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During bone formation in embryos, large amounts of calcium and phosphate are taken up and transported to the
site where solidmineral is first deposited. The initial mineral forms in vesicles inside osteoblasts and is deposited
as a highly disordered calcium phosphate phase. The mineral is then translocated to the extracellular space
where it penetrates the collagen matrix and crystallizes. To date little is known about the transport mechanisms
of calcium and phosphate in the vascular system, especially when high transport rates are needed and the con-
centrations of these ions in the blood serum may exceed the solubility product of the mineral phase. Here we
used a rapidly growing biological model, the chick embryo, to study the bone mineralization pathway taking
advantage of the fact that large amounts of bonemineral constituents are transported. Cryo scanning electronmi-
croscopy together with cryo energy dispersive X-ray spectroscopy and focused-ion beam imaging in the serial
surface view mode surprisingly reveal the presence of abundant vesicles containing small mineral particles
in the lumen of the blood vessels. Morphologically similar vesicles are also found in the cells associated with
bone formation. This observation directly implicates the vascular system in solidmineral distribution, as opposed
to the transport of ions in solution. Mineral particle transport inside vesicles implies that far larger amounts
of the bone mineral constituents can be transported through the vasculature, without the danger of ectopic pre-
cipitation. This introduces a new stage into the bone mineral formation pathway, with the first mineral being
formed far from the bone itself.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Bone formation involves the uptake and transport of calcium and
phosphate to the site of mineralization [1]. The first site of mineral
deposition identified ex-vivo is within vesicles inside cells responsible
for bone formation (presumably osteoblasts) [2]. The mineral phase
formed in the embryonicmice investigated, is a highly disordered amor-
phous calcium phosphate (ACP) phase, and based on a Ca/P analysis,
possibly a calcium polyphosphate [2]. During exocytosis the mineral
particles lose their associated membrane [2]. In experiments performed
in-vitro with osteoblast cultures, mineral particles are observed inside
mitochondria and in associated intracellular vesicles [3]. These special-
ized vesicles translocate the highly disordered mineral through the
cell and are eventually released into the extracellular space [3]. An alter-
native pathway for mineral transport to the extracellular matrix is via
ence, Department of Structural

tzki).
vesicles which are released from bone-forming cells. These vesicles sub-
sequently concentrate calcium and phosphate from the extracellular
space and then induce the formation of a disordered Ca and P mineral
inside their membrane. These vesicles are often referred to as “matrix
vesicles” [4,5].

The initial ACP phase released either directly from the cells or
via matrix vesicles, penetrates into the collagenous matrix [2,6,7],
where it transforms to a more ordered octacalcium phosphate-like
(OCP-like) phase and then into carbonated hydroxyapatite (HAP) —
the mature mineral phase of the skeleton [8]. Whereas the pathways
of mineral deposition inside osteoblasts and their transfer to theminer-
alizing bone are better understood, little is known about how the large
amounts of calcium and phosphate are transported through the organ-
ism to the bone-forming cells.

In this study we investigate the transport of bone mineral constitu-
ents through blood vessels during bone formation. The vascular system
is anatomically intimately associated with bone development, presum-
ably in part because it plays a role in supplying the ions necessary for
bone mineralization. Thus it is generally observed that osteogenesis is
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coupled with angiogenesis during bone development [9,10]. Blood and
other extracellular body fluids are saturated with respect to carbonated
hydroxyapatite [11] and calcium phosphate nanoclusters are present at
physiological pH in natural biofluids such as milk and artificial biofluids
simulating blood, urine and saliva [12,13]. The vascular system there-
fore has the potential to transport ions and/or ion clusters necessary
for bone mineralization in solution, provided they do not precipitate.
Precipitation is a real danger as the solubility of bone mineral at physi-
ological pH is very low and thus limits the quantities that can be
transported in this way [11]. Thus, proteins such as fetuin, matrix
Gla-protein and osteopontin are present in body fluids, where they
inhibit calcium phosphate mineral formation and prevent ectopic min-
eralization [14–18]. However, theways inwhich transport of bonemin-
eral constituents occurs in blood vessels are still not clear, especially
during embryonic bone development when high transport rates must
be achieved, possibly exceeding thequantitieswhich can be transported
as ions in solution.

