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Traditional two-dimensional histological sections and microcomputed tomography remain to be the major tools for
studying craniofacial bones despite the complicated spatial organization of craniofacial organs. Recently, our
laboratory developed the Poly(Ethylene Glycol) Associated Solvent System (PEGASOS) tissue clearing method,
which can efficiently render hard tissues, including bones and teeth fully transparent without losing endogenous
fluorescent signals. Complete tissue transparency enables us to acquire three-dimensional (3D) images of cra-
niofacial bone vasculature, osteogenesis utilizing various labeling strategies, thus to investigate the spatial rela-
tionship among different tissues during postnatal craniofacial development. We found out that during the early
stage of postnatal development, craniofacial osteogenesis occurs throughout the entire craniofacial bones, including
the periosteum, dura, bone marrow, and suture. After 3–4 weeks, craniofacial osteogenesis is gradually restricted to
the suture region and remaining bone marrow space. Similarly, craniofacial bone vasculature gradually restricts to
the suture region. Osteogenesis is spatially associated with vasculature during the entire postnatal development.
Importantly, we demonstrated that in adult calvarial bones, Gli1+ mesenchymal stem cells were also spatially
associated with the vasculature. These findings indicate that craniofacial bones share similar osteogenesis mech-
anism as the long bone despite their distinct osteogenic mechanisms. In addition, the PEGASOS tissue clearing
method-based 3D imaging technique is a useful new tool for craniofacial research.
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Introduction

Craniofacial bones are different from those of the
trunk. The craniofacial bones develop primarily from the

cranial neural crest and partially from paraxial mesoderm
through intramembranous ossification [1,2]. Research on cra-
niofacial bone development has been focused on embryonic
stages [1,3]. Much less is known about their postnatal devel-
opment. It has been proposed that embryonic craniofacial os-
sification starts from a central mesenchymal condensation,
from which preosteogenic cells rapidly expand outward and
differentiate into osteoblasts while blood vessels concomi-
tantly penetrate the external avascular layer under proangio-
genic stimuli such as EDN1 (endothelin 1), VEGF (vascular
endothelial growth factor), and HIF (hypoxia-inducible factor)
[1,4–7]. Later, osteogenesis is achieved by osteoblasts, which
move radially outward in all directions after mesenchymal cell
expansion is completed [8,9]. Usually, the migration of pre-
cursor cells terminates when they approach the suture, where a
stop signal is received [1,10]. In such a model, osteogenesis

occurs in a radial pattern originating in the central part of the
calvarial bone. Angiogenesis/osteogenesis coupling is well
established in long bone formation [11]. Blood vasculature
invades the primary and secondary growth centers, mediating
endochondral ossification. Unfortunately, due to a lack of ef-
fective visualization techniques, there is limited direct evidence
supporting this theory in craniofacial postnatal development,
especially on a large three-dimensional (3D) scale. Our un-
derstanding of angiogenesis during craniofacial bone devel-
opment remains limited.

Once development is completed, craniofacial bones un-
dergo physiological turnover and can regenerate upon in-
jury. In recent studies, suture mesenchymal stem cells
(SuMSCs), which are identifiable as Gli1+ or Axin2+ cells
residing in craniofacial sutures, were shown to be the stem
cells supporting craniofacial bone homeostasis and injury
repair [12,13]. Although mesenchymal stem cell (MSC)
populations supporting long bones of adult mice have been
shown to be closely associated with blood vessels [14–16],
studies based mostly on conventional histological sections
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have proposed that craniofacial SuMSCs are not associated
with the vasculature [13].

