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Abstract 23 

Osteocytes play an important role to modulate the bone remodeling and are also known as 24 

terminally differentiated cells originated from the osteoblast precursor cells, but its 25 

differentiation mechanism remains unclear. Since an efficient in vitro method to evoke the 26 

osteocyte differentiation from the osteoblast precursor cells has not been established, we 27 

conducted the comparative gene expression analysis for mouse pre-osteoblast MC3T3-E1 cells 28 

in order to elucidate the key factors to induce the osteocyte differentiation from the pre-29 

osteoblast cells. In this study, we prepared four different culture environments by modulating 30 

their cell-substrate interaction and cell-cell interaction; 1) low and 2) high cell density on the 31 

adhesive culture models, and 3) low and 4) high cell density on the non-adhesive floating 32 

culture models. By comparing these conditions in terms of cell-substrate and cell-cell 33 

interaction, we showed that the elimination of cell-substrate interaction under non-adhesive 34 

floating culture greatly up-regulated the gene expression of osteocyte markers in the pre-35 

osteoblast cells. Moreover, the presence of moderate cell-cell interaction in the non-adhesive 36 

spheroid culture further enhanced the up-regulation of osteocyte markers for the pre-osteoblast 37 

cells. The results altogether suggest the most appropriate culture environment to induce the in 38 

vitro osteocyte differentiation of pre-osteoblast cells. 39 

 40 

Introduction 41 

Osteocytes are mechanosensory cells playing an important role as a control tower in the bone 42 

to modulate the bone remodeling by communicating with osteoblasts and osteoclasts (1–3). 43 

While the osteoblasts secret the organic matrix to undergo the bone formation, their role has 44 

been studied using a two-dimensional (2D) cell-adhesive rigid plastic culture dish for several 45 

weeks (4–7), so that these in vitro studies broadened our knowledge understanding the 46 

properties and role of the osteoblasts in vivo. On the other hand, while the osteocytes comprise 47 
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of more than 90% of bone cells (8), there are difficulties in isolation and cultivation methods. 48 

Since the osteocytes are deeply buried inside the rigid mineralized bone matrix, the isolation 49 

of the primary osteocytes is relatively difficult to other cell sources. Although the isolation 50 

methods for the primary osteocytes have been recently introduced by several groups (9–12), a 51 

long-term culture is even more challenging on the normal cell-adhesive culture dish. Due to 52 

those difficulties, the long period culture of osteoblasts has been often utilized for the osteocyte 53 

study as surrogate (13), because the osteocyte is known as terminally differentiated cells from 54 

the osteoblast precursor cells (14). However, with regard to cell population of osteocytes 55 

obtained from the osteoblast culture and the long period of culture time, the efficient method 56 

to induce the osteocyte differentiation from the osteoblast precursor cells has not been 57 

established yet.  58 

 59 

Previously, our group reported that a three-dimensional (3D) culture method triggers the 60 

osteocyte differentiation of osteoblast precursor cells in a short period of culture time, within 61 

2 days, compared to the conventional 2D monolayer condition (15–17). Although we figured 62 

out the cell condensed condition acquired from the 3D culture model elicited the transient up-63 

regulation of osteocyte markers, the detailed mechanism still remained unknown. In this study, 64 

we attempted to find out the key factors to induce the osteocyte differentiation of pre-osteoblast 65 

cells by comparison studies using several culture models. Particularly, we focused on the 66 

involvement of cell-substrate interaction and cell-cell interaction against the osteocyte 67 

differentiation.  68 

 69 

Materials and Methods 70 

Cell culture 71 
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In this study, we utilized the mouse pre-osteoblast cell line, MC3T3-E1, which was provided 72 

by RIKEN BRC (Tsukuba, Japan). The cells were cultured in α-MEM (Gibco, New York, 73 

USA) supplemented with 10% fetal bovine serum (Gibco, New York, USA) and 1% antibiotic-74 

antimycotic solution (Gibco, New York, USA) in a humidified incubator at 37 °C with 5% 75 

CO2. Cell passage was carried out every 2 – 3 days when the cell confluency became about 76 