To address this, we study chicken long-bone development at the
femoral mid-diaphysis (mid-shaft region) during embryonic stages
E16–E18. During incubation, the embryo grows rapidly, increasing
many hundredfold in mass [19,20]. From embryonic stage E14 to E19,
chicken long-bones roughly double their length, thickness and total
amount of bonemineral [21]. This requiresmassive transport of calcium
and phosphorous, which are derived from the yolk and the egg-shell,
through the circulatory system [22,23]. On the periosteal side of the
femoral long-bone, a large number of active osteoblasts form thin layers
of primary bonearound thepre-existing vasculature. The resulting bone,
thus, features a large number of trabecular structures containing the
bone vasculature within the center of each trabecular channel [24,25].
This well-defined blood vessel-bone architecture together with the
high rates of calcium transport present during embryonic development
greatly facilitates our investigation of the transport of bonemineral con-
stituents through blood vessels during bone formation.

The investigation of biomineralization pathways is complicated
because the minerals known to be involved are highly unstable and
can dissolve during sample preparation. We therefore use analytical
methods where these problems are minimized by rapidly freezing
fresh samples under conditions in which crystallization of water into
ice is reduced. This enables the examination of intact bone tissue in a
completely hydrated state by utilizing cryogenic scanning electron mi-
croscopy (cryo-SEM) equipped with an energy dispersive x-ray spec-
troscopy (EDS) detector system. These analytical methods are suitable
for locating and characterizing highly unstable calcium phosphate
involved in the bone formation pathway. To obtain 3D information of
the distribution of bone mineral, we also use the focused-ion beam
(FIB-SEM) in the serial surface view (SSV) mode [26]. Here we report
that membrane bound calcium phosphate mineral particles are abun-
dant in blood vessels, and that such vesicles are also observed inside
and outside the cells responsible for bone formation. These mineral-
bearing vesicles may therefore fulfill a crucial role in the embryonic
chick bone mineralization pathway.

2. Materials and methods

2.1. Preparation of chick embryos

Fertilized chick eggs were incubated at 38 °C under 80% humidity.
Embryos were staged according to Hamburger and Hamilton [27]
and femurs were surgically removed from the animal between stages
42–44 (embryonic days post fertilization: E16–E18) after cervical
dislocation.

2.2. Histology, H&E and immunofluorescence assay

Chicken femurs were dissected and fixed in 4% paraformaldehyde
(PFA)/PBS at 4 °C overnight and decalcified in a solution containing
equal parts of 0.5 M EDTA (pH 7.4) and 4% PFA in PBS for 2 days. Then
samples were incubated with 0.5 M EDTA (pH 7.4) for 4 days at 4 °C.
After fixation and decalcification, tissues were dehydrated to 100%
ethanol and embedded in paraffin. The embedded tissues were sec-
tioned to 7 μm thick sections and collected on Fisherbrand Superfrost
Plus slides and de-paraffinized and rehydrated to water. Hematoxylin
and Eosin (H&E) staining was performed following standard protocols.

For immunofluorescence of blood vessels, antigen was retrieved
in 10 mM sodium citrate buffer, pH 6, using a microwave. In order to
block nonspecific binding of immunoglobulin, sections were incubated
with 7% goat serum. Following blockage, sections were incubated over-
night at 4 °C with a rabbit polyclonal antibody to the N-terminus of
chick VE-Cadherin (1:50,000). Then, sections were washed in 0.1%
Tween 20 in PBS three times for 5 min and incubated with secondary
fluorescent antibody Cy3 (1:100; Jackson Laboratories) for 1 h at room
temperature and washed again with PBS (three times for 5 min). The
sections were subsequently stained with DAPI and washed with PBS.
Slides were mounted with immuno-mount aqueous-based mounting
medium.

