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Abstract : Endochondral bone formation of the developing cranial base is a complex process. This mechanism
requires precise orchestration of many cellular events and cartilage matrix metabolism, such as proliferation,
becoming round in shape, termination of proliferation, hypertrophic size-increase, and finally programmed cell
death. Active formation and degradation of cartilage matrix take place, in which microtubules are involved for
intracellular events; bone apposition follows these events. However, the involvement of microtubules during these
changesin the developing crania base has not been identified yet. Thus, we investigated the involvement of micro-
tubulesin the regulation of endochondral bone formation during cranial base development.

Using tubulin-binding drug nocodazole, we examined the effects of altering the structure and function of micro-
tubules during in vivo organ culture of the mouse cranial base. Cultured specimens were analyzed with HE staining,
immunohistochemistry, and cell counting in order to study the morphological and molecular changes that occurred
in the tissues.

Disruption of the microtubular array by nocodazole reduced cells expressing proliferation marker Ki67, osteo-
genic marker BSP, and BMP4 within the sphenooccipital synchondrosis region; chondrocyte hypertrophy was
ceased in the hypertrophic zone; degeneration of cartilage matrix and bone matrix apposition was inhibited in the
ossification center of the basooccipital crania base.

Our data demonstrated that disruption of microtubules by nocodazole have multiple inhibitory effects on the
sequential changes that occur during endochondral bone formation, suggesting the importance of normal microtu-
bule-polymerization in cranial base development.
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in the synchondrosis regions, which serve as growth cen-
ters(Nie 2005). These events are regulated by many differ-
ent genes and signaling molecules (Horton 1990, Kronen-
berg 2003). At the initiation stage, chondrocytes differen-
tiate from mesenchymal cells(Wright et al. 1995, Ng et al.

Introduction

The crania base is formed through endochondral bone
formation, and various cellular and molecular events occur
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1997, Zhao et a. 1997). They proliferate rapidly and syn-
thesize proteoglycans, extracellular matrix, and type |1
collagen (Cal I1) in the cartilage matrix. Next, proliferation
terminates and chondrocytes begin to hypertrophy and
secrete type X collagen (Col X) in the cartilage matrix
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(Gilbert 2006). Finaly, these hypertrophic chondrocytes
undergo programmed cell death and are degraded (Gerber
et al. 2000); cells lining the surface of the cartilage model
differentiate into osteoblasts and form bone (Nakashima et
al. 2002, Hu et a. 2005). During these sequential changes,
the expression level of bone siaoprotein (BSP), a major
structural protein of the bone matrix, is low in the resting
and proliferating chondrocytes and high in the hypertro-
phic chondrocytes(Bianco et al. 1991).

Microtubules are one of the mgjor cytoskeleton compo-
nents. They are involved in many cellular eventsincluding
mitosis, cytokinesis, and vesicular transport. Particularly
in mitosis, it isinvolved in the action of mitotic spindles.
Problems in microtubules lead to diseases such Alzheimer
and Shwachman-Diamond syndrome (Igbal et al. 2005,
Austin et a. 2008). One of the symptoms of Shwachman-
Diamond syndrome in the skeletal system is metaphyseal
dysostosis. However, the involvement of microtubules
during skeletogenesis has not been clearly understood,
especially in the developing crania base that undergoes
endochondral bone formation. Thus, we investigated how
microtubules act by using tubulin-binding drug nocodazole
to alter the structure and function of microtubules during
in vivo organ culture of the mouse cranial base. Morpho-
logical and immunohistochemical analyses revealed that
sequential events that occur during endochondral bone
formation were disrupted by nocodazole, suggesting the
importance of normal functions of microtubule in cranial
base devel opment.

Materials and Methods

All experiments were performed following the guide-
lines of the Intramural Animal Use and Care Committee,
College of Dentistry, Yonsei University.

1. Preparation of mouse embryos

Adult ICR mice were housed in atemperature-controlled
room (22°C) under artificial illumination (lights on from
05:00 to 17:00 h) and at 55% relative humidity with
access to food and water ad libitum. The mouse embryos
were obtained from time-mated pregnant mice after sacri-
ficing the pregnant mice with cervical dislocation. EO was
designated as the day on which the presence of a vaginal
plug was confirmed. Embryos at developmenta stage E14

were investigated.

2. Invitro organ culture

The cranial bases were isolated from the mouse embryos
and cultured in medium at 37°C and 5% CO, for up to 72
h using the culture method reported by Trowell (1959). The
culture medium DMEM/F12 (Life Technologies, CA) was
supplemented with 20 pg/mL ascorbic acid (Sigma-Aldrich,
MO) and 1% penicillin/streptomycin and was renewed
every 24 h. 10 specimens were examined in each experi-
ment.

