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Abstract

Bone is a composite porous material with two functional levels of porosity: the vascular porosity that
surrounds blood vessels and the lacunar-canalicular porosity that surrounds the osteocytes. Both the

vascular porosity and lacunar-canalicular porosity are directly involved in interstitial fluid flow,
thought to play an important role in bone’s maintenance. Because of the small dimensions of the

lacunar-canalicular porosity, interstitial fluid space has been difficult to visualize and quantify. We
reportanew staining protocol that is reliable and easily reproducible, using fluorescein isothiocyanate

(FITC) as a probe visualized by confocal microscopy. Reconstructed FITC-stained cross sections

enable effective visualization of bone microstructure and microporosities. This new staining process
can be used to analyze interstitial fluid space, providing high-resolution quantification of the vascular

pores and the lacunar-canalicular network of cortical and cancellous bone.

Keywords
microstructure; osteocyte; FITC; lacuna; canaliculi

Introduction

When bone is mechanically loaded, interstitial fluid flows through the small pores surrounding
the osteocytes in the lacunar-canalicular porosity and drains into and out of the larger pores

surrounding the blood vessels and nerves in the vascular porosity. This load-induced interstitial
fluid displacement is thought to have two effects on bone: (a) enhancement of solute transport

via convective mechanisms that affect maintenance of the tissue, and (b) activation of

osteocytes via cytoskeletal deformations, thus playing a role in bone’s mechanosensory system
[1-6]. The annular interstitial fluid space bounded by the mineralized matrix and the osteocyte
cell processes is of the order 100 nm [7], whereas the vascular pores are approximately 5-70
um in diameter [8]; the water in the collagen-apatite porosity in the mineralized matrix is
believed to be bound [9] and thus does not contribute to load-induced interstitial fluid flow.
To better understand the processes of bone maintenance and adaptation it is important to
accurately quantify cortical and cancellous bone microporosities, critical input parameters for

models of interstitial fluid flow and mechanotransduction in bone.
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Several groups have tried to visualize the interconnectedness of the vascular and lacunar-
canalicular network and quantify bone porosities using different methods [10-14].
Unfortunately, the small size of the vascular and lacunar-canalicular pores, the low resolution
of some of the imaging approaches used, and the restricted areas analyzed in some studies have
been limitations of previous work. The decalcification of bone samples used in some previous
studies mightalso induce histological artifacts [15]. To address these issues, we have developed
an effective and easily reproducible technique to delineate and visualize bone interstitial fluid
space using the fluorescent properties of fluorescein isothiocyanate (FITC), in conjunction with
high resolution confocal microscopy.

Materials and Methods

For the protocol described rat bone was used (3-month-old male Sprague Dawley); however,
the methods are not species-specific. To visualize cortical bone for this study, tibial cross
sections were obtained from the mid-diaphysis as well as from the metaphysis approximately
2 mm distal to the growth plate. To visualize cancellous bone, longitudinal sections were
obtained from the metaphysis and epiphysis of the proximal tibia.

Immediately after harvest, bones were placed in EM fixative (0.5% gluteraldehyde, 2%
paraformaldehyde in 0.05M cacodylate-sodium buffer, pH 7.4) at room temperature and then
immediately processed to obtain cortical sections and cancellous bone blocks. Cortical bone
thick sections (300-400 um) were cut with a diamond blade saw (Buehler, Lake Bluff, IL), the
bone marrow washed out, and the sections placed back into EM fixative for 24 hours at room
temperature. The cortical sections were then ground by hand to a final thickness of 30-50 um
using Carbimet paper discs (800 and 1200 grit; Buehler), and dehydrated in ascending graded
ethanol (EtOH) (75%, 95%, and 100%, 5 minutes each). Cancellous blocks from the
metaphyseal/epiphyseal region, approximately 10 mm x 10 mm x 10 mm, were placed into
EM fixative for 48 hours at room temperature without bone marrow removal, and then
dehydrated in ascending graded EtOH (75%, 95%, and 100%, 2 days each). To stain interstitial
bone space we used FITC (fluorescein isothiocyanate isomer | from Sigma, product #F7250),
diluted in 100% EtOH at a concentration of 1%. The solution was gently mixed in a rotator for
approximately 1 hour at room temperature until clear, and then filtered. Cortical sections and
cancellous blocks were then placed in 20 ml glass vials containing freshly prepared staining
solution and gently mixed in a rotator for 4 hours at room temperature. The cortical sections
were then rinsed in 100% EtOH for 30 minutes, air dried and coverslipped with mounting
media (Richard-Allan Scientific, Kalamazoo, MI). The cancellous blocks were embedded in
PMMA [16], then thick sections (400-500 pum) were cut and ground down to a final thickness
of 40-70 um using Carbimet paper discs (600 and 1200 grit; Buehler). Embedded cancellous
sections were dried in ascending graded EtOH (75%, 95%, and 100%, 5 minutes each), air
dried and coverslipped. During all the staining steps the sections, samples and vials were
wrapped in aluminum foil to prevent loss of fluorescence.

