1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Bone. 2014 September ; 66: 82—89. doi:10.1016/j.bone.2014.06.002.

Imaging and Quantifying Solute Transport Across Periosteum:
Implications for Muscle-Bone Crosstalk

Xiaohan Lail, Christopher Price?, Xin (Lucas) Lul2, and Liyun Wang12"
1Departments of Mechanical, University of Delaware, Newark, DE 19716, USA

2Departments of Biomedical Engineering, University of Delaware, Newark, DE 19716, USA

Abstract

Muscle and bone are known to act as a functional unit and communicate biochemically during
tissue development and maintenance. Muscle-derived factors (myokines) have been found to
affect bone functions in vitro. However, the transport times of myokines to penetrate into bone, a
critical step required for local muscle-bone crosstalk, have not been quantified in situ or in vivo. In
this study, we investigated the permeability of the periosteum, a major barrier to muscle-bone
crosstalk by tracking and modeling fluorescent tracers that mimic myokines under confocal
microscopy. Periosteal surface boundaries and tracer penetration within the boundaries were
imaged in intact murine tibiae using reflected light and time-series xz confocal imaging,
respectively. Four fluorescent tracers including sodium fluorescein (376Da) and dextrans (3kDa,
10kDa and 40kDa) were chosen because they represented a wide range of molecular weights
(MW) of myokines. We found that i) murine periosteum was permeable to the three smaller
tracers while the 40kDa could not penetrate beyond 40% of the outer periosteum within 8 hours,
suggesting that periosteum is semi-permeable with a cut-off MW of approximately 40kDa, and ii)
the characteristic penetration time through the periosteum (~60um thick) increased with tracer
MW and fit well with a relationship

8.65 x 108
((( ~ MW [Da] — 4 x 10* )), from
which, the characteristic penetration times of various myokines were extrapolated. To achieve
effective muscle-bone crosstalk, likely signaling candidates should have shorter penetration time
than their bioactive time, which we assumed to be 5 times of the molecule’s half-life time in the
body. Myokines such as PGEy, IGF-1, IL-15 and FGF-2 were predicted to satisfy this
requirement. In summary, a novel imaging approach was developed and used to investigate the

te[se] = — (443 x 10%) = 0.57 x (MW [Da) — 4 x 10*)
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transport of myokine mimicking-tracers through the periosteum, enabling further quantitative
studies of muscle-bone communication in physiologically normal and pathological conditions.

muscle-bone unit; muscle-bone communication; reflected light microscope; confocal imaging;
periosteum

Introduction

Emerging evidence suggests that muscle and bone, being a functional unit, communicate
with each other during tissue development and maintenance [1-3]. Soluble factors secreted
by skeletal muscles (termed myokines) can affect the bone metabolism [4-7]. These
myokines include growth factors (e.g., insulin like growth factor-1 [IGF-1], fibroblast
growth factor-2 [FGF-2], and transforming growth factor-p [TGF-f]), cytokines (e.g.,
interleukins [IL-6, and IL-15]), and other small signaling molecules (e.g., prostaglandin E2
[PGE2]). A recent study demonstrated that myokines secreted by skeletal muscles protected
osteocytes from glucocorticoid-induced apoptosis through the activation of Wnt/p-catenin
pathway, and such protective effect was greatly enhanced when the muscle was electrically
stimulated [8]. Muscle also serves as an important source of cells and growth factors that
promote bone healing [9], and muscle progenitor cells even retain the capacity to
differentiate into osteogenic cell lineages [10, 11]. The communication between bone and
muscle can operate in both directions. Bone marrow-derived mesenchymal stromal cells
(MSCs) were found to stimulate skeletal myoblast proliferation by releasing growth factors
[12]. In addition, mechanically stimulated MLO-Y4 osteocytes were found to express
anabolic factors, such as IGF-1, vascular endothelial growth factor (VEGF) or hepatocyte
growth factor (HGF), which are known to affect muscle mass and its adaptation to
mechanical loading [13]. Therefore, understanding the functional interactions between
muscle and bone will be crucial to the development of new and efficient bone/muscle repair
strategies.