80%.  77 

 78 

Preparation of four different culture models 79 

To prepare for four different culture models, we subcultured MC3T3-E1 cells in the basal 80 

culture medium in the absence of osteogenic supplements such as ascorbic acid or β-81 

glycerophosphate. For adhesive culture models, the cells were subcultured in 35 mm cell-82 

adhesive petri dishes (ThermoFisher Scientific, Massachusetts, USA). To prepare for sparse 83 

and dense cell confluency, we subcultured the cells for 2 days on the petri dishes at two 84 

different cell densities as shown in Fig. 1A – C; low cell density (52 cells/mm2; 2D LD) and 85 

high cell density (208 cells/mm2; 2D HD), respectively. For non-adhesive floating culture 86 

model, we introduced two different conditions termed floating singular cells with low cell 87 

density (FL LD) and floating spheroid with high cell density (FL HD) as described in Fig. 1D 88 

– F. The FL LD were prepared by subculturing sparse cells for 2 days in a 6-well ultra-low 89 

attachment flat-bottom dish (Corning Coaster, New York, USA) (16,667 cells/ml). For the FL 90 

HD model, we utilized a Nunclon Sphera 96-well ultra-low attachment round-bottom dish 91 

(ThermoFisher Scientific, Massachusetts, USA) as described in the previous study (16). Due 92 

to ease of use for further assay using real-time PCR, 2,500 cells (25,000 cells/ml) were 93 

subcultured for 2 days to fabricate the FL HD.  94 

 95 

Real-time PCR 96 
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The samples were collected in 1 ml of Isogen II (Nippon Gene, Toyama, Japan) and stored at 97 

–80 ℃ until the RNA extraction. For the RNA extraction, 50 μl of p-Bromoanisole (Nacalai 98 

Tesque, Kyoto, Japan) was added to the sample in Isogen II. After mixing the contents of the 99 

tube, the tube was centrifuged at 12,000 g for 10 minutes at 4 ℃. The supernatants were then 100 

isolated from the tube and transferred to the spin cartridge (PureLink RNA Mini Kit, Invitrogen, 101 

Massachusetts, USA). According to the manufacturer’s protocol, the RNA was extracted from 102 

the sample. Then, cDNA was synthesized from the RNA using the Transcriptor Universal 103 

cDNA Master (Roche, Mannheim, Germany). To perform real-time PCR, PowerUp SYBR 104 

Green Master mix (ThermoFisher Scientific, Massachusetts, USA) was utilized. To measure 105 

the differentiation marker of osteocytes, we examined the mRNA expression of osteopontin 106 

(Opn), the dentin matrix protein 1 (Dmp1), and sclerostin (Sost). As a reference gene, we used 107 

glyceraldehyde-phosphate dehydrogenase (Gapdh) to normalize all the target mRNA 108 

expressions. The sets of gene-specific oligonucleotide primers are described in Table 1. We 109 

analyzed changes in a target sample relative to a control sample to show the fold change of 110 

mRNA expression in the sample. 111 

 112 

Statistical analysis 113 

A Student’s t-test or one-way analysis of variance with Tukey’s honestly significant different 114 

(HSD) post hoc test (with α = 0.05) was assessed to evaluate the statistical significance. We 115 

assume that p-value of 0.05 or less were considered to be significant.  116 

 117 

Results 118 

Non-adhesive culture at low and high cell density highly up-regulated gene expressions 119 

of osteocyte markers in pre-osteoblast cells. 120 
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As illustrated in Fig. 2A, we introduced two types of low cell density culture model in order to 121 

examine the effect of cell-substrate interaction with the least effect of cell-cell interaction on 122 

the osteocyte differentiation. While the conventional 2D model at low cell density model was 123 

prepared by subculturing MC3T3-E1 cells at 52 cells/mm2, which had the sparse subcultured 124 

cells on the adhesive culture dish after 2 days in order to provide the low cell-cell interaction, 125 

termed 2D LD. On the other hand, MC3T3-E1 cells at low cell density (16,667 cells/ml) was 126 

subcultured on the non-adhesive ultra-low attachment culture dish. After 2 days, floating 127 

singular cells were formed without attaching to the neighboring cells in the absence of cell-128 

substrate interaction on the culture dish. We defined these floating singular cells as FL LD. 129 

After 2-day culture, we collected those two samples and then measured expression changes in 130 

osteocyte gene markers measured by real-time PCR analysis in Fig. 2B. As a result, all the 131 

mRNA expressions for osteocyte markers in FL LD were remarkably up-regulated compared 132 

to the 2D LD; Opn (120-fold change; p < 0.005), Dmp1 (4,550-fold change; p < 0.005), and 133 