All the sections were imaged using a confocal microscope (Leica TCS SP2, Germany) with
the following parameters: 40x oil immersion lens, 1.25 numerical aperture, laser wavelength
excitation of 488 nm, pinhole set at 1 Airy unit, 2048 x 2048 resolution giving a field of view
of 375 x 375 pum, and laser intensity set at 12% of the full power. The gain and offset were
chosen such that in the images acquired the canalicular system in both unembedded (cortical)
and embedded (cancellous) sections covered the full dynamic range. A complete reconstruction
of each cortical cross-section (tibia mid-diaphysis and metaphysis) was obtained using
Photoshop 7.0 by overlaying adjacent bone section sectors imaged with the confocal
microscope.
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Using the FITC staining protocol, unembedded cortical bone and PMMA-embedded
cancellous bone sections showed the vascular and lacunar-canalicular porosities uniformly
stained, with the mineralized matrix impermeable to the fluorescent probe (Figure 1). The high-
resolution reconstructed sections (file size ~ 500 MB for the mid-diaphysis sections, and ~ 1.5
GB for the metaphysis sections) illuminated the microstructural details of the lacunar-
canalicular network (Figure 2). The staining uniformity made it possible to distinguish detailed
microstructural patterns such as regions with low canalicular density (Figure 2b, c).

Discussion

We have developed a consistent and effective histological method to stain interstitial fluid
space using FITC as a fluorescent probe and confocal microscopy to visualize the bone
microporosities. This staining technique also appears to be an effective method to obtain high-
resolution images of an entire bone cross-section, helpful when visualizing the microstructural
details of the lacunar-canalicular network. Although the reconstruction process used to obtain
the images of the full cross-sections is somewhat tedious, a motorized stage connected to the
confocal microscope would make the reconstruction process less time-consuming.

Compared to previously reported staining methods to delineate the lacunar-canalicular network
and quantify bone porosity, the staining technique developed here presents several advantages:
there is no need to decalcify the samples so the introduction of histological artifact is reduced,;
the staining technique is simple and fast, with a staining time of 4 hours for rat bone; and finally,
it does not introduce areas that are either over- or under-stained. The technique can also be
used to illuminate the porosity patterns of a whole bone section without being limited to a
restricted region, an approach that was not utilized in previous studies. While this method is
similar to the basic fuchsin method used to detect microdamage [17-19], we found that using
FITC was more effective in staining the lacunar-canalicular pores with minimal background
staining in the mineralized matrix.

The ability to visualize an entire cross-section makes this technique useful when analyzing and
identifying bone macrostructure and bone microstructure, such as regions with either high or
low canalicular density. The fluorescent properties of FITC and the high-resolution images
could also be utilized to quantify the different microporosities in bone (vascular porosity and
lacunar-canalicular porosity) and to obtain 3-D images to analyze bone permeability. Finally,
this staining method can be easily adapted to different bone sizes, and different species.
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Figure 1.

(a) Unembedded cortical rat tibia diaphysis and (b) PMMA-embedded cancellous rat tibia
metaphysis stained with FITC. The staining method demarcates the vascular porosity (V.Po),
the canalicular porosity (small arrows), and the interstitial space surrounding the osteocyte
lacunae (Ot.Lc) of both cortical and cancellous bone. Endosteal surface (Es), bone marrow
(B.Ma), and trabecula (Tb) are also indicated; scale bars 130 pum.
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Figure 2.

(a) Reconstructed section from the metaphysis of the rat tibia, and enlargement of the areas
delineated by the red squares (b, ¢). The reconstructed image enables visualization of bone
macrostructure, the complexity of the lacunar-canalicular system, and areas with low
canalicular density (asterisks). In (c) it is possible to clearly distinguish the inhomogeneous
distribution of the lacunar-canalicular system, with areas of low canalicular density (asterisks)
and areas of high canalicular density. Osteocyte lacunae (Ot.Lc) and vascular porosity (V.Po)
are indicated in (c). Scale bars 60 um.
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