2.3. Cryo-SEM

The femoral mid-shaft region was manually dissected transversely
into approximately 200 μm thick bone sections. Sections were im-
mersed immediately in 10% dextran (Fluka), sandwiched between
two metal disks (3 mm diameter, 0.1 mm cavities on both sides)
and cryo-immobilized in a high-pressure freezing device (HPM10;
Bal-Tec) within 10 min after the time of death of the chicken. The high
pressure applied during high pressure freezing slows down the forma-
tion of ice crystals during cooling. Thus, even in relatively thick samples
such as ours, which cannot be cooled down very fast, cooling ideally
transforms the water inside the tissue either into a glassy disordered
phase or into very small ice crystals. This not only avoids rupture of
cells and other soft tissues, but also prevents molecular displacements
and even chemical reactions from occurring. The frozen samples were
mounted on a holder under liquid nitrogen and transferred to a freeze
fracture instrument (BAF 60; Bal-Tec) by using a vacuum cryo-transfer
device (VCT 100; Bal-Tec). Samples were fractured at a temperature of
−120 °C in a vacuum better than 5 × 10–7 mbar. Samples were etched
for 10min at−105 °C and observed in a Zeiss Ultra 55 SEM using a sec-
ondary electron in-lens detector and a backscattered electron in-lens
detector (operating at 1.5 kV at a working distance of 2.2mm). Samples
were kept in the frozen-hydrated state using a cryo-stage at a tempera-
ture of −120 °C. For energy dispersive x-ray spectroscopy (EDS) the
working distance was increased to 7.5 mm and spectra were collected
under an acceleration voltage of 7 kV. Measurements were performed
by Bruker Quantaxmicroanalysis systemwith an AXS-XFlash®detector
mounted on a Zeiss Ultra-Plus HR-SEM.

2.4. Focused-ion beam in the serial surface view mode (FIB-SSV)

For FIB-SSV samples were freeze substituted and embedded in Epon
as follows: high pressure frozen samples were transferred into a 1.5 ml
Eppendorf with −90 °C precooled acetone containing 2% glutaralde-
hyde and 2% osmium (vol/vol) inside the AFS2 freeze substitution de-
vice (Leica Microsystems, Vienna, Austria) in order to dehydrate, fix
and stain the samples under cryo conditions. Sampleswere subsequent-
ly stored for 8 h at −90 °C. Temperature was then slowly increased
to −20 °C during 15 h (−5 °C/h) and was consequently increased
from−20 °C to 0 °C within only 20min (60 °C/h). Samples were trans-
ferred to 0 °C precooled absolute ethanol containing 2% uranyl acetate
for 1 h and subsequently washed twice in ethanol and acetone at
room temperature. Finally samples were infiltrated with EPON starting
with a 10% EPON solution in acetone at 4 °C with a 10% increase every
12 h up to 90% EPON and a final incubation of 4 days in 100% EPON so-
lution with fresh EPON replaced daily. Embedded samples were then
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polymerized at 60 °C for 48 h. After polymerization, samples blocks
were trimmed, and the bone surface exposed using anUltracut Reichert
microtome (Leica Microsystems, Vienna, Austria) with a diamond knife
(DiATOME AG, Biel, Switzerland). Trimmed blocks were sputter-coated
with gold and subsequently transferred to the Helios Nanolab 600 (FEI,
The Netherlands) dual beam microscope. The sample was elevated to
the eucentric height (4.1 mm) and tilted to 52° so that the electron
beam and the ion beam were focused at the same point. Blood vessel
contours were identified at low magnification and a 50 × 20 × 1 μm
protective patch of platinum was deposited on the area of interest.
A U-shaped trench was milled around the area of interest in order to
expose and polish the surface for the electron beam. The imaging was
performedwith 2048 × 1768 pixels per frame using a mixed secondary
electrons/backscattered electrons (SE/BSE) detector. An automated SSV
run was initiated with a slice thickness of 20 nm covering a total thick-
ness of 10 μm and an x–y area of 41 × 35 μm.

3. Results

To investigate calcium and phosphate transport through the circula-
tory system, the locations of blood vessels within the bone tissue
must be identified. We used Hematoxylin and Eosin (H&E) staining on
decalcified transverse sections through the embryonic femoral mid-
shaft. H&E staining reveals the characteristic reticulate fabric of the
developing long-bone structures, including the positions of blood ves-
sels (Fig. 1A-B). During the investigated embryonic stages (E16–E18)
the femoral cortex is very porous, with thin layers of bone (collagen
Fig. 1. Location of blood vessels within the mid-shaft region of the developing chicken femur (
showing the growing cortex with collagen (stained in red) and cells (bright violet) with their
abundance of cells at the periosteal side (PS) and newly formed collagen (bright red) buildi
reminiscent of endothelial cells confining the lumen of the blood vessel within each trabecula
erythrocytes (red stained cells) are observed (indicated by yellow arrowheads). (C) Immuno-
(DAPI, blue) in a similar transverse section. (D) Magnification of area depicted by yellow box
channel with the endothelial cells staining positive for VE-Cadherin (red). Scale bars: (A),(C) 4
stained in red) forming a trabecularmeshwork. Abundant cells (stained
in light violet with their nuclei in dark violet) are present at the perios-
teal side (PS), filling up the extra-trabecular space, together with newly
formed collagen (bright red). Further inside the cortex, bone structures
are usually lined by only one layer of cells.Within each trabecular chan-
nel thin cells are present. These cells have an elongated morphology
reminiscent of endothelial cells. The elongated cells form a lumen,with-
inwhich erythrocytes (stained in redwith dark violet nucleus) are occa-
sionally found. To prove that these elongated cells are endothelial,
antibody staining for vascular endothelial cadherin (VE-Cadherin, red)
was performed (Fig. 1C–D). This demonstrates that a blood vessel is
located more or less in the center of each trabecular channel.