Sost (39.6-fold change; p < 0.05). Within a short time, 2 days, the up-regulations of osteocyte 134 

mRNA expressions were acquired from the non-adhesive culture at the low cell density.  135 

 136 

In order to elucidate the effect of cell-substrate interaction on osteocyte differentiation in the 137 

presence of cell-cell interaction, we prepared two other culture models. As described in Fig. 138 

2C, the 2D monolayer model was fabricated by subculturing MC3T3-E1 cells at high cell 139 

density (208 cells/mm2) to become fully confluent after 2 days of culture. This monolayer 140 

model exhibited the cell-substrate interaction as well as the cell-cell interaction. We termed 141 

this as 2D HD. As a comparative model, we utilized a spheroid model subcultured on the non-142 

adhesive plate while the cells in the spheroids were surrounded by the neighboring cells to 143 

provide the moderate cell-cell interaction with high cell density. We termed this spheroid 144 

model under the floating culture as FL HD. In Fig. 1F, the spheroid was fabricated by 145 



 
 

 7 

subculturing 2,500 cells on the ultra-low attachment culture plate. After 2-day culture, a 146 

diameter of the spheroid became about 125 μm. We evaluated gene expression changes 147 

between these two models measured by real-time PCR in Fig. 2D. As a result, compared to the 148 

2D HD model, all the mRNA expressions for osteocyte markers in FL HD were greatly up-149 

regulated; Opn (68.2-fold change; p < 0.005), Dmp1 (1,120-fold change; p < 0.005), and Sost 150 

(271.2-fold change; p < 0.05). Hence, the non-adhesive floating culture at high cell density 151 

greatly up-regulated the mRNA expressions of osteocyte markers for pre-osteoblast cells 152 

within 2 days. 153 

 154 

Moderate cell-cell interaction under the non-adhesive spheroid culture condition further 155 

promoted the up-regulations of osteocyte markers in pre-osteoblast cells. 156 

To examine the effect of cell-cell interaction on the osteocyte differentiation under the adhesive 157 

culture, we compared the gene expressions in two conventional adhesive models, 2D LD and 158 

2D HD as illustrated in Fig. 3A. By altering the cell densities subcultured on the adhesive 159 

culture plate (2D LD: 52 cells/mm2; 2D HD: 208 cells/mm2), we prepared the 2D sparse and 160 

dense cellular culture model after 2 days of culture period, which provided less and greater 161 

cell-cell interactions with the cell-substrate interaction on the culture dish, respectively. As a 162 

result of real-time PCR assay in Fig. 3B, there was no significant change in osteocyte markers 163 

between 2D LD and 2D HD; Opn (0.86-fold change; p = 0.57), Dmp1 (1.09-fold change; p = 164 

0.91), and Sost (1.19-fold change; p = 0.76). 165 

In order to examine the involvement of cell-cell interaction on the osteocyte differentiation 166 

under the non-adhesive floating culture, we compared the gene expression levels of osteocyte 167 

markers in FL LD and FL HD. While the FL LD is a singular cell model with the minimized 168 

cell-cell interaction as described in the Fig. 3C, the FL HD consists of 2,500 cells surrounded 169 

by neighboring cells which has the high cell density with the greater cell-cell interaction per 170 
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cells. Real-time PCR results in Fig. 3D represented that Opn (0.61-fold change; p < 0.05) and 171 

Dmp1 (0.13-fold change; p < 0.005) were significantly down-regulated in those in FL HD, 172 

compared to those in FL LD. On the other hand, the mature osteocyte marker, Sost, were 173 

remarkably up-regulated in the FL HD compared to the FL LD (46.5-fold change; p < 0.05). 174 

 175 

Osteocyte markers in cells dissociated from the spheroids on the adhesive culture were 176 

greatly down-regulated. 177 

In order to clarify the effect of cell-substrate interaction on the osteocyte differentiation, we 178 

introduced another model termed spheroid-to-monolayer model (FL-2D HD). After the FL HD 179 

was fabricated for 2 days in the non-adhesive ultra-low attachment culture dish, the 2-day old 180 

FL HD was transferred to a normal adhesive culture dish as illustrated in Fig. 4A. Immediate 181 

after transferring, the FL HD attached to the adhesive culture dish. In Fig. 4B, the cells from 182 

the FL HD initiated to spread over the culture dish at 6-hour after transferring. Eventually, the 183 

FL HD was fully dissociated and became like 2D HD model after 48 hours as shown in Fig. 184 

