
ORIGINAL RESEARCH

The Three-Dimensional Morphometry and Cell–Cell
Communication of the Osteocyte Network in Chick and Mouse
Embryonic Calvaria

Yasuyo Sugawara • Ryoko Ando • Hiroshi Kamioka • Yoshihito Ishihara •

Tadashi Honjo • Noriaki Kawanabe • Hiroshi Kurosaka • Teruko Takano-Yamamoto •

Takashi Yamashiro

Received: 11 March 2010 / Accepted: 25 January 2011 / Published online: 22 February 2011

� Springer Science+Business Media, LLC 2011

Abstract The study of osteocytes has progressed in

chicks. We examined whether chick osteocyte data can be

applied to other species. We used mice for comparison

because they are common clinical tools in biomedical

research and useful for future study. We analyzed the

three-dimensional (3D) osteocyte network and gap junc-

tional intercellular communication (GJIC) in living

embryonic calvaria for the anatomical features. Embryonic

parietal bones were stained with fluorescently labeled

phalloidin and observed using confocal laser scanning

microscopy. GJIC between osteocytes in chick and mouse

parietal bone was assessed using fluorescence recovery

after photobleaching (FRAP). The values for one chick and

mouse osteocyte, respectively, were calculated as follows:

cell processes 1,131 ± 139 lm, 2,668 ± 596 lm; surface

area 1,128 ± 358 lm2, 2,654 ± 659 lm2; and cell volume

455 ± 90 lm3, 1,328 ± 210 lm3. The density of 3D

osteocyte processes in the bone matrix was not signifi-

cantly different. FRAP analysis showed dye coupling

among osteocytes in chick and mouse bone. The fluores-

cence intensity recovered to 49.0 ± 2.4% in chicks and

39.9 ± 2.4% in mice after 5 minutes. Fluorescence

recovery was similar within 4 minutes. The difference in

osteocyte size between the two species might have affected

their functions. Osteocyte processes in the two species may

sense similarly changes in the exterior environment. We

successfully conducted morphological and functional

analyses of the osteocyte network in chicks and mice. The

size of the osteocytes in bone differed between the two

species.

Keywords Osteocyte � Osteoblast � Bone architecture/

structure

Osteocytes are the most abundant cells in bone and are

involved in multiple functions, including calcium sensing,

regulation of osteoid matrix maturation and mineralization,

and mechanosensing [1–5]. Chicks have been widely used

as experimental models for the examination of the roles of

osteocytes in vivo and in vitro, at least in part. This is

because chick osteocytes are characteristically detected by

a specific antibody, OB7.3, in a strain-specific manner,

which facilitates the isolation of primary osteocytes using

the panning method [6]. This method was modified to

isolate chick osteocytes by serial digestion of calvariae [7].

Such isolation facilitated investigations of their cytoskel-

eton, cell–cell communication between osteocytes, and

response to mechanical stimuli [8, 9]. Chick calvariae are

also useful for observing the three-dimensional (3D) dis-

tribution of osteocytes in bone tissue because they are thin

(50–60 lm) and flat. These anatomical characteristics

provided advantages in observing their structures using

confocal laser scanning (CLS) microscopy from the surface

to deeper layers [10, 11]. Furthermore, live imaging of

fluorescent labels is also available and dye transfer
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mediated by connexin 43 has also been observed in living

cells of the calvariae [12].

On the other hand, mice are a laboratory animal species

that is closely related to humans, and genetically engi-

neered mice are critical and popular tools for biomedical

research that genotypically mimic human physiology and/

or disease. Morphological differences in osteocyte pro-

cesses have been reported in dentin matrix protein-1

knockout mice with increased fibroblast growth factor-23

expression in osteocytes [13]. Such findings have thus

contributed to a better understanding of the physiology of

osteocytes and/or the osteocyte network. Hence, mice are

definitely the most potent laboratory tool. Meanwhile,

chicks still have some advantages, especially in bone

research, because use of embryonic chicks easily allows

certain experimental manipulations of developing skeletal

tissues. The embryonic head is oriented outward in the

hatching egg, and the calvariae can be easily accessed after

removal of the overlying eggshell. Such easy accessibility

of the target tissues allows the experimental manipulation

of developing calvariae, such as gene transfection and drug

application, which increases the value of chick calvariae as

an experimental model. It is valuable, therefore, to under-

stand the species-specific differences in the morphology

and functions of osteocytes.

