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Abstract 
 

Neonatal calvarial bone has been widely used for investigating the biological behaviour of 

intramembranous bones. This work evaluated the bone formation of neonatal calvarial bone by 

microcomputed tomography (micro-CT) and histomorphometry. Moreover, the viability of neonatal 

calvarial bone and the effect of micro-CT radiation exposure on neonatal calvarial bone viability 

were investigated. The calvarial bones of 4-day-old CD-1 mice were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) or osteogenic medium (OM) for 23 days. Micro-CT scanning 

and histological analysis were performed on days 2, 9, 16 and 23. An “OM-control” group was 

scanned only on days 2 and 23 to evaluate the effect of a single micro-CT radiation dose on calvarial 

bones. Histomorphometric measurements revealed that the number of osteoblasts per unit bone 

surface area (N. Ob/BS, /mm2) (days 9, 16 and 23) and the number of osteoclasts per unit bone 

surface area (N. Oc/BS, /mm2) (days 9 and 16) were higher and lower, respectively, in the OM group 

than in the DMEM group. Moreover, the calvarial bone survived for at least 16 days in vitro, as 

indicated by tartrate-resistant acid phosphatase (TRAP)-positive staining. Micro-CT assessment 

revealed that the bone surface (BS), bone volume (BV), bone surface density (BS/ TV(Tissue 

volume)) and percent bone volume (BV/TV) were greater in the OM group than in the DMEM group 

except at baseline on day 2. All bone parameters of calvariae cultured in OM and OM-control 

conditions were not significantly different on days 2 and 23. Thus, the radiation dose from micro-CT 

in our study design had no perceptible effect on the formation of mouse calvarial bone in vitro.    
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1. Introduction  

Neonatal mouse calvarial organ culture has been extensively used for investigating the biological 

behaviour of intramembranous bones. First, organ culture preserves three-dimensional architecture 

and cellular diversity to a great degree. Additionally, organ culture offers greater physiological 

relevance than in vitro cell line culture(Mohammad et al., 2008b). Mouse calvarial bone is, in 

general, easily obtained for culture, and the dissection and culture techniques are well-established 

procedures(Cochran and Rouse, 1993; Goldhaber and Rabadjija, 1991; Sakai et al., 2000). Calvarial 

bone is also advantageous in that it requires minimal preparation for optical microanalysis.  

The bone formation ability of mouse calvarial bone is dependent on the culture conditions, which 

influence cell proliferation and differentiation. Various culture media have been used to culture 

mouse calvarial bone, such as Dulbecco’s modified Eagle’s medium (DMEM), osteogenic  

medium (OM; DMEM with osteogenic supplements), Gwatkin and Judah (BGJb) medium, and 

modified BGJb medium(Garrett, 2003a; Liu et al., 2013; Wu et al., 2010). In this work, two kinds of 

basal tissue culture media were compared: DMEM and OM. OM has been widely used in the culture 

of bone marrow cells(Coelho and Fernandes, 2000), periosteal cells(Tate et al., 2004), primary 

calvarial osteoblasts(Orriss et al., 2007), and dura mater cells(Greenwald et al., 2000). DMEM 

promotes proliferation, whereas OM stimulates the differentiation of bone cells. However, there are 

no data regarding how long and how well mouse calvarial bone can survive in vitro. To examine 

bone resorption in organ culture, explants of bone have been maintained for short incubation times, 

usually 2-4 days(Meghji et al., 1998). Neonatal mouse calvarial bone is usually cultured for 7 days 

(Curtin et al., 2009; Paul et al., 2012), 10 days (Dibart et al., 2016a; Liu et al., 2013; Tong et al., 

2016) or up to 2 weeks at most (Mohammad et al., 2008a). This may be because apoptosis of 

osteoclasts generally begins to occur after 4-12 days of in vitro culture (Loutit and Townsend, 1982; 

Marshall et al., 1987). The survival of mouse calvarial bone during the culture period warrants 

further investigation. Osteoclasts have been proven to be abundant in 4-day-old mouse calvarial bone 

and can be released mechanically by bone fragmentation (Hoebertz and Arnett, 2003). Osteoclast 

precursors are specifically activated to recognize bone surfaces and migrate to form multinucleated 

osteoclasts (Nakamura et al., 2012). Importantly, multinucleated osteoclasts do not form in dead 

bone tissue (Marshall and Rowlands, 2003). Tartrate-resistant acid phosphatase (TRAP)-positive 

osteoclast-like cells were therefore regarded as indicators of bone survival in vitro in this study.  