A number of tissue clearing techniques have emerged in
recent years from the neuroscience community. By ren-
dering the brain or other tissues transparent, 3D images can
be acquired with a confocal or two-photon microscope with-
out sectioning. Three-dimensional imaging based on tissue
clearing techniques can, therefore, provide more comprehen-
sive information for investigating tissue organization and
interaction [17,18]. Our laboratory recently developed the
Poly(Ethylene Glycol) Associated Solvent System (PEGA-
SOS) tissue clearing technique. The PEGASOS method clears
both soft and hard tissues, including bones and teeth, thereby
making it possible for microscopy lasers to pass through intact
3D tissues or organs [19]. Also, the PEGASOS method pre-
serves endogenous fluorescence very well [20,21]. Fluorescent
signals within the tissue can thus be directly visualized with a
two-photon or confocal microscope.

In the current study, we applied the PEGASOS tissue
clearing technique to the study of postnatal craniofacial bone
development. We demonstrated the close spatial association
between osteogenesis and angiogenesis during mouse post-
natal craniofacial bone development. We demonstrated that
Gli1+ MSCs within sutures are also spatially associated with
the osteogenesis of craniofacial bones and with enriched
vasculature within the suture.

Materials and Methods

Animals

C57BL/6 mice ( JAX 000664) were obtained from the
Jackson Laboratory. Gli1-CreERT2 ( JAX 007913) mice
were crossed with Ai14 mice ( JAX 007908) to generate
Gli1-CreERT2; Ai14 mice. Cdh5-Cre mice ( JAX 006137)
were crossed with Ai14 to generate Cdh5-Cre; Ai14 mice.
All animal experiments were approved by the Texas A&M
University Institutional Animal Care and Use Committee in
accordance with guidelines from the NIH/NIDCR.

Tamoxifen administration and calcein green labeling

Tamoxifen (T5648; Sigma-Aldrich) was dissolved in corn
oil (C8267; Sigma-Aldrich) to a 20 mg/mL stock concentration.
For induction, Gli1-CreERT2; Ai14 adult mice (4–6 weeks of
age) were injected intraperitoneally with tamoxifen solution at
a daily dosage of 10mL/g body weight for 2 days. Calcein
green (190167; MP Biomedical) was dissolved in saline to
4 mg/mL. Mice were intraperitoneally injected with calcein
green solution (20mL/g body weight) 2 h before sacrifice.

PEGASOS tissue clearing method

PEGASOS tissue clearing was performed as previously
described [20]. Mice were transcardially perfused with 50 mL
0.02% heparin phosphate-buffered saline (w/v) and 20 mL 4%
PFA under general anesthesia. Samples were collected and
fixed in 4% PFA overnight at room temperature. Bones were
then immersed in 0.5 M EDTA (pH 8.0) (E9884; Sigma-
Aldrich) solution at 37�C to decalcify for 4 days if needed.
This step was followed by decolorization treatment with 25%
(v/v in H2O) Quadrol (122262; Sigma-Aldrich) solution for
1 day at 37�C to remove remaining blood heme. Serial deli-

pidation was then performed at 37�C under constant shaking
for 6 h in each of the following solutions: 30% tert-butanol (tB)
solution, 50% tB solution, and 70% tB solution. Thirty percent
tB solution was composed of 75% v/v H2O, 22% v/v tB
(360538; Sigma-Aldrich), and 3% v/v Quadrol. Fifty percent
tB solution was composed of 50% v/v H2O, 47% v/v tB, and
3% v/v Quadrol. Seventy percent tB solution was composed of
30% v/v H2O, 67% v/v tB and 3% v/v Quadrol. Samples were
then dehydrated in tB-PEG solution composed of 75% tB,
22% (v/v) poly(ethylene glycol) methyl ether methacrylate
average Mn500 (PEG MMA500; 447943; Sigma-Aldrich),
and 3% (v/v) Quadrol at 37�C. Finally, samples were im-
mersed in the benzyl benzoate (BB)-PEG clearing medium
composed of 75% (v/v) BB (B6630; Sigma-Aldrich), 22%
(v/v) PEG-MMA500, and 3% (v/v) Quadrol until transparency
was achieved. Samples were preserved in the BB-PEG
clearing medium at room temperature for storage and imag-
ing. For bone samples collected for calcein green labeling, the
clearing process was the same, except that the EDTA decal-
cification step was omitted.