Previous reports have compared osteocyte morphology

and distribution among various species [14–20]. Most of

these reports have observed osteocyte morphology and

distribution using two-dimensional (2D) data [14–18].

Some reports studying 3D osteocyte morphology and dis-

tribution calculated their value from 2D data without uni-

fied age [19, 20]. Thus, it remains unclear whether the 3D

osteocyte network in bone varies according to species and

whether results from chick osteocytes can be applied to

osteocytes from other species. We compared the osteocyte

network in bone between chicks and mice, which were

thought to be well suited to the experiments. The 3D

morphology of osteocytes in bone has not been reported in

mice. In addition, understanding osteocyte networks and

their gap junctional intercellular communication (GJIC)

may be important for determining the biological properties

of bone. Consequently, we compared not only the 3D

structures of the osteocyte networks present in bone but

also their functions and we compared our results between

chicks and mice.

Materials and Methods

Skeletal Preparation

E14-day-old to P0-day-old chicks (white leghorn) and

E15-day-old to P0-day-old mice (C57BL/6J) were processed

for skeletal examination by double staining with alizarin red

S (Nacalai Tesque, Kyoto, Japan) and alcian blue 8GX

(Sigma, St. Louis, MO), as follows. Embryos were fixed in

95% ethanol overnight. Cartilage was then stained with

0.015% alcian blue 8GX in glacial acetic acid:95% ethanol

(1:4) for 1–2 days, then washed in 95% ethanol for 3 hours.

Soft tissues were macerated in 2% potassium hydroxide

(KOH) until the bones became visible. Calcified bone was

stained with 0.005% alizarin red S in 1% KOH overnight.

Any excess stain was removed by immersion in 1% KOH for

3–7 days, and then the specimen was stored in 20% glycerin

in 1% KOH.

Histological Examination

Parietal bone samples were obtained from E14- and E16-

day-old chicks and E15- and E17-day-old mice and washed

with alpha-modified minimum essential medium (a-MEM;

Invitrogen, Carlsbad, CA) to remove nonadherent cells.

Then, segments of bone were fixed in 4% paraformalde-

hyde and processed with methyl methacrylate (MMA) for

histological analysis. MMA-embedded calvariae were

sliced using the RM2255 microtome (Leic Microsystems,

Richmond Hill, Canada). After the samples had been sliced

at a thickness of 6 lm, Villanueva-Goldner staining was

performed, and the stained sections were observed under a

DP70 and BX60 microscopy system (Olympus, Tokyo,

Japan).

Preparation of Bone Fragments for Morphometric

Analysis

Calvariae were obtained from 16-day-old embryonic

chicks or 17-day-old embryonic mice and washed with

a-MEM to remove nonadherent cells. Calvariae used for

morphometric analysis were obtained from 11 chicks and

12 mice. After stripping off the periosteum, the parietal

bone was obtained from the calvariae and trimmed into

3 9 3-mm pieces in chick and 2 9 2-mm pieces in mouse

for further use.

Fluorescence Staining and CLS Images

Chick and mouse calvarial fragments were fixed with 3%

paraformaldehyde in PBS overnight and then permeabili-

zed by incubation in 0.5% Triton X-100 in phosphate-

buffered saline (PBS) for 10 minutes. Fragments were

rinsed and stained for 2 days at 4�C with a 1:100 dilution

of Texas red-X-conjugated phalloidin (excitation wave-

length 595 nm, emission wavelength 615 nm; Molecular

Probes, Eugene, OR) in PBS containing 1% BSA. After

rinsing with PBS, samples were embedded in fluorescence

mounting medium (Dako, Carpinteria, CA) containing
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1 mg/mL p-phenylenediamine dihydrochloride (Sigma)

and then viewed immediately.