4C. The cells dissociated from the FL HD was termed FL-2D HD. To evaluate the gene 185 

expression changes in the FL-2D HD, we compared it to those in 2D HD and FL HD after 4-186 

day incubation. The real-time PCR result in Fig. 4D represented that all the osteocyte markers 187 

in the FL HD were highly up-regulated compared to those in the 2D HD, whereas the 188 

significant down-regulations of osteocyte markers were observed in the FL-2D HD model 189 

compared to the FL HD.  190 

 191 

Discussion 192 

Our group reported that the 3D culture system triggers the osteocyte differentiation of 193 

osteoblast precursor cells (15–18). While the 3D culture models of osteoblast precursor cells 194 
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exhibited the osteocyte-likeness within a short time, the triggering factors for osteocyte-195 

likeness acquired in the 3D culture model still remained unclear. In this study, we attempted to 196 

elucidate the key factors to induce the osteocyte differentiation of pre-osteoblast cells by 197 

comparison studies of gene expressions using several culture models. Particularly, we focused 198 

on the effects of cell-substrate interaction and cell-cell interaction on the osteocyte 199 

differentiation markers by altering the cultural environments for pre-osteoblast cells. 200 

In Fig. 2, we represented that the non-adhesive floating culture for pre-osteoblast cells 201 

exhibited the greater gene expression of osteocyte markers within 2 days beyond the adhesive 202 

culture methods, regardless of its cell density. The results implied that the elimination of cell-203 

substrate interaction for pre-osteoblasts induced the transient up-regulations of osteocyte 204 

markers. For the adhesive culture model in Fig. 3A – B, the gene expressions of osteocyte 205 

markers were not altered depending on the cell density. Corresponding to the conventional 2D 206 

model on the adhesive culture, it was difficult to achieve such a dramatic change in gene 207 

expression of the osteocyte markers in a short period of culture time. On the other hand, in the 208 

non-adhesive floating culture represented in Fig. 3C – D, the FL HD model rendered even 209 

greater mRNA expressions of mature osteocyte marker, Sost, compared to that of FL LD. 210 

Regarding the significant reductions of Opn and Dmp1 mRNA expressions in the FL HD model, 211 

Opn and Dmp1 expressions were highly detected in relatively immature osteocytes 212 

(1,14,19,20), so that the FL LD rendered the immature osteocyte-likeness compared to the FL 213 

HD model. On the other hand, since the FL HD showed a greater gene expression of mature 214 

osteocyte marker, Sost, it implies the FL HD exhibited the mature osteocyte-likeness beyond 215 

the FL LD.  216 

FL HD model exhibited the matured osteocyte-likeness. As Fujita’s group reported that the 217 

direct cell-cell contact enhanced the differentiation of osteocytes (21), the present study implies 218 
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that the cell-cell interaction further promoted the up-regulation of osteocyte markers under the 219 

floating culture. Inside the FL HD model, the cells are surrounded by neighboring cells and 220 

encountered the greater cell-cell interaction compared to other models such as 2D LD, 2D HD, 221 

and FL LD. The enhancement of the cell-cell interaction contributed to the up-regulation of 222 

osteocyte markers. By transferring the FL HD to the normal adhesive culture dish in Fig. 4, the 223 

FL HD attained the cell-substrate interaction and became like 2D HD model after 2 days. 224 

Consequently, the dissociated FL-2D HD model deprived the up-related gene expression of 225 

osteocyte markers acquired from the FL HD. Hence, the floating culture removing the cell-226 

substrate interaction becomes a useful experimental method for the osteocyte differentiation 227 

studies while the cell-cell interaction further enhances the osteocyte differentiation under the 228 

floating spheroid culture, as described in Fig. 5. In other words, the 3D culture model such as 229 

spheroid model has a potential to become an in vitro osteocyte differentiation model. 230 

Our group previously showed that the cell-fate decision of mesenchymal stem cells toward the 231 

osteocyte differentiation is committed by actin balancing in the 3D spheroid culture (18). With 232 

regard to the involvement of actin balancing, the floating culture for pre-osteoblast cells is 233 

thought to have less actin filament generation compared to the adhesive culture, so that the pre-234 

osteoblast cells under the floating culture exerted the osteocyte-likeness, whereas the 235 

conventional model using the adhesive culture dish undergoes the osteoblast differentiation via 236 

generation of actin filaments on the culture dish (22). Mullen’s group also represented the 237 

involvement of actin filaments in the osteocyte differentiation of MC3T3-E1 cell subcultured 238 

on collagen matrices (23). Moreover, the gene expression of osteocyte markers was enhanced 239 

by subculturing cells in a softer collagen substrate when compared to cells on a stiffer substrate 240 