Whole-mount immunofluorescent staining
with laminin antibody

After decolorization with 25% Quadrol solution, sam-
ples were incubated in the blocking solution for 1 day at
room temperature. The staining solution consisted of 10%
v/v dimethyl sulfoxide (DMSO; w387520; Sigma-Aldrich),
0.5% w/v Igepal630 (I3021; Sigma-Aldrich), and 10% v/v 10 ·
Casein blocking solution (SP5020; Vector) in phosphate-
buffered saline (PBS; P4417; Sigma-Aldrich) solution. Sam-
ples were then incubated with laminin antibody conjugated
with Alexa-488 (PA5-22901; Thermo Scientific) at 1:100 di-
lution for 5 days at room temperature on a shaker. Next,
samples were washed with PBS at room temperature for 1 day.
PBS was changed every 8 h. After the staining, clearing was
resumed by placing samples into the tB delipidation solutions.

3D imaging and image analysis

After clearing, transparent samples were stored in the BB-
PEG clearing medium within a cassette covered with glass.
Three-dimensional images were acquired with a Zeiss LSM
780 two-photon microscope. Bone was outlined by Second
Harmonic Generation (SHG), and calcein green or laminin-
incorporating Alex 488 signal was imaged by two pho-
tons with 950 nm pulsed near infra red (NIR) excitation with
a Zeiss BiG two-channel nondescanned detector. A 10 · /
0.45NA objective or 20 · /0.85NA objectives were used for
imaging. All raw image data were collected in 8-bit TIFF
format. A 3D rendering of the image stacks was performed
with Imaris 9.0 software (Bitplane). Bone marrow space lo-
cated between cortical bones can be revealed by using
‘‘clipping plane’’ function module.

3D analysis

ImageJ (NIH) [22] was used for 3D quantification of vascular
density and osteogenic activity. Vascular density was defined as
the ratio of tdTomato-positive signal area to the total area of
regions of interest (ROIs). The osteogenic activity was measured
as the percentage of calcein green-positive signal area within the
ROIs. The compiled Z stacks of vasculature and calcein green
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(osteogenesis) images were converted to 8-bit Grayscale in
ImageJ. Optical density (OD) was inverted using the command
‘‘Edit>Invert’’ and the background OD value was set to 0. Po-
sitive signal was highlighted by setting the threshold through
‘‘Analyze>set scale.’’ The positive signal area within each ROI
was measured using the ‘‘Analyze>set measurement’’ function.
For each sample, 12 ROIs were randomly selected with 4 from
the suture region, 4 from the central region of the parietal bone,
and the remaining 4 from the bone marrow space. Bone marrow
space was identified by their porous morphology distinct from
sutures or cortical bones. Signal within the bone marrow space
was outlined and analyzed with Imaris 9.0 software.

Quantification and statistical analysis

Data were presented as mean – standard error of mean.
Statistical analysis was performed in IBM SPSS Statistics
(version 21) using one-way analysis of variance with Bon-
ferroni multiple comparisons test. With Bonferroni correction,
P < 0.0083 was considered to be statistically significant.

Results

PEGASOS tissue clearing method rendered
craniofacial bones transparent

Various craniofacial bones of interest were harvested
(Fig. 1b–e1) and processed using the PEGASOS method,
including fixation, decalcification (optional), decolorization,
delipidation, dehydration, and clearing. A typical PEGASOS
passive immersion procedure takes 1 week to finish. How-

ever, to investigate osteogenesis, decalcification is not nee-
ded so the total processing time can be shortened to 2–3 days
(Fig. 1a). After clearing with decalcification, the calvaria,
frontal bone, palate, and mandible turned transparent or in-
visible; even the teeth could be turned into fully transparent
(Fig. 1b–e2). The grids in the background could be clearly
seen through the cleared tissues. Without decalcification,
craniofacial bones turned partially transparent after PEGA-
SOS (Fig. 1b–e3). The resulting transparency enabled us to
investigate craniofacial bone through 3D deep imaging.