We used cryogenic scanning electron microscopy (cryo-SEM) to in-
vestigate calcium and phosphate being transported in the blood vessels
present within each trabecular channel, (Fig. 2). In cryo-SEM the blood
vessels inside the trabecular bone channels can generally be identified
by the extremely thin endothelial cells that constitute the lumen of
the vessel (Fig. 2 A-C). Also erythrocytes (Er) are occasionally identified
within the blood vessel (Fig. 2 D) by their very distinct texture, namely
they completely lack internal organelles, although in the case of the
avian they do possess a nucleus.

Many vesicles with typical diameters between 0.5 to 2 μm are
observed inside the blood vessels (Fig. 2C, D). Surprisingly, some of
these vesicles contain electron-dense granules as observed using back-
scattered electron detection (Fig. 2F–G). The diameters of the dense
granules within the vesicles, range between 50 to 150 nm. The number
of electron dense particles in the 2D fracture plane of each vesicle is
embryonic stage E18). (A) Hematoxylin and Eosin (H&E) staining on a decalcified section
nucleus (dark violet). (B) Magnification of area depicted by yellow box in (A) showing an
ng up the trabecular meshwork of the cortex. Note the presence of elongated thin cells
r channel (some of these are indicated by arrowheads). Within some of the blood vessels
staining for vascular endothelial cadherin (VE-Cadherin in red) and position of cell nuclei
in (C) showing that indeed a blood vessel (arrowhead) is present within each trabecular
00 μm; (B) 100 μm; (D) 75 μm.
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Image of Fig. 2
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around 10, and there are therefore expected to be considerably more
particles in the whole vesicle. Granule-bearing vesicles and organelles
are also observed in bone-forming osteoblasts in the same tissue of
the chicken embryo (Fig. 2H, I), some of which have the characteristic
appearance of mitochondria. The overall appearance of the granule-
bearing vesicles observed in the lumen of the blood vessels and in chick-
en osteoblasts (excluding the mitochondria) is very similar. Similar
vesicles containing granules composed of calcium and phosphorus
were associatedwith bone-forming cells inmice embryos and zebrafish
[2,6].

To determine whether membrane-bound electron-dense granules
inside blood vessels are also composed of calcium and phosphate, we
analyzed the ionic composition of the electron-dense granules using
energy-dispersive x-ray spectroscopy (EDX) under cryogenic condi-
tions (Figs. 3A–C). It is essential to utilize EDX under cryo-conditions
as the rapid freezing procedure rules out potential positional displace-
ments within the bone tissue. Thus it is assured that the granule-
bearing vesicles observed within the lumen of the blood vessels had
not artificially been moved from different tissues into the vessel. Other
sample preparation procedures, such as plastic embedding following
classical chemical fixation and dehydration of the sample, may cause
movement of granules especially into and out of the blood vessel com-
partment because the blood is composedmostly of water and thus can-
not be fixed as effectively as other tissues. Vesicles bearing electron-
dense granules inside the blood vessels clearly show co-localized high
concentrations of calcium and phosphorus, in contrast to neighboring
vesicles in which these granules are absent (Fig. 3D, E). It is important
to note that the measured total amount of calcium and phosphorous
and thus the Ca:P ratio inside the granules cannot be reliably deter-
mined as freeze fractured samples do not possess the flat surfaces nec-
essary for accurate quantification of the elements contained in these
structures.