(24). Due to the stiffness changes, the alteration of actin filaments generated on the substrate 241 

induced the gene expression changes of osteocyte markers. Hence, adhesive/non-adhesive 242 

cultural environments in this study are thought to elicit the alteration in the actin balancing and 243 
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further to modulate the osteocyte differentiation.  244 

From other studies related to the osteocyte differentiation on the 2D conventional adhesive 245 

models, the pre-osteoblast cells are known to induce the osteoblast differentiation as well as 246 

bone mineralization after several weeks to several months of culture. After the overly confluent 247 

condition on the 2D adhesive culture, the subcultured cells form 3D dome-shape of bone-like 248 

nodules in the culture dish and eventually rendered the bone mineralization accompanied by 249 

osteocyte differentiation (25). Moreover, the osteocyte-like cells were also observed in the 250 

bone-like nodules (26). Inside this bone nodule, the cells were highly surrounded by 251 

neighboring cells and did not have the culture environment attached on to the 2D adhesive dish 252 

to generate the actin filament, so that the osteocyte differentiation is consequently occurred 253 

inside the nodule. Previous studies by our group suggested that the cell condensation condition 254 

acquired from the 3D spheroid model triggered osteocyte differentiation of pre-osteoblast cells 255 

(15,16) and mesenchymal stem cells (18). Hence, both bone-like nodule and spheroid cultures 256 

might provide those suitable culture environments not to generate actin filaments, eventually 257 

undertaking the osteocyte differentiation. Our present study also supports this claim that the 258 

elimination of cell-substrate interaction achieved in the floating culture reduced the generation 259 

of actin filaments and consequently evoked the osteocyte differentiation of pre-osteoblast cells.  260 

In vivo, the osteoblasts are placed on the hard bone matrix and secretes the organic matrix for 261 

bone formation during the bone remodeling process (5). As many researchers conducted the 262 

osteoblast differentiation study over the last several decades, the conventional 2D culture 263 

model on the plastic or glass culture plate has successfully broadened our knowledge on the 264 

cellular behaviors including proliferation and differentiation for the osteoblasts because the 2D 265 

culture model mimicked the strong cell-substrate interaction of the osteoblasts as in vivo 266 

situation placed on the hard bone matrix. Regarding the osteocyte study, however, the efficient 267 
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method to induce the osteocyte differentiation was yet to be established while the osteocyte 268 

differentiation was thought to be achieved beyond the osteoblast differentiation. In vivo, the 269 

osteocytes are embedded inside the hard bone matrix, but their cell body with processes are 270 

placed inside a small space called lacunae which is filled with interstitial fluid (27). In other 271 

words, the cell body of osteocyte was not directly attached on to the bone matrix, but with its 272 

cellular processes via pericellular glycocalyx and integrins (28,29). Our present study might 273 

imply that the current floating culture model mimics this in vivo situation with minimization 274 

of cell-substrate interaction with less actin formation, resulting in remarkable up-regulations 275 

of osteocyte markers within a short time. Despite such dramatic changes in the osteocyte gene 276 

expressions under the floating culture shown in this study, dendritic processes of osteocytes 277 

have not been observed in the current models so that further studies will be required to acquire 278 

a complete osteocyte differentiation with morphological features.   279 

In conclusion, we elucidated the effect of culture environments on the osteocyte differentiation, 280 

particularly cell-substrate interaction and cell-cell interaction. We showed that the elimination 281 

of cell-substrate interaction in the floating culture greatly up-regulated the osteocyte markers 282 

of the pre-osteoblast cells within 2 days. Moreover, the moderate cell-cell interaction acquired 283 

from the spheroid under the floating culture further enhanced the up-regulation of osteocyte 284 

markers. From this study, we suggest a new strategy for in vitro osteocyte differentiation 285 

studies. 286 
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 379 
Figure legends 380 

Figure 1. Four culture models using MC3T3-E1 at low and high cell density in adhesive and 381 

non-adhesive culture condition. (A) Schematic illustration of adhesive culture model 382 

for MC3T3-E1 at low cell density (2D LD) and high cell density (2D HD). 383 

Microscopic images of adhesive culture model for MC3T3-E1 (B) at low cell density 384 