Postnatal craniofacial osteogenesis
was gradually restricted to the suture
region and bone marrow space

Calcein green labeling was performed to evaluate osteo-
genesis. C57BL/6 mice were injected with calcein green on
postnatal day 1 (P1), P7, P14, and P21. Calcein green fluo-
rochrome can be incorporated into the matrix of osteogenic
sites through chelation and enables visualization of newly
formed bone [23]. The calvaria, frontal bone, and palate were
isolated and cleared using the PEGASOS method without
decalcification. Samples were imaged with a 10 · 0.45 ob-
jective on two-photon microscope. Calcein green signal was
visualized in green channel and SHG signal was used to
visualize bone. Two-dimensional (2D) images of coronal
sections of calvarial bones were acquired to show details
under 20 · objectives on confocal microscope.

At P1, strong calcein green signal was detected throughout
the calvarial bone, including surfaces underneath the

FIG. 1. PEGASOS tissue clearing method rendered craniofacial bones transparent. (a) Brief description of the PEGASOS
tissue clearing procedure. Images of calvarial bone (b1–b3), frontal bone (c1–c3), palate (d1–d3), and mandible (e1–e3)
before and after clearing with the PEGASOS decalcification method or nondecalcification method. Scale bars, 2 mm.
PEGASOS, Poly(Ethylene Glycol)Associated Solvent System.
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FIG. 2. Osteogenesis of parietal bone is gradually restricted to the suture and bone marrow regions during postnatal
development. Calvarial bones were collected from mice at age of P1, P7, P14, or P21. Calcein green injection was
performed 2 h before sacrifice. Three-dimensional imaging or histological sectioning was performed. Green, calcein green
signal. White, SHG signal from the bone. Blue, DAPI staining. (a1, a2) Dorsal (a1) and ventral views (a2) of the calvarial
bone of P1 mouse pups. (a3–a5) Histological sections of P1 sagittal suture. Boxed regions in (a3) were enlarged in (a4, a5)
respectively. (b1, b2) Dorsal (b1) and ventral views (b2) of calvarial bones of P7 mouse pups. (b3–b5) Histological sections
of P7 sagittal suture. Boxed regions in (b3) were enlarged in (b4, b5) respectively. (c1, c2) Dorsal (c1) and ventral views
(c2) of the sagittal suture of P14 mice. (c3) The optical section at the calvarial bone center region was acquired to reveal
calcein green within the bone marrow space (arrowheads). (c4–c6) Histological sections of the sagittal suture of P14 mice.
Boxed regions in (c4) were enlarged in (c5, c6), respectively. (d1, d2) Dorsal (d1) and ventral view (d2) of the sagittal
suture of P21 mouse. (d3) The optical section was acquired to reveal calcein green within the calvarial bone marrow space
(arrowheads). (d4–d6) Histological sections of P21 sagittal suture. Boxed regions in (d4) were enlarged in (d5, d6),
respectively. Asterisks indicate the calcein green signal underneath the periosteum. Round dots indicate calcein green signal
underneath the dura. Arrows indicate signal surrounding the sagittal suture. Dotted lines outline sagittal sutures. S.s, sagittal
suture. Scale bars, 50mm in (a4, a5, b4, b5, c5, c6, d5, d6); 100mm in other panels. 3D, three-dimensional; SHG, Second
Harmonic Generation.
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periosteum (asterisks in Fig. 2a1, a5, and a3) or dura (dots in
Fig. 2a2, a5, and a3,) and regions along the sagittal suture
(arrows in Fig. 2a1, a2, a4, and a3). Relatively low calcein
green signal was detected within the suture. Similarly, at p7,
strong calcein green signal was detected over the entire cal-
varial bone under the periosteum (asterisks in Fig. 2b1, b5,
and b3), dura (dots in Fig. 2b2, b5, and b3), and along the suture
(arrows in Fig. 2b1, b2, b4, and b3). At p14, calcein green signal
was restricted along the suture region (arrows in Fig. 2c1, c2,
c5, and c4), but is much less underneath the periosteum or dura
(Fig. 2c6). Optical sections showed positive signal also in the
bone marrow space (arrowheads in Fig. 2c3, c5, and c4). At
p21, calcein green signal was mostly detected along the suture
(arrows in Fig. 2d1, d2, d5, and d4) and bone marrow space
(arrowheads in Fig. 2d3, d5, and d4), but was absent from the
underneath periosteum or dura (Fig. 2d6).