When researchers evaluate the bone formation of cultured mouse calvariae, the traditional 

procedure involves bone quantitative histomorphometry, which not only is time consuming but also 

prevents the tested bones from being available for further testing. In contrast, non- invasive and high-
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resolution microcomputed tomography (micro-CT) has shown advantages in medical applications, 

especially with respect to bone research. However, an important consideration when utilizing micro-

CT is the effect of radiation on living bone. Radiation effects from micro-CT on living animals seem 

to depend on ionizing radiation doses (Mitchell and Logan, 1998; Tanvir et al., 2018), species, 

genetic strains (Klinck et al., 2008), age (Brouwers et al., 2007) and bone sites (Williams and Davies, 

2006). There remains a lack of published data on the responses of cultured neonatal mouse calvarial 

bones to radiation doses from micro-CT. The objective of this study was to evaluate the bone 

formation of mouse calvariae in two different culture media by micro-CT technology and 

histomorphometry and to explore the effects of micro-CT radiation on cultured mouse calvarial bone. 

 2. Materials and methods  

2.1. Organ culture of neonatal mouse calvariae  

Heads (calvarial bones) of 4-day-old CD-1 female mice were provided by the Biological Support 

Facility of the University of Manchester and Chongqing Medical University. Mice were sacrificed by 

cervical dislocation and dissected under sterile conditions. During dissection, the dura mater and 

periosteum were kept intact on the bone surfaces. The mouse calvariae were exposed as shown in 

Fig. 5a. All experimental procedures were approved by the Ethics Committee of Chongqing Medical 

University, China (2013041).  

The bones were cultured free-floating in 24-well tissue culture plates with DMEM (with glutamax, 

Invitrogen, Paisley, UK) supplemented with 10% foetal bovine serum (Invitrogen, Paisley, UK), 100 

U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Paisley, UK). One day later, the bones 

were randomly divided into 5 groups (n = 5/group) for micro-CT (1072, SkyScan, BE) scanning and 

histological staining at weekly intervals according to the scanning and staining days (Table 1). The 

OM was composed of DMEM supplemented with foetal bovine serum, penicillin/streptomycin, 

dexamethasone (Dex) (Sigma-Aldrich,  

Dorset, UK), ascorbic acid 2-phosphate solution (AA) (Sigma-Aldrich, Dorset, UK) and b-

glycerophosphate (bGP) (Sigma-Aldrich, Dorset, UK) as described in a previous article(Wu et al., 

2014). The OM-control group was scanned only at the first and final time points. The bones were 

cultured in a humidified atmosphere of 5% CO2 at 37 ◦C. The culture media were changed every 3 

days.  
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Table 1  

Groups tested by micro-CT scanning and histological staining   

Group  
(n = 5)  

Culture medium  
on the 1 st day  

Culture medium after 
the 1st day  

Micro-CT scanning 
days  

Histological staining 
days  

DMEM  DMEM  DMEM  days 2, 9, 16, and 23  days 2, 9, 16, and 23  

OM  DMEM  OM  days 2, 9, 16, and 23  days 2, 9, 16, and 23  

OM- control  DMEM  OM  days 2 and 23     

 

2.2. Micro-CT analysis  

The cultured calvariae were scanned using micro-CT according to Table 1. To obtain baseline 

measurements, the same medium (DMEM) was used on the first day for all groups. After the first 

day, different media were used. During scanning, the calvariae were enclosed in sterilized Eppendorf 

test tubes containing culture medium (Fig. 5b). There was a tightly fitting plastic tube inside each 

Eppendorf test tube that supported the calvaria. The Eppendorf test tube was fixed to a stub with 

plasticine. The bones were scanned with an X-ray tube potential of 100 kV and a current intensity of 

98 μA. Each calvaria was exposed for 3 seconds per projection. The rotation range was 180◦, and an 

effective pixel size of 11 μm was set. Images were obtained under 25× magnification. Care was taken 

to avoid contamination.  