The periosteum, a fibrous membrane that physically separates bone and muscle tissues, acts
both as a functional target for muscle/bone derived growth factors as well as an important
gatekeeper for fluid and solute exchange between muscle and bone [6, 14]. The periosteum
is composed of two distinct layers with the outer fibrous layer containing fibroblasts,
collagen, Sharpey’s fibers and an extensive nerve and microvascular network and the inner
cambium layer containing nerves, capillaries, and adult mesenchymal progenitor cells
[15-19]. As a reservoir of pluripotential mesenchymal stem cells, which can differentiate
into bone cells, chondrocytes, adipocytes, and skeletal myocytes [20, 21], periosteum could
be a target of muscle/bone-derived factors. A recent study found that periosteum expressed
abundant receptors for myokine IGF-1 and FGF-2, which are known to be potent regulators
of bone formation [6]. Furthermore, as an interface, the periosteum can act as a molecular
sieve, controlling the penetration and transport rates for signaling molecules involved in
bone-muscle crosstalk. To date, the periosteum has been described as ranging from a
completely sealed/impermeable barrier for fluid perfusion [22-25] to a semi-permeable
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membrane [26]. A recent study [27] characterized the hydraulic conductance of ovine
femoral and tibial periosteum using isolated samples and Darcy’s law. However, the sieving
property of the periosteum to signaling molecules has not been determined in situ.

To fill the knowledge gap regarding periosteum permeability and to further elucidate the
mechanisms by which muscle and bone communicate with each other, a novel imaging
approach was developed to quantify the molecular transport through intact periosteum in
situ using confocal microscopy. The murine tibial periosteum was first identified through
reflected-light imaging, followed by temporally tracking the penetration of fluorescent
tracers into the periosteum, from which the sieving property of the periosteum was obtained.
An empirical relationship was established between molecular weight and the characteristic
penetration time across the periosteum. These data helped us to analyze the rate-limiting
steps controlling bone-muscle crosstalk and the likely molecular candidates responsible for
such communication. The new approach and the quantitative data laid the foundation for
further investigation of muscle-bone interactions in physiological and pathological
conditions.

Materials and Methods

Fluorescent tracers

Four fluorescent tracers including sodium fluorescein (376Da, Sigma-Aldrich, St. Louis,
MO), and fluorescein-conjugated dextrans with nominal molecular weights (MW) of 3kDa,
10kDa, and 40kDa (Molecular Probes/Invitrogen Corp, Eugene, OR) were selected as
representatives of a spectrum of myokines. The tracer concentration of the tracer solution
(0.02mg/mL for sodium fluorescein and 0.02mg/mL for the dextrans, respectively) was
chosen based on our preliminary tests to ensure i) adequate fluorescence signal for tracer
detection in the periosteum and ii) fluorescence intensity being proportional to the
concentration of the tracer (no saturation or loss of fluorescence due to overcrowding [28]).

Specimen preparation

Twelve skeletally mature mice (C57BL/6J or Balb/cJ, five- to eight-month old) were
sacrificed with carbon dioxide. Left tibiae were immediately harvested and cleansed of soft/
adherent tissues using surgical scissors with care to keep the periosteum structurally intact
(Fig. 1). Occasionally, the periosteum might become perforated during preparation. This
could be identified easily by the presence of abnormally high-intensity spots in an otherwise
uniform background during the tracer-tracking xz imaging (described below). Damaged
samples were discarded. The samples were tested within 3h post-mortemto minimize
permeability and other postmortem changes. For each tracer, three mice were tested. All
animal procedures were approved by the Institutional Animal Use and Care Committee of
the University of Delaware.

Experimental set-up

The two ends of left tibiae were rigidly fixed in a custom-made holder placed inside in an
imaging chamber containing phosphate buffered saline (PBS, ~120mL) at room temperature
(25°C) (Fig. 2A). The anterior-medial periosteal surface of the tibial shaft, located 20-30%
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distal from the proximal end, was selected for the experiment (Fig. 2B). This region was
chosen because i) it is relatively flat and in focus within a microscope-imaging plane (xy)
and ii) the local tracer penetration could be simplified as a one-dimensional (z) mathematic
problem by neglecting bone curvature. After the region of interest on the periosteal surface
was identified, the bone was imaged with an inverted confocal laser-scanning microscope
(Zeiss LSM 510, Carl Zeiss Inc., Thornwood, NY) equipped with a lens inverter (LSM
Technology, Etters, PA) and a 20x 1.0 numerical aperture water dipping lens (W Plan-
Apochromat, Zeiss) (Fig. 2A). The “L” shaped lens inverter alters the laser path so that the
tibia with its periosteal surface facing up could be imaged from the top.