We also investigated osteogenic activity on the palatal and
frontal bones. At p1 and p7, strong calcein green signal was
visualized throughout the palatal and frontal bones, including
the parasuture region (arrows) and bone marrow space (ar-
rowheads) (Fig. 3a, b, e, f). At p14 and p21, strong calcein
green signal was mostly detected along the suture (arrows)
and within the bone marrow space (arrowheads), but was
significantly reduced from other regions (Fig. 3c, d, g, h).

These indicated that osteogenic activity occurs widely
throughout the calvarial bone immediately after birth, but
gradually restricted to regions along the suture and bone
marrow space.

Calvarial vasculature gradually restricted
to the suture and bone marrow space regions
between p7 and p14 after birth and were closely
associated with osteogenic activity

Next, we investigated the vasculature distribution on the
calvarial bone during the postnatal development by using
Cdh5-Cre; Ai14 mice. Vascular endothelial-cadherin (Cdh5)
is a specific marker for labeling blood vessel endothelial
cells [24]. Calvarial bones were harvested from Cdh5-Cre;
Ai14 mice of P7 or P14 age and cleared following the PE-
GASOS method without decalcification. At p7, plenty of
blood vessels were visualized throughout the calvarial bone,
including the central part, the peripheral, and the suture
region (Fig. 4a–a3). We did not notice significant differ-
ences in vascular density in different areas, including the
suture region, central parietal bone, or bone marrow space
(Fig. 5c). At p14, enriched vasculature remained within the
suture region and peripheral bone marrow space (Fig. 4b–
b4). Much fewer blood vessels were detected in the central
part of the calvarial bone (Figs. 4b, b2, 5c). Blood vessels at
the central calvarial bone region are all within the dura.

Calcein green incorporation assay was performed for
Cdh5-Cre; Ai14 mice of p7 or p14 age. At p7, strong calcein
green was detected throughout the calvarial bone. Signal
intensity was slightly higher in the suture region than the
parietal bone center or peripheral bone marrow space re-
gions (Fig. 5a–a2, d). TdTomato and calcein green signal
highly colocalized with each other in either bone marrow
space or suture region (Fig. 5a1, a2). At p14, calcein green
signal still remained strong in the suture and peripheral bone
marrow space regions but reduced dramatically in the cen-
tral calvarial bone region (Fig. 5b–b3, d). TdTomato and

calcein green signals remained colocalized with each other
within the suture and peripheral bone marrow regions. Little
calcein green signal colocalized with dura blood vessels in
the central part of the calvarial bone (Fig. 5b1).

Osteogenic activity and calvarial vasculature
are more restricted in suture and bone marrow
space regions at the age of p21 and adult

We investigated the vasculature distribution on the cal-
varial bone in mice of P21 by using Cdh5-Cre; Ai14 mice.
Three-dimensional imaging indicated that at P21, vascula-
ture within the suture still remained at similar density as in