2.3. Coefficient of variation  

The reproducibility of the measurements was evaluated in an adjoining study in which alcohol-

fixed calvarial bone was scanned three times on different days using the same scanning settings. Four 

bone structure parameters: the bone surface (BS), bone volume (BV), bone surface density 

(BS/TV(Tissue volume)) and percent bone volume (BV/ TV) were obtained. The coefficient of 

variation (CV) was determined for BV and BS using the formula CV = standard deviation 

(SD)/mean.  

 

2.4. Histological and quantitative histomorphometric analyses  

The calvarial bones were fixed with 10% neutral buffered formalin (Solarbio, Beijing, China) for 

24 h and decalcified in 14% ethylenediamine tetraacetic acid (EDTA; pH 7.2) at room temperature 

for 24 h. The bones were subsequently dehydrated by exposure to an alcohol gradient and embedded. 
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To guarantee that all calvarial bones were in the same orientation(Mohammad et al., 2008b), 5-μm-

thick sections were collected along the intersection of the coronal suture and the posterior frontal 

suture. The cut direction for the histological sections was shown in Fig. 5a. Five different sections 

spaced at intervals of at least 100 μm were selected from each specimen(Parfitt, 1988a). Some 

sections were stained with haematoxylin and eosin (H&E) (Solarbio, Beijing, China) for histological 

observations(Dibart et al., 2016b). Other sections were processed for TRAP staining (Sigma-Aldrich, 

St. Louis, USA) according to the manufacturer’s instructions. Dark red-stained multinucleated giant 

cells were considered TRAP-positive cells. Ten representative areas from each section were imaged 

using an Olympus BX41 microscope (Olympus, Tokyo, Japan) to which a camera (Olympus DP80, 

Japan) was attached. The images were captured with 20× objectives (UPlanFL N, 20×/0.50 

∞/0.17/FN26.5, Olympus, Japan) using cellSens Standard software (Olympus, Japan). The images 

were analysed to assess the numbers of osteoblasts and osteoclasts using Image-Pro Plus software 

(Media Cybernetics L.P., Version: 6.0). The number of osteoblasts per unit BS (N. Ob/BS, /mm2) 

and the number of osteoclasts per unit BS (N. Oc/BS, /mm2) were determined by manually counting 

the osteoblasts and osteoclasts, respectively, and dividing the values by the bone area (Parfitt et al., 

2010). Blinded analysis was used for the histological sections to prevent unintentional bias during 

microscopic analysis.  

 

2.5. Statistical analysis  

SPSS 22.0 software (Chicago, IL, USA) was used for statistical analysis. Graphs were performed 

using Graph Pad Prism 8 software (San Diego, California, USA). The data are presented as means ± 

SD. Independent-sample t tests were used to analyse the differences between the bones cultured in 

DMEM and those cultured in OM at each single culture time point. Furthermore, two-way analysis 

of variance (ANOVA) with repeated measures was used to test the first and last measurements of the 

calvariae on days 2 and 23. For all statistical tests, p < 0.05 was considered to indicate statistical 

significance. 