3. Nocodazole treatment

In cultures, nocodazole (Sigma-Aldrich, MO) was dis-
solved in the culture medium at concentrations ranging
from O to 10 ug/mL. After 72h of culture in vitro, crania
base specimens were processed for immunohistochemistry
and TUNEL assay. 10 specimens were examined in each
experiment.

4. Immunohistochemistry and TUNEL assay

The specimens were embedded in paraffin using conven-
tional methods. Sections (4 um thick) of the specimens
were incubated at 4°C overnight with the primary mouse
monoclonal antibody against Ki67 (Thermo Fisher Scien-
tific, MA), Col 1l (Thermo Fisher Scientific, MA), Col X
(Biomeda, CA), BSP (Millipore, MA), and BMP4 (Santa
Cruz Biotechnology, CA). After washing with PBS, the
specimens were allowed to react with biotinylated goat
antimouse immunoglobulins and streptavidin peroxidase
at room temperature for two consecutive 10-minute incu-
bations. Finally, the specimens were visualized using the
3,3-diaminobenzidine (DAB) reagent kit (Life Technolo-
gies, CA). TUNEL assay was performed using in situ cell
apoptosis detection kit (Trevigen, MD) following the
manufacturer’ sinstructions. The 4 um-thick sections were
treated with proteinase K [in 10mM Tris-HCI (pH 8.0)] at
a concentration of 20 ug/mL for 15~20min at room tem-
perature. The samples were then incubated with the label-
ing reaction mixture at 37°C for 1 h and streptavidin-HRP
solution for 10 min at room temperature. DAB was used
as a substrate solution to detect the sites of in situ apoptosis
under a light microscope. 10 specimens were examined in
each experiment.
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Results

1. Nocodazole treatment disrupted chondrogenesis
and osteogenesisin the developing cranial base

In order to demonstrate the roles that microtubule plays
during endochondral bone formation in the developing
crania base, we employed nocodazole treatment in organ
cultures. Crania bases from E14 mouse embryos were
cultured in the media containing O or 10 ug/mL nocoda-
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zole for 3days. Since cranial base specimens at E14 exhi-
bited a high rate of proliferation, they were considered to
be going under active growth and development. After 3
days of culture with nocodazole, specimens began to show
evident dimensional changes. The dorsoventral thickness
of the sphenooccipital synchondrosis region in parasagittal
sections was lower in the specimens cultured in media con-
taining nocodazole than in the control specimens (n=10/
10) (Fig. 1A, A’, brackets). The morphology and arrange-
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Fig. 1. Nocodazole reduces proliferation in the sphenoocipital synchondrosis and induces programmed cell death in the hypertrophic chon-
drocytes. Cranial base tissues at E14 were cultured for 3 days in culture medium containing nocodazole (10 ug/mL). (A, A”) H-E staining
shows that the dorsoventral thickness of the sphenooccipital synchondrosis region is lower in the nocodazole group than in the control
group. In addition, the chondrocytes in the sphenooccipital synchondrosis region lose their concentric arrangement in the nocodazole group.
The point where the thickness of the sphenooccipital synchondrosis region was measured is indicated with a bracket in each group. (B, B’,
D) Ki67 staining demonstrates the inhibitory effect of nocodazole on cell proliferation in the perichondra cells(blue arrowheads, blue arrows)
and chondrocytes (black arrowheads, black arrows). In addition, Ki67-positive chondrocytes that exhibit larger nuclei within the sphenooc-
cipital synchondrosis region are located in the periphery of the sphenooccipital synchondrosis region in the control group (black arrowheads)
and are randomly located in the nocodazole group (black arrows). (C, C) TUNEL staining shows that nocodazole treatment induces apopto-
sis of chondrocytes in the sphenooccipital synchondrosis region (black arrows) and hypertrophic chondrocytes (red arrows). The zones
corresponding to bone-forming regions are marked with brackets. (D) Chondrocytes expressing Ki67 are counted within a 2,500-um? region.

*P < 0.05 as determined by ANOVA. Scale bars: A-C, A’-C’, 100um.
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ment of the chondrocyte nuclel also showed marked differ-
ences. The shape of chondrocyte nuclei in the control group
varied with the zone, and the nuclei were concentrically
arranged within the sphenooccipital synchondrosis (Fig.
1A), whereas most of the nocodazole-group nuclei were
similar in size and shape and did not show concentric arran-
gement within the sphenooccipital synchondrosis region
(Fig. 1A). In the control group, Ki67-positive nuclei that
were larger or beginning to show hypertrophic morphology
were found in the periphery of the sphenooccipital syn-
chondrosis region (Fig. 1B, black arrowheads), whereas