For a broader perspective of the 3D distribution of mineral-bearing
vesicles inside blood vessels and between the blood vessel and the
bone surface, we used focused ion beam serial surface view (FIB SSV)
(Fig. 4). The whole FIB SSV image stack, composed of 497 images span-
ning a total thickness of 10 μm, is provided in the supplementary online
material. High pressure frozen bone tissue was fixed with glutaralde-
hyde, stained with osmium and uranyl acetate and then embedded in
EPON after freeze substitution of the water with ethanol and acetone.
The freeze substitution sample preparation method gently replaces
water with anhydrous solutions and does not dissolve transient less
stable calcium phosphate precursor phases [3]. Furthermore, possible
displacements of structures are minimized. Individual images from a
FIB SSV stack through a blood vessel are shown at different z-positions
of 0, 1.5 and 2.5 μm (Fig. 4A, B, C). These images show several mineral
bearing vesicles inside the endothelial lined blood vessel. Fig. 4D–E is
a z-projection that shows all the mineral-bearing vesicles inside this
2.5 μm thick stack at higher magnifications. Similar mineral-bearing
vesicles are also present in the same stack at relative z-depths between
5 and 10 μm (Fig. 4F–G), but these are outside the blood vessel lumen.
Such vesicles present in the extracellular space were also observed
using cryo-SEM (see supplementary Fig. 1). Moreover, intracellular
Fig. 2. Vesicles containing electron-dense granules inside blood vessels using cryogenic scannin
of the femoral cortex of the developing chicken femur (embryonic stage E18). BSE shows the d
Arrows depict newly formed, mineralizing bone structures on the periosteal side (PS) of the
the growing cortical bone (CB, green). The yellow dotted line shows the periphery of the lum
side of the blood vessel showing the thin EC depicted by white arrows. (D) A different BV (lu
erythrocyte (Er). The arrowheads show the locations of vesicles containing electron dense gra
yellow dotted box. Vesicles carrying electron-dense granules (blue arrowheads in (D) are obser
of vesiclesmarkedwith a colored arrowhead in (D) and (E) are shown togetherwith their BSE s
possibly an osteoblast juxtaposed to forming bone material, as inferred from the large amount
vesicles inside the cell; Nu— nucleus of the cell. (I) Magnification of mineral vesicles (indicated
of themineral-bearing vesicles inside the cell is similar tomineral-bearing vesicles inside the BV
right panel. Scale bars: (A) 30 μm; (B), (D), (H) 5 μm; (C), (E) 2 μm; (F), (G), (I) 400 nm.
structures filled with mineral can be seen in Fig. 4F. These structures
are reminiscent of mitochondrial networks. The cells containing these
mineralized structures are located between the blood vessel and the
forming bone surface. Note also that the 3D-projected mineral vesicles
present inside the blood vessel and within the extracellular space are
filled up with manymineral granules. (Fig. 4E, G). This is not as evident
in the 2D cryo-fractures, which only show mineral granules that are
exposed at the fracture surface.

4. Discussion

We show the presence of mineral-bearing vesicles inside blood ves-
sels during embryonic chicken long-bone development. These vesicles
have a distinct organization, namely they contain many individual min-
eral granules, each of which has a diameter of between 50 and 150 nm.
In the same tissue, similar mineral-bearing vesicles are also found in
bone-forming cells and occasionally outside blood vessels within the
extracellular fluids. Mineral-bearing vesicles in bone-forming cells
with the same or similar internal organization have been previously
reported in other animals, such as during tail bone development in
the zebrafish [7,28], during embryonic development of long-bones
and calvaria in mice [2] and in osteoblast culture experiments [3]. The
membrane-bound mineral granules in embryonic mice calvaria were
found to be composed of an aggregate of smaller sub-particles [2,7].
The observations that similar granule-bearing vesicles are present in
blood vessels raise the intriguing possibility that a transport
mechanism exists that involves pre-formed membrane-bound mineral
particles in blood vessels which are translocated towards the bone-
forming cells. This may be an additional pathway to the previously
proposed transport mechanism of mineral ions in solution (as
opposed to mineral granules) in the blood vessel to the bone formation
site [3,29,30].

There are many reports of an intimate association of vasculature
with forming bones at the ultrastructural level [1,9,10,31]. The forma-
tion and stabilization of calcium phosphate nanoclusters in blood
due to interaction with proteins such as phosphopeptides, fetuin and
osteopontin, has also been described [12,32,33]. To our knowledge the
presence of membrane bound mineral granules much larger than ion
clusters in blood vessels, has not been reported. This is not surprising,
because observations of such granules in the blood vessels require spe-
cial preparationmethods, which prevent dissolution or displacement of
the very unstable mineral structures. The cryo-SEM techniques used
here only recently achieved the level of resolution required for the ob-
servation and characterization of such nano-particles.