3. Results  

3.1. Histological observations of calvarial bone  

Histological observations that illustrate the effect of either DMEM or OM on calvariae are 

presented in Fig. 1. Images of H&E-stained histological sections are shown in Fig. 1a-h. There was 

almost no observable new osteoid/bone formation in either group on day 2 (Fig. 1a-b). The newly 

formed calvarial bone increased in size and width progressively from days 9 to 23. The darker-

coloured areas represent old bone, whereas the lighter areas represent new bone (Fig. 1c-h). This 
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newly formed bone was mostly restricted to the inner surface of the periosteum. Active osteoblasts 

were observed during the formation of new bone, and sites of new bone were counted to measure 

new bone formation (Garrett, 2003b). Images of TRAP-stained histological sections are shown in 

Fig. 1i-p. Irregularly shaped TRAP-positive osteoclasts, which were mainly distributed on the 

endocranial membrane, were visible until day 16. TRAP staining of sections was performed to 

determine whether the bone tissues survived in vitro.  

 

3.2. Histomorphometric measurements  

The results of quantitative histomorphometric analysis of H&E sections and TRAP-stained 

sections from both groups are shown in Fig. 2. The N. Ob/BS (/mm2) for the DMEM group was 

significantly smaller than that for the OM group on days 9 (p < 0.01), 16 (p < 0.01), and 23 (p < 

0.05) (Fig. 2a). The opposite trend was observed for N. Oc/BS (/mm2) on days 9 (p < 0.05) and 16 (p 

< 0.05) (Fig. 2b). Almost no osteoclasts were observed on day 23 in either group. The statistical 

analysis indicated that culture of calvariae in OM increased the number of osteoblasts but decreased 

the number of osteoclasts.  

3.3. Micro-CT assessment of bone formation  

Three-dimensional (3D) reconstructions of the mouse calvariae were created based on two-

dimensional (2D) cross-sections. The 3D images could easily be rotated in the x-, y-, and z-planes. 

Fig. 3 shows representative images of the calvariae on days 2, 9, 16, and 23. Bone formation can be 

observed in the images. The results of quantitative analyses of the bone structure parameters are 

presented in Fig. 4. The BS, BV, BS/TV and BV/TV of calvariae cultured in both types of media 

increased during the culture period. There were statistically significant differences in BS, BV, 

BS/TV and BV/TV (p < 0.05) between the DMEM- differences of bone parameters were observed 

between the OM group calvariae and the OM-control group calvariae on days 2 and 23 (p > 0.05). 

The CV was less than 1.4% for all bone parameters.  

 

4. Discussion  

In mouse calvarial organ cultures, the periosteum and dura mater play important roles in the process 

of bone formation. The periosteum is a connective tissue anchored to bone, and it has two layers: an 

outer fibrous layer containing fibroblasts, vessels and fibres of Sharpey and an inner cambium layer 

containing nerves, capillaries, osteoblasts and undifferentiated mesenchymal stem cells (Malizos and 

Papatheodorou, 2005). The inner layer serves as a reservoir of undifferentiated mesenchymal cells 
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capable of differentiation into osteoblastic lineages and as a source of growth factors that are 

important in the bone formation process (Li et al., 2004). The dura mater is the external membrane 

covering the brain. It consists of a periosteal layer and a meningeal layer. The ossification capacity of 

immature animals has been well documented. This capacity may be related to osteoinductive or 

osteoconductive qualities of the immature dura and seems to be lost with advancing age (Greenwald 

et al., 2000).  

Calvarial bone formation ability depends on the culture medium, which influences cell 

proliferation and differentiation. In this work, DMEM and OM were compared. OM contains bGP, 

Dex and AA, all of which are known to promote the osteoblastic phenotype. Dex induces osteoblast 

differentiation by reducing cell growth and increasing alkaline phosphatase (ALP) activity and bone-

like formation in cell cultures (Beloti and Rosa, 2005; Yamanouchi et al., 1997). Dex also increases 

cell growth when used either alone or in combination with AA and bGP (Coelho and Fernandes, 

2000). AA is a stable ascorbic acid derivative. AA stimulates the synthesis and maturation of 

collagen molecules and increases the ALP activity of osteoblastic cell cultures (Hata and Senoo, 

1989; Owen et al., 1990). Cultured cells showed more osteoblast differentiation and less cell 

proliferation when bGP is present than when it is absent. Without bGP, bone cells fail to form 

calcium phosphate deposits after up to 42 days of culture in α-modified minimal essential medium 

(α-MEM). Although no mineralization was found in cell cultures that lacked bGP, our data and 3D 

images showed that the calvariae cultured without bGP had continuous bone formation over 23 days. 

