar results were obtained (Fig 9C and 9F). Frequently, we
observed randomly organized collagen fibers connecting two frontal bones (Fig 9E and 9F, red
arrows) or fibers that intervene among cells that reside in the interfrontal suture (Fig 9B and
9E, green arrows). Both types of analysis suggest that as zebrafish age, the distance between col-
lagen fibers increases. This could result in a gradual deficit of suture flexibility provided by col-
lagen. It was proposed that collagen fibrils become organized into an orthogonal lattice within
the normally fusing frontal suture in rats and pathologically fusing suture in humans. In con-
trast, patent sagittal suture in rats and healthy sagittal suture in humans maintain a random
organization of collagen fibers [68]. We concluded that in zebrafish, as in higher vertebrates,
random organization of collagen fibers is typical within the interfrontal suture. We observed
the apparent longitudinal organization of collagen fibrils along the frontal bone plates (Fig 9D,
black arrow), consistent with organization found in higher vertebrates. The Picro sirius red
staining approach could be helpful in assessing collagen organization in the fusing suture of a
mutant model of craniosynostosis.

Conclusions

In this study, we have analyzed calvarial bone and suture growth in zebrafish, starting from the
stage when calvarial development is initiated through adulthood. Our results support past
findings that, in general, the architecture of zebrafish calvaria is similar to that of mammals,
with the key difference being that zebrafish sutures maintain lifelong patency. Using different
methods of analysis, we provide new insight into the cellular composition of cranial sutures in
zebrafish. The TEM data and genetic marker analysis provide evidence that osteoblasts that
are located at the leading edge of the osteogenic front are presumably involved in the synthesis
of major protein components of ECM, such as collagens. Following them are mature
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Fig 9. Picro sirius red staining of transverse sections of the skulls. Plane polarized light microscopy for (A, B, C) juvenile fish (13.4
mm SL) and (D, E, F) young adult fish at age of 12 wpf respectively, at 40x magnification. (B, E) confocal microscopy of the same
sections at 100x magnification, and (C, F) 3D rendered confocal images at 100x magnification. The longitudinal organization of
collagen fibrils is indicated by a black arrow (D). The frontal bones are outlined by white dashed lines (B, E). The left frontal plate
developed a split end and the right frontal bone grew in between. The red arrow indicates fibers connecting two frontal bones; the green
arrow indicates fibers that grown in between the cells. Scale bars are 20 ym.

doi:10.1371/journal.pone.0165775.9009

osteoblasts positive for osteocalcin, presumably involved in the mineralization of the osteoid.
In the mid-suture area, we identified cells that are detached from the bone and lack elaborate
RER or Golgi apparatus. These are cells that primarily express collala, sp7, runx2b, fgfr3, hypo-
thetically also twist3 and foxqla, which is a novel gene for suture study. We assume they are
less differentiated osteoblasts and presumably some of them represent osteoblast precursors. A
schematic representation of our data is presented in Fig 3. Our findings provide a foundation
for the use of zebrafish as a model of calvarial bone and suture dysfunction.

Supporting Information

S1 Fig. RNA detection for genetic markers of osteoblasts in juvenile animals assessed using
RNAscope in situ hybridization on paraffin section. (A-I) Sequential sections (4 um) of the
interfrontal suture collected from juvenile zebrafish at age of 6 wpf. The expression of individ-
ual genes is visualized in red, counterstained with haematoxylin for nuclei in purple; black
arrows indicate assumed positive expression. The expression of following genes is shown: (A)
col2ala, (B) runx2a, (C) sppl, (D) fgfrla, (E) fefrlb, (F) fefr2,(G) twist2, (H) twist3, (I) foxqla.
The scale bar represents 20 um.

(TIF)

S2 Fig. The RNA in situ detection in ceratohyal cartilage at 6 wpf evaluated by RN Ascope
technique. The images of the ceratohyal cartilage (dotted box and black arrowhead in A)
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collected from the tissue sections used for the interfrontal suture analysis shown in Fig 6 and
S1 Fig. The expression of individual genes is visualized in red, counterstained with haematoxy-
lin for nuclei in purple. The expression pattern of (A, B) collala, (C) bglap, (D) fgfrla, (E)
fefrlb, (F) fgfr3,(G) runx2a, (H) runx2b, (I) sppl.

(TIF)

S3 Fig. The RNA detection in the palatoquadrate cartilage at 6wpf. Both, the left and right
palatoquadrate cartilages are shown as follows: fgfr3, bglap, cyp26a, collala, col2ala, coll01a.
The same tissue sections were analyzed for gene expression in the interfrontal suture as pre-
sented in Fig 6 and S1 and S2 Figs.

(TIF)
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