FIG. 3. Osteogenesis within the frontal and palatal bone is
gradually restricted to suture regions and bone marrow
space during postnatal development. Frontal (a–d) and
palatal bone (e–h) samples were collected from mice at P1,
P7, P14, or P21. Calcein green injection was performed 2 h
before sacrifice. 3D images were acquired with a two-
photon microscope after PEGASOS clearing treatment
without decalcification. Green, calcein green signal. White,
SHG signal from the bones. Osteogenic activity of the
frontal and neighboring premaxillary bones harvested from
mice of P1 (a), P7 (b), P14 (c), or P21 (d) age. Osteogenic
activity of the palatal bones harvested from mice of P1 (e),
P7 (f), P14 (g), or P21 (h) age. Dotted lines outline sutures.
Arrows indicate the calcein green signal in the suture re-
gions. Arrowheads indicate calcein green signal within the
bone marrow space. Scale bars, 200 mm.
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the younger mice (Fig. 6a, d¢, and 6f compared with Fig. 5c).
Calcein green assay indicated strong osteogenic activity along
the suture, but at less intensity than in younger mice (Fig. 6a, d,
and 6g compared with Fig. 5d). Bone marrow vasculature
presented a reduced density than in younger mice (Fig. 6a, b¢,
and 6f compared with Fig. 5c). Calcein green signal was de-
tected to be spatially associated with the bone marrow vas-
culature, but at a lower intensity than in younger mice (Fig. 6a,

b, and 6g compared with Fig. 5d). Only a few blood vessels
were detected in the central calvarial bone region, which is
located within the dura. Little calcein green signal was de-
tected along the dura vasculature (Fig. 6e–g).

Similar vasculature distribution was present in the cal-
varial bone of adult mice (6–8 weeks). The highest vascu-
lature density was shown to be in the suture region. Calvarial
peripheral bone marrow regions also had relatively enriched

FIG. 4. Calvarial bone vas-
culature distribution pattern at
P7 and P14. Calvarial bones
were collected from Cdh5-
Cre; Ai14 mice at P7 or P14
and processed following the
PEGASOS clearing method
without decalcification. (a)
Calvarial bone vasculature
at age of P7. Boxed regions
were enlarged in (a1–a3) as
indicated. (b) Calvarial bone
vasculature at P14 age. Boxed
regions were enlarged in (b1–
b4) as indicated. The dotted
line outlines calvarial bones.
Cor. S, coronal suture; Lamb.
S, lambdoid suture; Sag. S,
sagittal suture. Scale bars,
100 mm.
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blood vessels (Fig. 7a). Vasculature densities in suture and
bone marrow were lower compared with mice of P21 age
(Fig. 7d compared with Figs. 5c and 6f). Few blood vessels
were detected in the central calvarial bone region (Fig. 7a,
d). Calcein green signal was detected along the suture and

the bone marrow space regions with lower intensities than in
younger mice (Fig. 7e compared with Figs. 5d and 6g).
Calcein green signal associated closely with the vasculature
(Fig. 7b, c). Little calcein green signal was detected in the
central calvarial bone region (Fig. 7a, e).

FIG. 5. Spatial association of osteogenesis with vasculature in calvarial bone during the first 2 weeks after birth. Calcein
green injection was performed before sacrificing mice. Three-dimensional images were acquired with a two-photon mi-
croscope. (a) Distribution of vasculature (red) and calcein green signal (green) in the calvarial bone at the age of P7. The
dotted line outlines calvarial bone. Boxed regions were enlarged in (a1, a2) as indicated. (b) Distribution of vasculature
(red) and calcein green signal (green) in the calvarial bone at the age of P14. The dotted line outlines calvarial bone. Boxed
regions were enlarged in (b1–b3) as indicated. Vascular density and osteogenic intensity at different locations were
quantified in (c, d). *P < 0.0083. Cor. S, coronal suture; Lamb. S, lambdoid suture; n.s., no significant difference; Sag. S,
sagittal suture. Scale bars, 100mm.
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These results indicated that calvarial vascular density
gradually reduced and vasculature was restricted to the su-
ture and peripheral bone marrow regions after p21 and in the
adult. The osteogenic activity was closely associated with
blood vessels within the suture and peripheral bone marrow
regions but was not associated with dura vasculature.