nocodazole-group nuclei stained with Ki67 were not only
in the periphery but aso in the center of the sphenooccipi-
tal synchondrosis region (Fig. 1B’, black arrows). The den-
sity of Ki67-positive chondrocytes in the sphenooccipital
synchondrosis region was lower in the nocodazole group
than in the control group (Fig. 1B, B’, D). A similar reduc-
tion of Ki67 localization was aso evident in the perichond-
ral cells(Fig. 1B, blue arrowheads; B, blue arrows).
Célls undergoing programmed cell death were confirmed
by TUNEL staining. None of the chondrocytes in the sphe-
nooccipital synchondrosis region of the control group were
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Fig. 2. Nocodazole reduces chondrogenic markers(Col Il and Col X) and osteogenic marker (BSP) in the sphenoocipital synchondrosis.
(A, A’) Coal Il stains the cartilage matrix strongly in the control group and weakly in the nocodazole group. The zone in the center of the
basioccipital bone overlapping the ossification center and lacking Col Il-stained cartilage matrix is only found in the control group (A,
brackets). In addition, the anteroposterior length of the cranial base is shorter in the nocodazole group than in the control group. (B, B”) Col
X islocalized around the hypertrophic chondrocytes in both the control and nocodazole groups. However, the localization is stronger in the
control group. (C, C") Most of the chondrocytes are BSP-positive in the control group (arrowheads), whereas the number BSP-positive
chondrocytes (arrows) is lower in the nocodazole group. In addition, cartilage matrix stained by BSP is found only in the nocodazole group

(C, brackets). Scale bars: A-C, A’-C’, 100 um.
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labeled by TUNEL staining (Fig. 1C), whereas TUNEL-
stained chondrocytes were found within the sphenooccipi-
tal synchondrosis region in the nocodazole group (Fig. 1C’,
black arrows). Another group of chondrocytes undergoing
apoptosis was located in the posterior region within the
basioccipital bone (Fig. 1C’, red arrows). This region cor-
responded to the zone where the bone matrix began to form
on the dorsal and ventral surfaces of the cranial base car-
tilage plate in the control group (Fig. 1C, bracket).

In the control group, Col Il was densely localized in the
cartilage matrix, clearly showing the outline of lacunae
surrounding the chondrocytes (Fig. 2A), but was absent in
the ossification center of the basioccipital region where
bone matrix was formed (Fig. 2A, brackets). However, in
the nocodazole-group cartilage matrix, Col Il localization
was weak but remained present throughout the cranial base
cartilage plate and was even evident in the region corre-
sponding to the ossification center, and bone matrix was
not fomed in this region (Fig. 2A’, brackets). In addition,
the anteroposterior length of the basioccipital bone was
shorter in the nocodazole group than in the control group
(Fig. 2A, A’). The cartilage matrix surrounding hypertro-
phic chondrocytes were stained with Col X in similar
regions of the cranial base in both groups, athough the
staining was weaker and the lacunae containing hypertro-
phic chondrocytes were smaller in the nocodazole group
(Fig. 2B, B’). Immunohistochemistry of BSP reveaed that
nocodazole reduced the number of chondrocytes stained
with BSP within the synchondrosis region (Fig. 2C, C)).
Most of the chondrocytes in the control-group synchondro-
sis region were BSP-positive (Fig. 2C, arrowheads), and
fewer chondrocytes were BSP-positive in the nocodazole
group (Fig. 2C’, arrows). Another differencein BSP stain-
ing was evident in aregion in the nocodazole-group cranial
base where cartilage was diffusely stained (Fig. 2C’, brac-
kets). This region was not stained in the control group,
with newly formed bone being found instead (Fig. 2C).

All chondrocytes strongly expressed BMP4 in the cont-
rol group, and markedly fewer BMP4-positive chondro-
cytes were evident in the nocodazole group (Fig. 3A, A’,
B). The localization of BMPA4 in the cytoplasm was strong
enough to mask the counterstaining in the nuclei in control-
group chondrocytes (Fig. 3A, arrowheads, box), whereas
nocodazole-group chondrocytes exhibited weak localiza-
tion of BMP4 in the cytoplasm, exposing hematoxylin-
stained nuclei (Fig. 3A’, arrows, box).
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Fig. 3. Nocodazole reduces BMP4-expressing cells in the spheno-
ocipital synchondrosis. (A, A’, B) Chondrocytes exhibit strong
localization of BMP in the control group (arrowheads), with stain-
ing in both the nucleus and cytoplasm in most chondrocytes (A,
box), whereas the number of BMP-positive chondrocytes (arrows)
is markedly lower in the nocodazole group, with BMP staining
only in the cytoplasm, leaving the nuclei counterstained by hema-
toxylin (A’, box). (B) Chondrocytes expressing BMP4 are counted
within a 2,500-um? region. *P< 0.05 as determined by ANOVA.
Scdebars: A, A’, 100 um.