Bone organ culture is different from cell culture in that mineralization is already present in calvariae. 

It has been reported that mineralization, once started, will proceed without exogenous organic or 

inorganic phosphate (Bellows et al., 1991). Similar concentrations of inorganic phosphate (sodium 

phosphate monobasic) are present in α-MEM (122 mg/L) and DMEM (125 mg/L). Because of the 

osteogenic supplements in OM, and especially because of the greater amount of exogenous 

phosphate in OM, the OM resulted in much more bone formation than the DMEM during the culture 

period in this study. The calvariae could be maintained in the culture media for at least 23 days, 

during which bone formation indexes increased. Nevertheless, the greatest increases were observed 

during the first week.  

Most calvarial bone surfaces undergo either resorption or formation, and virtually all cells on the 

surface are either osteoclasts or osteoblasts in young, rapidly growing small animals (Parfitt, 1988b). 

Active osteocytes, especially multinucleated osteoclasts, are distributed on the bone and endocranial 

membrane. The numbers of TRAP-positive osteoclasts and/or the areas of resorption pits were 

historically assessed to determine bone resorption until micro-CT became the widespread standard 

for measuring resorption. Fig. 2 illustrates the effects of both DMEM and OM on bone formation of 
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neonatal mouse calvariae; the results were as expected. The histomorphometric measurements 

showed that the OM group had a significantly greater N. Ob/BS than the DMEM group. However, 

quantitative histomorphometry measurements cannot provide precise data because of the complexity 

of the procedure and the inevitability of unintended human error. In addition, the measurements are 

performed on 2D sections, which are susceptible to the nonuniformity of biological specimens.  

In this study, the number of TRAP-positive osteoclasts was regarded as an important reference 

index for the survival of bone in vitro. TRAP- positive osteoclasts resided almost exclusively on the 

endocranial membrane and were found to survive after an incubation period of 16 days. However, 

simple cultured osteoclasts lived for only 4-12 days in vitro. Tatsuo et al. similarly reported that 

isolated mouse osteoclasts have a limited lifespan of less than 1 week (Nakamura et al., 2012). It has 

been hypothesized that the presence of a bone matrix environment around bone cells has an 

appreciable impact on the survival time of osteoclasts. Osteoblasts can communicate with osteoclasts 

through diffusible paracrine factors, cell-cell contact and cell-bone matrix interaction (Matsuo and 

Irie, 2008). In addition, osteoblasts and bone marrow stromal cells have been shown to regulate 

osteoclasts via RANK/RANKL (Chambers, 2000; Takahashi et al., 1988) and M-CSF/c-Fms 

interactions (Elsegood et al., 2006). Importantly, organ culture preserves not only the 

interrelationships among the different cell types in bone but also the relationships between cells and 

the bone matrix. Accumulating evidence has collectively indicated that osteoclasts maintained in 

vitro organ culture systems have longer life spans than those maintained in traditional cell culture 

systems. Notably, this study was intended not to prove that bone organ culture is superior to cell 

culture systems or animal models but to provide a way to study bone metabolism.  

Several biological markers are commonly used to assess osteoblast differentiation, such as ALP 

and osteocalcin. The final stage of differentiation is mineral deposition in the extracellular matrix. 

Micro- CT distinguishes bone from other materials based on the extent of mineralization. Immature 

bone established from a matrix composed of proteins may not absorb or deflect radiation in the same 

way that mature bone does (Recinos et al., 2004). Micro-CT provides a way to evaluate the bone 

formation of cultured mouse calvariae. Although micro-CT cannot replace histology, this non-

invasive technique does not require sample preparation in the way that the traditional light 

microscope method does, and micro-CT has good reproducibility. With micro-CT technology, it is 

possible to measure the bone structure and generate 3D images of the same sample over time. 