Confocal optical sectioning was performed with a Flu-

oview FV500 CLS microscopy system (Olympus) equip-

ped for differential interference contrast (DIC) microscopy

with a PlanApo objective (609, N.A. = 1.4). The refrac-

tion index of the immersion medium (Olympus) was 1.516.

Theoretical resolutions for the x- and y-axes and for the z-

axis were 0.414 and 0.400 lm, respectively. The frame

size of the image was 146.2 9 146.2 lm with an eight-bit

color depth. Confocal images were taken with a 0.3-lm

step size and processed four times with Kalman averaging.

Confocal optical sectioning was performed from the bone

side of the osteoblast surface into the bone compartment.

Images were digitally processed using Adobe Photoshop

CS2 software (Adobe Systems, Mountain View, CA).

3D Reconstruction and Morphometric Analysis

of the Osteocyte Network

The 3D structure of the osteocyte network was recon-

structed from CLS images using IMARIS software

(Bitplane, Zurich, Switzerland), as reported previously

[11]. The number of processes that radiate from one oste-

ocyte was counted by rotating the 3D-reconstructed fluo-

rescent model. One osteocyte was analyzed per calvaria for

the chicks (n = 6) and the mice (n = 7). In addition, the

volume of the bone compartment occupied by one osteo-

cyte was calculated by dividing the volume of the bone

compartment by the number of osteocytes in it. Taking one

region per animal, 10 regions and 12 regions, each con-

taining several osteocytes, were analyzed for chicks

(n = 10) and mice (n = 12), respectively. IMARIS allows

recognition of the center of mass in each osteocyte.

Therefore, the point-to-point distances between osteocytes

were calculated. The cell-to-cell distances were analyzed in

32 different regions in chicks (n = 11) and mice (n = 12).

Neuron Tracer (Bitplane) software was used to measure

the length of osteocyte processes, as reported previously

[11]. We employed this software to obtain a dendritic

model of the osteocyte network by mapping fluorescence-

positive sites. From the dendritic model, Neuron Tracer

automatically measured the total length of the osteocyte

processes. We selected regions that contained several

osteocytes for our analysis of osteocyte process length in

both chicks (n = 11) and mice (n = 10). To calculate the

length of osteocyte processes, we divided the total length

of the osteocyte processes by the volume of the analyzed

bone compartment. It is difficult to determine where one

osteocyte process ends and another begins. Therefore, the

length of osteocyte processes was reported as the length per

1 lm3 of bone compartment.

In addition, Surpass (Bitplane) software was used to

quantify the surface area and volume of osteocytes includ-

ing osteocyte processes, as reported previously [11]. We

analyzed regions containing several osteocytes from chicks

and mice (n = 10 each). It was necessary to perform vol-

ume and surface area corrections because of elongation of

the x-, y-, and z-axes for the Surpass data. We calculated

approximate volume and surface area correction values

using the method described in our previous report [11]. In

brief, the volume and surface area of the osteocyte cell

body were calculated using correction values obtained

from 2.0-lm fluorescent beads. Then, the volume and

surface area of the osteocyte cell processes were calculated

using correction values obtained from 0.5-lm fluorescent

beads. The volume corrections for 0.5- and 2.0-lm beads

were 0.30 and 0.41, respectively. The surface area cor-

rections for 0.5- and 2.0-lm beads were 0.54 and 0.62,

respectively. The cell body volume correction was 0.41,

and the cell process volume correction was 0.30. The cell

body surface area correction was 0.62, and the cell process

surface area correction was 0.54. We then morphometri-

cally analyzed the osteocytes using the obtained correction

values. We analyzed the surface areas and volumes of

osteocytes in bone compartment units of 1 lm3.

Calculation of Morphometric Data for a Single

Osteocyte

The average total length of the processes, average surface

area, and average volume per osteocyte were thus deter-

mined by calculating the bone compartment volume

occupied by one osteocyte, multiplying the length of pro-

cesses, the surface area, and volume per unit volume of

bone.