In the zebrafish caudal fin bone, calcein-stained mineral aggregates
with features characteristic of an octacalcium phosphate-like (OCP)
phase were observed in close proximity to blood vessels [28], but not
within the blood vessels. Interestingly, some of these cells containing
mineral, also show specific endothelial markers [28]. Moreover, it was
observed that the calcium binding dye calcein that was injected directly
into the blood stream reached and stained the tail fin bones within
minutes [28]. This supports the observation that blood circulation and
calcium transport are closely related.
g electron microscopy: (A) Back-scattered electron imaging (BSE) of a transverse section
istribution of electron dense material and thus indicates the distribution of bone mineral.
cortex. Yellow dotted box shows the area magnified in (B). (B) Blood vessel (BV) inside
en of the BV, which is confined by endothelial cells (EC). (C) Magnification of the right
men periphery depicted by yellow dotted line and EC by white arrows) also showing an
nules. (E) Magnification of an area in the lumen of the blood vessel in (B) marked by the
ved inside the blood vessels at higher magnification (F and G). High magnification images
ignal (right panel). The diameters of the granules range between 50 and 150 nm. (H)A cell,
of unmineralized collagen fibers (Col) in its vicinity. Arrowheads depict mineral-bearing
by the gray arrowheads), together with their BSE signal. Note that the overall appearance
. (A) BSE detector; (B)–(E), (H) in-lens detector; (F), (G), (I) in-lens left panel, BSE detector



Fig. 3. Electron-dense granules contain calcium and phosphorus. Cryogenic scanning electronmicroscopy showing (A) the freeze-fractured surface of a blood vessel (BV) inside the grow-
ing chicken cortexmeasuredusing the secondary electron (SE) detector and (B) the in-lens detector. (C) The back-scattered electron signal of the areadepicted by the yellowdotted box in
(B). Vesicles bearing electron dense granules can be seen. (D)& (E) upper panels: Highmagnification of twoof these vesiclesmarkedwith the yellowdotted boxes in (C). (D) and (E) lower
panels: The distribution of calcium (red) and phosphorus (green) and both co-localized (yellow) of the same area as in the upper panels are shown. Themeasurementswere performedby
an EDS detector mounted on cryogenic high resolution SEM. Note the concentration and co-localization of calcium and phosphorus inside the vesicles with electron-dense granules,
relative to the neighboring vesicles in which electron-dense granules are absent. Scale bars: (A), (B) 4 μm; (C) 2 μm; (D), (E) 1 μm.
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Our finding here of membrane-bound calcium phosphate mineral
within blood vessels raises the question of where such vesicles may be
formed. We assume that the formation of these vesicles requires the
direct involvement of cells. We can speculate about three possible loca-
tions that may be the source of these vesicles, either individually or
combined:

Osteoclasts could conceivably formmineral-bearing vesicles and re-
lease them into the blood circulation. It is known that during the late
stages of embryonic long-bone development in mice [34] and chicken
[21,24] large numbers of active osteoclasts are present on the endosteal
surface of the cortical bone. Much evidence exists that membrane
bound mineral is present inside mitochondrial units in active osteo-
clasts [35–39] implying a storage and transport mechanism of bone
mineral resorption products through the osteoclast towards
the extracellular space [40]. Osteoclasts may therefore also be a source
of the membrane-bound mineral particles, assuming that the mineral
containing vesicles released have the same organizational structure
as those observed in the blood vessels. If indeed some of the mineral
bearing vesicles observed inside blood vessels are derived from osteo-
clasts, this process of calcium transport would be limited to bone that
is undergoing high rates of resorption. Substantial bone remodeling
is associated with bone formation in long-bones during embryonic
growth [21,34], in medullary bone during the egg-laying cycle in avian
organisms [41] and also during bone fracture healing [42].