However, repeated exposure of the same sample to radiation in longitudinal studies may cause 

damage to cells. Damage to osteogenic cells could affect bone formation and thereby alter bone 

structure (Brouwers et al., 2007). Klinck (Klinck et al., 2008) evaluated the effects of micro-CT 

radiation on bone architecture in mice and rats in vivo. The effects of radiation on mice were 
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dependent on the mouse strains. Similar findings have been reported for rats (Brouwers et al., 2007). 

These results suggest that the effects of radiation are related to the radiation dose, the species and the 

study design. A dose of 400 mGy or less has been found to have no effects on the proliferation and 

differentiation of osteoblast-like cells in vitro (Dare et al., 1997). However, a high dose (> 2 Gy) has 

been found to reduce proliferation rates and collagen production in osteoblasts (Gal et al., 2000). 

Matsumura (Matsumura et al., 1996) reported that high-dose irradiation induces osteoblast 

differentiation and calcification. However, differentiated osteoblasts are unlikely to proliferate, 

which increases the likelihood of diminished bone growth. In this study, continuous bone formation 

was found in the calvariae cultured in both types of media. For determination of the radiation effect, 

a baseline scan was unavoidable. If the baseline radiation had any effects on the morphological 

parameters of the cultured bones, weekly repeated scans would have had much greater effects on 

them. However, no differences of bone indexes were found in the calvariae scanned 4 times, which 

suggests that radiation did not significantly affect the cultured mouse calvariae under this study 

design.  

5. Conclusions  

Micro-CT has certain advantage in displaying three-dimensional bone parameters. Meanwhile, 

histological technology has advantage in displaying reflecting local cell morphology. Within the 

limitations of this study, the results implied that bone formation of cultured neonatal mouse calvaria 

continued for at least 16 days in both media, suggesting that mouse calvaria could survive well in 

vitro during this period. Bone formation ability was higher in OM cultures.  
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Fig. 1. H&E/TRAP staining of sections of neonatal calvarial bone in the DMEM and OM groups. 

H&E-stained sections of neonatal calvarial bone from the DMEM and OM groups on days 2 to 23 
are shown (a-h). No obvious new osteoid/bone formation was observed on day 2 in either group (a, 
b). Representative sections from both groups showing new osteoid/bone and active osteoblast 
formation (c-h). TRAP-stained sections of neonatal calvarial bone from the DMEM and OM groups 
on days 2 to 23 are shown (i-p). No obvious TRAP-positive cells were observed on day 23 in either 
group (o, p). All magnifications are 200 × . The scale bar indicates 50 μm. n = 5/group. 
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Fig. 2. Histomorphometric measurements of N. Ob/BS and N. Oc/BS in the DMEM and OM groups 
from days 2 to 23. The N. Ob/BS in the OM group was greater than that in the DMEM group on days 
9 (P < 0.01), 16 (P < 0.01), and 23 (P < 0.01) (a). The N. Oc/BS in the OM group was lower than that 
in the DMEM group on days 9 (P < 0.05) and 16 (P < 0.05) (b). The lines above the bars indicate the 
SDs. *P < 0.05 and **P < 0.01 versus DMEM group. n=5/group.  
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Fig. 3. Micro-CT-derived 3D images of calvariae cultured with DMEM and OM on days 2, 9, 16 

and 23. Bone formation was observed from days 2 to 23. At each single culture time point, more 
bone was observed in the OM-cultured calvariae than in the DMEM-cultured calvariae, except at 
baseline. n = 5/group.  
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Fig. 4. BS (a), BV (b), BS/TV(c) and BV/TV(d) of calvaria cultured in two kinds of media on days 2, 
9, 16 and 23. The lines above the bars indicate the SDs. *P < 0.05 and **P < 0.01 versus DMEM 
group. n = 5/group.  



 
 
Fig. 5. Dorsal aspect of 4-day-old mouse calvarial bone and the main anatomical landmarks (a). 

The device used to hold the calvarial bone samples during scanning 