FRAP Analysis of Osteocytes in Parietal Bone

Quantitative fluorescence recovery after photobleaching

(FRAP) analysis [21] was used to assess GJIC between

osteocytes in parietal bone, as previously described [12].

Calvariae used for FRAP analysis were obtained from

chicks and mice (n = 10 and 15, respectively). Parietal

bones were loaded with 5.0 lM of calcein acetoxymethyl

ester (calcein-AM, Molecular Probes) for 15 minutes at

room temperature, then washed in a-MEM to remove the

excess dye. Bone fragments were subsequently incubated

for 45 minutes in a-MEM with 2% fetal bovine serum

(FBS) at 37�C. After loading of calcein-AM into osteocytes

in parietal bone, fluorescently labeled osteocytes were

visualized. In each experiment, fluorescence recovery was

assessed at 1-minute intervals.

The recovery of fluorescence within a bleached osteo-

cyte was calculated using the following equation:
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% Recovery ¼ Ft � F0ð Þ= Fi � F0ð Þ½ � � 100 %ð Þ

% Recovery was defined as the fraction of molecules

that were replaced during the time course of the

experiment, Ft was the normalized fluorescence intensity

after photobleaching, F0 was the theoretical fluorescence

intensity immediately following bleaching, and Fi was the

initial fluorescence intensity before photobleaching. All

calculated rates were corrected for the loss of fluorescence

by unbleached control osteocytes, and the recovery curves

of the fluorescent intensity were expressed as the average

percentage (mean – SE) recovery rate of the treated cells.

Statistical Analysis

The Mann–Whitney U-test was used to compare the results

of the morphologic and FRAP analyses. Asterisks indicate

a significant difference compared with osteocytes in chick

parietal bone (P \ 0.05). Significance tests were performed

using statistical analysis software (StatView; SPSS, Inc.,

Chicago, IL).

Results

Observation of the Mineralization Process in Chick

and Mouse Skulls

Chick and mouse embryo skulls were stained with alizarin

red S and alcian blue 8GX (Fig. 1). Figure 1a–c shows

chick embryos and newborns, and Fig. 1d–f shows mouse

embryos and newborns. The arrowhead indicates the pari-

etal bone. Chick parietal bone was still not mineralized at

E14 (Fig. 1a) but was almost mineralized at E16 (Fig. 1b).

Meanwhile, mouse parietal bone was still not mineralized

at E15. The mineralization process of mouse parietal bone

was almost complete by E17 and parietal bone formation at

E17 was similar to that at P0 (Fig. 1e, f).

Figure 2 shows Villanueva-Goldner-stained sections.

Figure 2a, b shows chick parietal bone sections, and

Fig. 2c, d shows mouse parietal bone sections. Most of the

bone was composed of osteoid in the E14 chick and E15

mouse parietal bone sections (red area in Fig. 2a, c). Fig-

ure 2b, d (E16 chick and E17 mouse, respectively) shows a

significant reduction in osteoid area over bone area and

increased mineralization (green area). Therefore, chick

parietal bone at E16 and mouse parietal bone at E17 were

used to observe the osteocyte network (Figs. 1b, e, 2b, d).

Observation of 3D Osteocyte Network in Chick

and Mouse Embryo Parietal Bones Using IMARIS

Bone cells in chick and mouse parietal bone were fluores-

cently labeled with phalloidin. Figure 3 shows IMARIS

images of osteocytes in chick and mouse parietal bone

reconstructed from image volumes collected from the

osteoblast layer to a 9-lm depth using CLS microscopy.