In adult mice, Gli1+ SuMSCs were closely
associated with vasculature and craniofacial
osteogenesis

Gli1+ cells within the suture are MSCs supporting cranio-
facial bone turnover and injury repair [13,25]. Previous studies
based on conventional 2D imaging concluded Gli1+ cells
were not associated with the vasculature. To investigate re-
lationships between Gli1+ MSCs with osteogenesis and vas-

culature, we generated Gli1-CreERT2; Ai14 model and induced
with tamoxifen for adult mice (6–8 weeks) to label Gli1+ cells
in adult sutures. In combination with calcein green labeling
and the PEGASOS tissue clearing techniques, we were able to
elucidate the relationship between MSCs and osteogenesis
through 3D imaging following the protocol shown in Fig. 8a.
Sagittal, palatal, and frontal/premaxilla sutures were isolated
and processed with the PEGASOS method without decalcifi-
cation. The 3D imaging indicated Gli1+ cells distributed ex-
clusively within sutures. Osteogenic sites uniformly appeared
adjacent to Gli1+ SuMSCs in the sagittal suture, palatal su-
ture, and frontal/premaxilla suture (Fig. 8b–d).

To investigate the spatial relationship between Gli1+
MSCs and vasculature, laminin whole-mount staining was
performed to label vasculature within the sagittal suture and
the nearby blood vessel loops, as indicated in Fig. 8f. Adult

FIG. 6. Spatial association of vasculature with osteogenesis in mouse calvarial bone at P21. Calvarial bones were collected
from Cdh5-Cre; Ai14 mice at P21. Calcein green injection was performed before sacrificing mice. Samples were cleared
following the PEGASOS method without decalcification. (a) Maximum project view of the vasculature (red) and calcein green
signal (green) in the calvarial bone. Boxed regions were enlarged in (b, b¢, c, c¢, d, d¢ and e) as indicated. The dotted line outlines
calvarial bone. Vascular densities and calcein green signal intensities at different locations on the calvarial bone were quantified
in (f, g). *P < 0.0083. Cor. S, coronal suture; Lamb. S, lambdoid suture; Sag. S, sagittal suture. Scale bars, 250mm.
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Gli1-CreERT2; Ai14 mice were used to label Gli1+ MSCs
after 4 days of induction with tamoxifen. The calvarial bone
then underwent the PEGASOS method with decalcification
as described in Fig. 8e. Interestingly, 3D imaging indicated
that Gli1+ cells within the suture were surrounding the vas-
culature (Fig. 8g, h).

Taken together, 3D imaging revealed that Gli1+ cells
within the suture are spatially associated with osteogenic
activity in adult craniofacial bones and are also adjacent to
the vasculature.

Discussion

Craniofacial bones are flat bone originating mostly from
the cranial neural crest cells of ectoderm and partially from
mesoderm. Intramembranous osteogenesis is the dominant
process during craniofacial bone formation. In contrast,
long bones in the trunk region were derived from meso-
derm and governed mainly by endochondral osteogenesis.
Endochondral osteogenesis process in long bone develop-
ment has been shown to be closely associated with the

vasculature. Osteogenic progenitor cells were proposed to
migrate along and regulated by blood vessels. Coupling be-
tween angiogenesis and osteogenesis is a critical process
during long bone development and regeneration [26,27].
Intramembranous osteogenic procedure during the craniofa-
cial bone development was much less understood, especially
during the postnatal development stage [28]. It remains lar-
gely unknown if craniofacial osteogenesis during postnatal
development is coupled with vasculature development. The
complicated shape and organization of craniofacial organs
constitute a challenge for visualizing and investigating their
vasculature organization and development. By using the PE-
GASOS clearing method-based 3D imaging combining with
transgenic mouse model for labeling endothelium, we were
able to visualize the spatial organization of craniofacial vas-
culature. Our results provided direct evidence that the cra-
niofacial osteogenic process is also coupled with vasculature
throughout the entire postnatal craniofacial development. In
the first 2 weeks after birth, strong osteogenesis and enriched
vasculature were visualized throughout the entire craniofacial
bones. After P14, osteogenic activity and vasculature density