(2D LD) and (C) at high cell density (2D HD). Scale bars represent 200 μm. (D) 385 

Schematic illustration of non-adhesive culture model for MC3T3-E1 at low cell 386 

density (FL LD) and high cell density (FL HD). Microscopic images of adhesive 387 

culture model for MC3T3-E1 (E) at low cell density (FL LD) and (F) at high cell 388 

density (FL HD). Scale bars represent 200 μm. 389 

Figure 2. Effect of culture condition on osteocyte gene expressions of MC3T3-E1 at low and 390 
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high cell density. (A) Schematic illustration of low cell density for MC3T3-E1 in 391 

adhesive culture (2D LD) and non-adhesive culture (FL LD). (B) Relative mRNA 392 

expressions of genes in MC3T3-E1 under 2D LD and FL LD culture after 2 d 393 

incubation. The mRNA expression of Opn, Dmp1, and Sost was measured by real-time 394 

PCR and normalized to that of Gapdh. Bars represent the mean ± standard error (n = 395 

4; p-value was calculated by Student’s t-test; * p < 0.05, ** p < 0.005). (C) Schematic 396 

illustration of high cell density for MC3T3-E1 in adhesive culture (2D HD) and non-397 

adhesive culture (FL HD). (D) Relative mRNA expressions of genes in MC3T3-E1 398 

under 2D HD and FL HD culture after 2 d incubation. The mRNA expression of Opn, 399 

Dmp1, and Sost was measured by real-time PCR and normalized to that of Gapdh. 400 

Each value was then normalized to the control sample. Bars represent the mean ± 401 

standard error (n = 10; p-value was calculated by Student’s t-test; * p < 0.05, ** p < 402 

0.005). 403 

Figure 3. Effect of cell density on osteocyte gene expressions of MC3T3-E1 under adhesive 404 

and non-adhesive culture condition. (A) Schematic illustration of adhesive culture 405 

model for MC3T3-E1 at low cell density (2D LD) and high cell density (2D HD). (B) 406 

Relative mRNA expressions of genes in MC3T3-E1 under 2D LD and 2D HD culture 407 

after 2 d incubation. The mRNA expression of Opn, Dmp1, and Sost was measured by 408 

real-time PCR and normalized to that of Gapdh. Bars represent the mean ± standard 409 

error (n = 4; p-value was calculated by Student’s t-test; * p < 0.05, ** p < 0.005). (C) 410 

Schematic illustration of non-adhesive culture model for MC3T3-E1 at low cell 411 

density (FL LD) and high cell density (FL HD). (D) Relative mRNA expressions of 412 

genes in MC3T3-E1 under FL LD and FL HD culture after 2 d incubation. The mRNA 413 

expression of Opn, Dmp1, and Sost was measured by real-time PCR and normalized 414 

to that of Gapdh. Each value was then normalized to the control sample. Bars represent 415 
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the mean ± standard error (n = 6; p-value was calculated by Student’s t-test; * p < 0.05, 416 

** p < 0.005). 417 

Figure 4. Osteocyte gene expression change in cells dissociated from the spheroids. (A) 418 

Schematic illustration of MC3T3-E1 cells dissociated from the spheroids (FL-2D HD) 419 

by transferring the spheroid subcultured for 2 d in the non-adhesive floating culture 420 

dish into the adhesive culture dish and subcultured them for extra 2 d. Microscopic 421 

images of dissociated cells from spheroids at (B) 6 h and (C) 48 h after transferring. 422 

Dotted arrows indicate the spheroid. Scale bars indicate 200 μm. (D) Relative mRNA 423 

expression of Opn, Dmp1, and Sost in MC3T3-E1 under 4-day-old 2D HD, 4-day-old 424 

FL HD, and FL-2D HD culture after 2 d incubation was measured by real-time PCR 425 

and normalized to that of Gapdh. Each value was then normalized to the control 426 

sample. Bars represent the mean ± standard error (n = 6; p-value was calculated by 427 

ANOVA with Tukey’s HSD post-hoc test (α = 0.05); Bar indicates the significance 428 

between groups). 429 

Figure 5. Schematic diagram illustrating the summary of comparative osteocyte gene 430 

expression analysis for pre-osteoblast MC3T3-E1 cells at low and high cell density 431 

under adhesive and non-adhesive culture dish. 432 

 433 