Figure 3a shows the 3D osteocyte network in chick parietal

bone, and Fig. 3b shows the 3D osteocyte network in mouse

parietal bone. The 3D osteocyte shape appears as suborbic-

ular cells with numerous processes in Fig. 3a, b. The distance

between the osteocytes in the chick parietal bone was smaller

than that in mouse parietal bone. The mean cell-to-cell dis-

tance from one cell to the adjacent cells was 23.5 ± 6.1 lm

in chicks and 39.6 ± 11.6 lm in mice (n = 32 and 32,

respectively) (Table 1). The distance in chick osteocytes was

significantly shorter than that in mouse osteocytes

(P \ 0.05). The average number of processes radiating from

a single osteocyte was 52.7 ± 6.4 in the chick and

49.7 ± 9.7 in the mouse (n = 6 and 7, respectively)

(Table 1). This number was not significantly different

between the chick and mouse. In addition, a single osteocyte

occupied 4,691 ± 935 lm3 in the chick (n = 10) and

Fig. 1 Mineralization process

of chick (a–c) and mouse

(d–f) skulls. a–c Images show

bone stained with alizarin red

and alcian blue. Chick skull at

E14 (a), E16 (b), and P0 (c).

d–f Mouse skull at E15 (d), E17

(e), and P0 (f). Arrowheads
show the parietal bones. Bar in

a = 5 mm, d = 1 mm
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10,665 ± 1,510 lm3 in the mouse (n = 12; Table 1). The

bone compartment area of the chick osteocyte was signifi-

cantly smaller than that of the mouse osteocyte (P \ 0.05).

Morphometric Analysis of Osteocytes in the Unit Bone

Matrix

The length of osteocyte processes was obtained using

Neuron Tracer software. The length of osteocyte processes

per 1 lm3 bone compartment was 0.24 ± 0.03 lm in the

chick and 0.25 ± 0.06 lm in the mouse (n = 11 and 10,

respectively; Table 1).

The surface area and volume were obtained with Sur-

pass software. The average osteocyte surface area per

1 lm3 of the bone compartment was 0.24 ± 0.08 lm2 in

the chick and 0.25 ± 0.06 lm2 in the mouse (n = 10 and

10, respectively; Table 1). There was no species difference.

The volume ratio of osteocytes to bone compartment was

9.71 ± 1.92% in the chick and 12.5 ± 1.97% in the mouse

(n = 10 and 10, respectively; Table 1).

Total Length of Processes, Cell Surface, and Volume

of One Osteocyte

Each osteocyte had an average volume of 4,691 ±

935 lm3 in the chick and 10,665 ± 1,510 lm3 in the

mouse. Therefore, the morphometric data per unit bone

compartment were multiplied by the mean volume of the

Fig. 2 Villanueva-Goldner-

stained histological sections of

embryonic parietal bone. Chick

parietal bone sections at E14

(a) and E16 (b). Mouse parietal

bone sections at E15 (c) and

E17 (d). Red area is the osteoid

area, green area is the mature

mineralized area. Bar in

a = 100 lm

Fig. 3 3D reconstruction of the

osteocyte network using

IMARIS software. CLS images

from osteoblast layers up to

9 lm in depth were used for

reconstruction. Fluorescent

images show cells stained with

Texas red-X phalloidin. a 3D

reconstruction of an osteocyte

network in chick parietal bone

at E16. b 3D reconstruction of

an osteocyte network in mouse

parietal bone at E17. Bar in

a = 20 lm

Table 1 Morphological data of osteocyte network

Chick parietal bone Mouse parietal bone

Cell–cell distance (lm) 23.5 ± 6.1 (n = 32) 39.6 ± 11.6 (n = 32)*

Occupancy of bone compartment (lm3) 4,691 ± 935 (n = 10)a 10,665 ± 1,510 (n = 12)*,a

Average number of processes radiating from single osteocyte 52.7 ± 6.4 (n = 6) 49.7 ± 9.7 (n = 7)

Average length of osteocytes per 1 lm3 of bone compartment (lm) 0.24 ± 0.03 (n = 11)a 0.25 ± 0.06 (n = 10)a

Average surface area of osteocytes per 1 lm3 of bone compartment (lm2) 0.24 ± 0.08 (n = 10)a 0.25 ± 0.06 (n = 10)a