FIG. 7. Spatial association
of vasculature with osteogen-
esis in adult mouse calvarial
bone. Calcein green injection
was performed for adult Cdh5-
Cre; Ai14 mice (6–8 weeks
age) before sacrifice. Samples
were processed using the PE-
GASOS method and imaged
with a two-photon micro-
scope. (a) Maximum project
view of the vasculature (red)
and calcein green (green) in
the calvarial bone. The dotted
line outlines calvarial bone.
Boxed regions were enlarged
in (b, c) as indicated. Vascular
densities and calcein green
signal intensities at different
locations on the calvarial
bone were quantified in (d,
e). *P < 0.0083. Scale bars,
200 mm. Cor. S, coronal su-
ture; Lamb. S, lambdoid su-
ture; Sag. S, sagittal suture.
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reduced significantly and both are more enriched in the suture
and bone marrow space regions.

Blood vessels on the calvarial bone can be categorized into
three distinct types based on their locations, within sutures,
bone marrow space, or dura. We did not detect vasculature
within the calvarial bone periosteum. Dura vasculature den-
sity significantly reduces during postnatal development and is
not associated with osteogenesis after p14. Bone marrow
vasculature density also significantly reduces during postnatal
development but is always associated with osteogenesis. Su-

ture vasculature remains highly enriched even in adult mice is
always associated with osteogenesis. The coupling between
osteogenesis and vasculature suggests potential interactions
and regulations between osteogenic mesenchymal cells and
blood vessel components of craniofacial bones. Perivascu-
lature has been proposed to be the stem cell niche for nu-
merous mesenchymal organs [29–32]. Craniofacial sutures in
adult mice were known to be the niche for craniofacial MSCs
supporting bone turnover and injury repair. These SuMSCs,
which could be labeled by Gli1 or Axin2 expression [12,13],

FIG. 8. In adult mice, Gli1+ MSCs within the suture are spatially associated with osteogenesis and vasculature.
(a) Experimental design for labeling Gli1+ cells using Gli1-CreERT2; Ai14 mice and for labeling osteogenesis with calcein
green injection. (b) Association of Gli1+ cells (red) with osteogenic activity (green) within the sagittal (b), palatal (c), and
frontal/premaxilla (d) sutures. (e) Experimental design for labeling Gli1+ cells using Gli1-CreERT2; Ai14 mice and for
labeling vasculature with laminin antibody. (f) Schematic drawing of calvarial bone showing the image locations of panel
(g, h). (g, h) A 3D image stack of 100 mm thickness showed the spatial association of Gli1+ cells (red) with the vasculature
(green) within (g) and near (h) the sagittal suture. Cor. S, coronal suture; Fro-Premaxi. S, frontal/premaxilla suture; Lamb.
S, lambdoid suture; MSCs, mesenchymal stem cells; Sag. S, sagittal suture. Scale bars, 100 mm.
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were located at the midline of the suture mesenchyme. They
are negative for osteogenic differentiation markers and can
give rise to osteoblast located within the osteogenic fronts and
osteocytes within the craniofacial bones. Maintenance of
SuMSCs are essential for suture patency, and ablation of these
MSCs led to suture fusion. Differentiation of these SuMSCs
were regulated by IHH secreted from the osteogenic front
[13]. Although perivascular niche was known to be critical for
many MSC populations, based on 2D sections, it was pro-
posed that SuMSCs are not related to blood vessels [13]. Our
3D imaging results disapproved the above conclusion. En-
riched blood vessels remain within the calvarial bone suture of
adult mice and are spatially associated with osteogenic ac-
tivity and Gli1+ MSCs. Like MSCs of the long bone, Gli1+
MSCs of craniofacial bones are also perivascular located.

In summary, our study indicated that PEGASOS tissue
clearing-based 3D imaging is a useful tool for investigating
craniofacial bone development and MSCs. We showed that
craniofacial osteogenesis is spatially associated with the
vasculature during postnatal development. SuMSCs of cra-
niofacial bones are also spatially associated with the vas-
culature.
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