Another possible location for the initial formation of mineral-
bearing vesicles during embryonic growth may be cells located in the
yolk, which is one of the major ion reservoirs for the chick embryo
during incubation [43]. The yolk contains most of the P, Zn, Fe, Mn, Cu
and also large amounts of calcium and these are released via the yolk
sac membrane [44] during different stages of embryonic development
[23]. The major source of calcium during development, however,
is the egg-shell fromwhich the embryo derives up to 80% of its total cal-
cium [22]. Small amounts of phosphorous are also released from the
eggshell [23]. Thus the cells responsible for resorbing calcium from the
eggshell may also be candidates for producing the membrane-bound
mineral granules. Note too, that the yolk sac membrane and also the
chorioallantoic membrane covering the inner side of the eggshell are
highly vascularized and facilitate the release of calcium into the circula-
tory system [45,46]. This pathway would, of course, be limited to ani-
mals that develop in mineralized eggs.

A third conceivable source of the granule-containing vesicles is ma-
trix vesicles secreted from cells into the blood vessel. Matrix vesicles are
20 to 200 nm spherical bodies that arise via a budding process from the
cell [28] and have been implicated in cartilage, dentine and boneminer-
alization [47,48]. In the extracellular space, matrix vesicles continuously
concentrate calcium and phosphate from the outside environment via
special ion transporters, calcium binding phospholipids and proteins, to
form an amorphous calcium phosphate mineral phase [4,47]. Thus, our
observations may be connected to matrix vesicles containing calcium
phosphate particles probably in a disordered form. We note however
that with typical diameters between 0.5 to 2 μm, the mineral-bearing
vesicles we find inside the blood vessel are significantly larger than the
reported size of matrix vesicles [28,48].

The utilization of mineral bearing vesicles for mineral transporters
inside the serum is advantageous as, this way, the amount of calcium
and phosphorous that can be transported is not limited by the solubility

Image of Fig. 3


Fig. 4. 3-dimensional distribution of mineral bearing vesicles inside and outside a blood vessel. (A–C) Individual images from a focused ion beam serial surface view (FIB SSV) stack. The
BV boundary is delineated by the endothelial cells (arrows) and mineral-bearing vesicles (arrowheads) can be seen inside the BV. (A), (B) and (C) are at relative z-depths of 0, 1.5 and
2.5 μm, respectively. (D) 3D-projection of the 2.5 μm of this FIB-SSV stack through the blood vessel showing all the mineral-bearing vesicles (arrowheads) and the endothelial cells
(arrows). (E) Magnification of mineral-bearing vesicle indicated by blue arrowhead in (D). (F) 3D-projection of the same stack at a relative z-depth of 5–10 μm showing the BV,
and the cells between the BV and the cortical bone (CB). Note the extracellular mineral-bearing vesicles (white arrowheads) which show a similar morphology to the mineral-bearing
vesicles found inside blood vessels. Also note elongated intracellular organelles, reminiscent ofmitochondrial networks carryingmineral particles (green arrowheads) inside cell processes
connecting the cells (presumably osteoblasts (OB)) which line the mineralizing cortical bone structures. These osteoblasts possess many mitochondrial networks (yellow arrowheads),
however due to insufficient contrast mineral granules are only faintly visible in these mitochondria. (G) Magnification of mineral-bearing vesicles depicted by red arrowheads in (F).
Scale bars: (A)–(D), (F) 5 μm; (E), (G) 1 μm.

71M. Kerschnitzki et al. / Bone 83 (2016) 65–72
product of these ions in the blood serum. We also note that by isolating
the mineral as solid particles in vesicles, the chance of forming ectopic
calcification [49–51] of blood vessels and other soft tissues in contact
with the serum is reduced. This may be another mechanism of mini-
mizing pathology alongside other strategies of mineral nano-cluster
formation by proteins present inside the serum [15,33].
5. Conclusions

We have identified mineral-bearing vesicles inside blood vessels
during chicken embryonic long bone development. These vesicles are
similar to mineral bearing vesicles observed inside cells involved in
bone formation, as well as those found within the extracellular space

Image of Fig. 4
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between the blood vessel-bone interface, not only in the chick, but also
in embryonic mice and in the continuously growing zebrafish tail [2,3,
28]. The observation of mineral bearing vesicles in the blood may thus
introduce a new stage into the bone mineral formation pathway, at
least in chick embryos. The existence of such mineral-bearing vesicles,
especially in the blood, however, points to a possible widespread strate-
gy for transporting large amounts of calcium through the organism with
reduced risks of ectopic mineralization of soft tissues. This mechanism
may be relevant not only to embryonic avian long-bone development,
but also in other developmental stages and organisms.
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