Average volume of osteocytes per 1 lm3 of bone compartment (%) 9.71 ± 1.92 (n = 10)a 12.5 ± 1.97 (n = 10)*,a

a Number of analyzed regions including several osteocytes

* Comparison to chick parietal bone P \ 0.05

420 Y. Sugawara et al.: 3D Morphometry and Cell–Cell Communication of Osteocytes

123



bone compartment occupied by each osteocyte (4,692,

10,665 lm3) to obtain morphometric data per single

osteocyte. As a result, the average values for one chick

osteocyte were calculated as follows: cell processes

1,131 ± 139 lm, surface area 1,128 ± 358 lm2, and cell

volume 455 ± 90 lm3 (Table 2). The average values for

one mouse osteocyte were calculated as follows: cell pro-

cesses 2,668 ± 596 lm, surface area 2,654 ± 659 lm2,

and cell volume 1,328 ± 210 lm3 (Table 2). All mor-

phometric data for mouse osteocytes were larger than those

for chick osteocytes (P \ 0.05).

FRAP Analysis Showed Dye Coupling Among

Osteocytes in Parietal Bone

Living osteocytes in chick and mouse parietal bone were

loaded with the fluorescent dye calcein-AM. Figure 4a, d

shows a fluorescent image of living osteocytes, which is a

single optical slice of chick and mouse parietal bone.

Figure 4b, e shows a DIC image at the same location as in

Fig. 4a, d. Osteocytes were confirmed to be embedded in lacu-

nae by merging the fluorescent and DIC images (Fig. 4c, f).

FRAP analysis was used to examine functional gap

junctions between osteocytes in chick and mouse parietal

bone. The rapid recovery of fluorescence into photo-

bleached cells was observed within 5 minutes after

photobleaching (Fig. 4g–i). The rapid recovery of fluores-

cence into photobleached cells was not significantly dif-

ferent between chick and mouse osteocytes within 4

minutes after photobleaching (Fig. 4i). Five minutes after

photobleaching, the fluorescence intensity recovered to

49.0 – 2.4% in chick and 39.9 – 2.4% in mouse parietal

bone (n = 20 and 30, respectively).

Discussion

Our previous studies demonstrated that a 3D analysis of

osteocyte morphology by CLS microscopy and FRAP

analysis could be conducted in chick calvariae to investi-

gate the morphology and function of osteocytes in vivo or

ex vivo [11, 12]. Although previous studies have compared

osteocyte morphology between species, they were per-

formed using 2D morphologic data in different types of

bone from various age groups [14–18]. Therefore, in the

present study, the 3D morphology of the osteocyte network

and cell–cell communication in chick and mouse calvarial

parietal bone were analyzed to examine species differences

in unified age groups. We observed and analyzed the

osteocyte network in the mineralization areas of embryonic

calvariae in E16 chicks and E17 mice in the study.

The experimental protocols for the CLS microscopy and

FRAP analysis of the mouse calvariae were modified from

those used in our previous experiments as the mouse tissue

showed much more nonspecific labeling and fewer signals

in osteocytes than chick tissue. The nonspecific labeling

was derived from the nonspecific uptake of fluorescent

materials at the mouse periosteum, which was attached

more tightly to the bone surface than in the chick. Hence,

more care was taken to detach the periosteum completely

from the mouse calvariae. In addition, the mouse samples

were 2 9 2 mm in size, whereas the chick samples were

3 9 3 mm in size.

In this study, we confirmed that although the physical

characteristics of osteocytes in chick and mouse calvariae

are similar, as both have spherical cell bodies with long

processes and form intercellular networks, in mice the

point-to-point distance between the centers of osteocytes

(39.6 lm) was significantly greater than that in chicks

(23.5 lm). In a previous study, Skedros [19] examined the

3D lacuna–lacuna distance (Lc–Lc) in the horse, elk, and

sheep but calculated the 3D Lc–Lc lacuna density using 2D

segment values in each species; and the range of Lc–Lc

distances was only on the order of 3–5 lm in each species.

Furthermore, their results might also reflect age differences

as the samples were not taken in the same age groups. Beno

et al. reported 3D Lc–Lc distances in the chick, rabbit,

bovine, horse, dog, and human [20]. The chick Lc–Lc

distance in their report was similar to that in the current

study. However, these 3D distances were calculated by

combining the 2D osteocyte density of each species and 2D

information about osteocyte processes in the mouse; i.e.

they did not reflect the real Lc–Lc distance in each species.