Discussion

Our study demonstrated generalized cessation of endo-
chondral bone formation in the developing cranial base at
E14 after disrupting the structure and function of microtu-
bules with nocodazole in cultured cranial base specimens.
Expression of proliferation marker Ki67, osteogenic mar-
ker BSP, and BM P4 were reduced within the sphenoocci-
pital synchondrosis region. Chondrocyte hypertrophy was
ceased in the hypertrophic zone of the sphenooccipital
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synchondrosis, and bone matrix apposition was inhibited
on the dorsal and ventral surfaces of the cranial base. Pro-
grammed cell death was found in the chondrocytes, parti-
cularly in the hypertrophic zone.

Lower number of Ki67-positive cells in the nocodazole
compared to the control group is a direct effect of nocoda
zole treatment since one of the uses of nocodazole is to
arrest the cell cyclein prometaphase(Fig. 1B, B”; De Bra-
bander et a. 1976). This finding may be related to lower
dorsoventral thickness of the sphenooccipital synchondro-
sisregion and lower anteroposterior length of the cartilage
plate that would later become the basioccipital bone in the
nocodazole group compared to those in the control group
(Figs. 1A, A’ and 2A, A’). Lower dorsoventral and antero-
posterior dimensions of the cranial base may also occur
due to inhibition of cartilage matrix synthesis. Col 11 stain-
ing and Col X staining were in the nocodazol e group (Fig.
2A’, B’). This may be another effect of inhibiting cartilage
matrix synthesis since cartilage synthesis depends on nor-
mal function of the Golgi apparatus, in which microtubules
play an important role (Mellman and Simons 1992, Far-
guhar and Palade 1998). In addition, hypertrophy appeared
to be retarded in the nocodazol e group. The size of hyper-
trophic chondrocytes in the nocodazole group was not as
large as that in the control group (Fig. 2A, A’, B, B’). Nor
did it become any larger compared to the size of the hyper-
trophic-zone chondrocytes in the beginning of the organ
culture. This finding supported the previous cell study on
microtubule as a regulator of chondrocyte hypertrophy
(Farquharson et al. 1999) and was in line with the previous
study on microtubules in the joint cartilage (Benjamin et
al. 1994). Thus, microtubules may be important in dimen-
sional growth of the crania base by modulating chondro-
cyte proliferation and hypertrophy, and cartilage matrix
synthesis. However, the relation of programmed cell death
and dimensional growth of the cranial base needs to be
further clarified.

Interestingly, localization of Col 11 was weak but remain-
ed throughout the cartilage plate in the nocodazole group
(Fig. 2A"), whereas there was a zone in the central region
of the basioccipital-bone cartilage in the control group
where Col |1 localization was absent (Fig. 2A, brackets).
This indicated that Col |l degradation was inhibited after
nocodazole treatment, which was in line with a previous
study discussing the inhibitory effect of cytoskeleton dis-
ruption on cartilage matrix degradation (Blain et a. 2006).

Based on this finding and the finding that nocodazole-
group specimens lacked bone-layer apposition on the dor-
sal and ventral surfaces of the cartilage plate, we suggest
that nocodazol e exerts a negative effect on the transitional
process where replacement of cartilage matrix with bone
(the main event of endochondral bone formation) occurs.
The numbers of chondrocytes positive to BSP and BMP4
a so decreased in the nocodazole group (Fig. 2C, C'). This
finding indicated a reduction of osteogenic potential in
both chondrocytes and perichondral cells, which might
explain why bone formation was absent in the ossification
center in the specimens in the nocodazole group (Fig. 2C/,
brackets).

In addition, there was a region where the cartilage matrix
was diffusely stained by BSP in the nocodazole group but
not in the control group (Figs. 2C, C" and 3). This finding
was unexpected since we have already confirmed that the
levels of the osteogenic markers BSP and BMP4 were
lower in the nocodazole group. The absence of locaiza
tion in the control group may be related to the mineraliza-
tion level of the cartilage matrix being higher in that group.
In their immunolocalization study of bone matrix proteins,
Hosoya et al. (2005) found that BSP was present in the
bone matrix only after decalcification, suggesting that the
negative immunolocalization observed in our study was
due to calcification occurring only in the control group.
Further studies on decalcified specimens may be necessary
to confirm this. In summary, altering the structure of micro-
tubule may retard endochondral bone formation by inhi-
biting cartilage removal and suppressing osteogenic mar-
ker proteins, such as BSP, resulting in the inhibition of
bone formation.

Taken together, we suggest that microtubules play im-
portant roles in many different parts of the developing
crania base. The results of this investigation of the unique
developmental processes underlying cranial base develop-
ment help to elucidate the cellular mechanisms underlying
craniofacial anomalies in the cranial base. Future studies
should examine the factors that play fundamental rolesin
chondrogenesis during cranial base development by using
genetic manipulation to explore the precise molecular
mechanisms underlying cranial base devel opment.
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