The current study observed the true 3D osteocyte mor-

phology in bone and determined that the real 3D distance

between osteocytes in the mouse was twice as large as that

in the chick. There were species differences between chicks

and mice with regard to the 3D distances between osteo-

cytes. The shape of the osteocytes was similar between the

two species, but their 3D distributions were different.

A single osteocyte occupied 4,692 lm3 of the bone

compartment in the chick and 10,665 lm3 in the mouse,

Table 2 Morphological data of single osteocyte

Chick parietal

bone

Mouse parietal

bone

Total length of cell processes (lm) 1,131 ± 139 2,668 ± 596*

Cell surface area (lm2) 1,128 ± 358 2,654 ± 659*

Body 666 (59%) 1,067 (40%)

Process 461 (41%) 1,587 (60%)

Cell volume (lm3) 455 ± 90 1,328 ± 210*

Body 332 (73%) 641 (48%)

Process 123 (27%) 688 (52%)

* Comparison to chick parietal bone P \ 0.05

Y. Sugawara et al.: 3D Morphometry and Cell–Cell Communication of Osteocytes 421

123



and we calculated the osteocyte density in bone from

these volumes. Osteocyte density was about 213,000

osteocytes/mm3 in chicks and 96,500/mm3 in mice,

showing that the osteocytes in chick bone were two and

a half times more densely packed than those in mouse

bone. Both chick and mouse osteocyte density was

greater than human osteocyte density, which ranges from

13,900 to 19,400 osteocytes/mm3, as reported previously

[22–24]. Our data were not calculated from 2D sections

but rather represent the actual 3D density in bone. It has

been suggested that the 3D osteocyte distribution in bone

differs between species. In relation to this, it is reported

that osteocyte density might influence the remodeling

rate, mineral apposition rate, mineral homeostasis, and

bone mechanical properties [25–31]. Therefore, these

parameters may differ between chicks and mice. How-

ever, in order to elucidate the relationship between

osteocyte density and these parameters, it would be

necessary to analyze long bones and mature bones. We

will analyze long bones in the future. Additionally, the

total length of cell processes, cell surface area, and cell

volume of a single osteocyte in the mouse were two

times greater than those in the chick. It is thought that

previous osteocyte data from chicks could not be applied

to mice without modification. In the present study, we

obtained 3D osteocyte morphometric data from mouse

bones. These values can be applied to genetically engi-

neered mice in various disease states.

Fig. 4 Optically sliced images of fluorescently labeled osteocytes by

CLS microscopy and FRAP analysis of osteocytes in chick and mouse

parietal bone. a Fluorescent image of live osteocytes, labeled with

calcein, in chick parietal bone. b DIC image of lacunae in chick

parietal bone. Images were taken at a distance of 9.0 lm from the

osteoblast layer. c Merged image of a and b. d Fluorescent image of

living osteocytes, labeled with calcein, in mouse parietal bone. e DIC

image of lacunae in mouse parietal bone. Images were taken at

9.0 lm in depth from the osteoblast layer. f Merged image of

fluorescent (d) and DIC (e) images. g Images of fluorescently labeled

osteocytes in chick parietal bone produced by FRAP analysis.

h Images of fluorescently labeled osteocytes in mouse parietal bone

from FRAP analysis. Serial images were taken prebleach, immedi-

ately after bleaching, and at 1, 3, and 5 minutes during fluorescence

recovery. i Recovery of fluorescence intensity. Data are expressed as

the mean ± SE. Significant difference at 5 minutes *P \ 0.05. Bar in

a, d = 20 lm
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In contrast to the significant difference in osteocyte

density between chicks and mice, the average surface area

of osteocytes per 1 lm3 in the bone compartment was not

significantly different. This suggests that osteocytes in both

species have equal ability to respond to external stimuli. In

addition, the length of osteocyte processes per 1 lm3 in the

bone compartment showed little difference between chicks

(0.24 lm) and mice (0.25 lm), indicating similar osteocyte

process densities. These results suggest that osteocyte

processes might play an important role in osteocyte func-

tion as, e.g., a mechanosensor. There is a possibility that

osteocyte processes in chicks and those in mice sense and

respond similarly to the change of external environment.

FRAP analysis of living osteocytes in bone facilitated

investigation of GJIC in chick and mouse parietal bone.

Our study demonstrated, for the first time, the occurrence

of intercellular communication mediated by gap junctions

among osteocytes in different species. This study has the

advantage that we analyzed this functional intercellular

communication in living bone. Therefore, we consider that

our data accurately reflect the bone microenvironment in

each species. We showed that, in spite of the differences

in osteocyte density and size, the recovery of fluorescence

in photobleached cells was not significantly different

between chick and mouse osteocytes within 4 minutes after

photobleaching. These results might be related to osteocyte

process density. Five minutes after photobleaching, the

fluorescence intensity recovered to 50% of the prebleach

level in chick osteocytes and to 40% of the prebleach level

in mouse osteocytes. GJIC is thought to have an important

role in bone remodeling [12]. A recent study showed that

overexpressing connexin43, a major gap junction protein,

increased GJIC between bone marrow stromal cells and

resulted in an increased volume fraction of bone in vivo

[32]. The results of FRAP analysis suggest that the rates of

cell–cell communication may affect bone remodeling, bone

size, and bone mass in different species. Additionally, the

results from FRAP analysis affirm our hypothesis based on

morphological data that the chick might exhibit different

rates of bone remodeling compared to the mouse.

Some limitations of this study are that these morpho-

logical values were only from chick and mouse calvarial

parietal bone and the observed specimens were embryonic.

However, these fundamental data for osteocytes could be

useful. Recent studies have demonstrated various bone

phenotypes in some null mutant and/or transgenic mice

[33–37]. For such mice, the present analytic methods allow

for the further precise investigation of osteocyte morphol-

ogy, their network, and a part of the functional analysis

between osteocytes. The present methods of observation by

CLS microscopy are quite straightforward without any

need for sample sectioning. As embryonic calvariae are

very thin and flat, we were able to stain and visualize them

clearly without decalcification and sectioning. The ana-

tomical features of the calvaria are thus useful for exam-

ining live osteocytes in bone. In addition, the organ culture

of calvariae, unlike that of long bone, was developed

because of their characteristic thin structure and ability to

remain competent for long periods of incubation; and this

system also allows further experimental manipulations,

such as the addition of cytokines, antibodies, siRNA, etc.

In the future, we will analyze osteocyte networks in skel-

etally mature animals.

In summary, this study successfully compared the

3D morphology of the osteocyte network and cell–cell

communication in chick calvariae with those in mouse

calvariae and yielded interesting results regarding the 3D

osteocyte network. The osteocyte body density, 3D dis-

tance of osteocytes, and 3D single osteocyte size were

significantly different. However, the density of osteocyte

processes between chick and mouse embryo calvariae was

not different. Also, this study demonstrated for the first

time that cell–cell communication occurs via the gap

junctions between osteocytes in different species, using

FRAP analysis. The recovery of fluorescence intensity in

the chicks was higher than that in the mice after 5 minutes.

Within 4 minutes, the behavior of recovery was similar

between the two species. Osteocyte processes might be

related to this behavior because osteocyte processes, which

connect to each other via gap junctions in the bone matrix,

are thought to play an important role in cell–cell commu-

nication. Therefore, it is crucial to observe 3D osteocyte

networks including osteocyte processes and live cells in

bone in order to understand osteocyte functions. As vari-

ations in cell size and cell number cause differences in size

and growth between diverse species and as the 3D osteo-

cyte network in bone differed between chicks and mice, it

is thought that previous osteocyte data from chicks cannot

be applied to mice without modification. Hence, the present

study could contribute to a better understanding of the

functional roles of the osteocyte network in various species

and genetically engineered animals.
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