Validation and identification of the periosteum

To identify the boundaries of the tibial periosteum, a xz scan under reflected light was
captured using a series of line scans (512-pixels) at a rate of 3.93 sec/line as the focus plane
was moved incrementally in the z direction, which was perpendicular to the periosteal
surface, from the bathing solution towards the interior bone (Fig. 2C). The z-step was
chosen to be 1.19 um. Due to the presence of dense connective tissue in the periosteum
[16-19], the exciting laser is easily reflected and a strong signal could be collected during
the xz scanning using the reflected mode. To further confirm that this high-intensity layer in
the xz reflected image was the periosteum, amine-targeted tissue staining was performed on
samples in a separate experiment. Three freshly isolated tibiae with intact periosteum were
first imaged under reflected light mode using 488 nm excitation at 7.5% laser power as
described above (Fig. 3A), followed by immersion into Texas-red C2-dichlorotriazine
dissolved in PBS (2 mg/mL). This reactive dye, with absorption/emission maxima of
~588/601 nm, readily reacts and binds to amine groups that are abundant in proteins found
in periosteum. After 24-hours of dye incubation, the tibiae were washed multiple times with
PBS for 0.5 hour to remove any residual dye solution and imaged under the confocal
microscope using a 561 nm excitation wavelength (3% transmission). The periosteum, with
its high content of proteins/amines, was stained red with the Texas red C2-dichlorotriazine
dye (Fig. 3B). The position of the tibiae and the region of focus remained unchanged in the
imaging chamber during the entire process, so that the red fluorescent and reflected signal
channels could be overlaid for comparison (Fig. 3C). Normalized spatial intensity profiles
were obtained for the two channels (detailed in the subsequent section of Characteristic
Tracer Penetration Time). Our results clearly indicated the fidelity of using reflected light
imaging to identify the periosteum (Figs. 3C and 3D). From the spatial intensity profiles
(~100 z-steps), the two periosteal boundaries (vertical red lines) were identified at locations
with the half maximal intensity value (red horizontal dotted lines, Fig. 3D), from which the
periosteum thickness was calculated between the boundaries. These boundaries were also
overlaid onto the time-series of images of tracer penetration to define the transport
characteristics (detailed below).

Time-series imaging of tracer penetration

Prior to imaging the tracer penetration into the periosteum, tibiae were isolated as described
earlier in Specimen Preparation, followed by reflected light imaging of the periosteum. The
bathing PBS was then removed from the imaging chamber and a pre-mixed fluorescent

tracer solution (120 mL) was added to the imaging chamber using two 60 mL syringes. The
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fluid change process was performed with caution to avoid vibration and/or disturbance in the
imaging system, and with a high speed (~ seconds) to minimize any drying that may alter
the permeability of the periosteum. Continuous xz scanning along the depth of the
periosteum was initiated immediately following the introduction of the tracer solution into
the imaging chamber. The 488 nm laser power was set to be 5.5% and 7.5% for sodium
fluorescein and dextrans, respectively. The length of scan lines was 256 pixels and the z-step
was set to 6.15 pm. It usually took ~7 seconds to acquire a single xz scan consisting of 30 z-
steps. The xz scan was repeated for up to 400 times, during which the tracer penetration into
the periosteum was tracked for up to 8 hours. Representative snapshots of the tracer
penetration across the periosteum were grouped at various time points using ImageJ
software package (NIH) (Fig. 4).

Characteristic tracer penetration time

To quantify and compare penetration processes among various tracers, a characteristic
transport time was obtained from each time-series scanning test. First, the two-dimensional
XZ scans at various time points (Fig. 4) were collapsed into one-dimensional intensity
profiles along the periosteal depth (z) by averaging the intensity values for the 256 pixels in
each x line. The intensity profiles were then normalized with the fluorescence intensity of
the bath solution. For each test, the bath-periosteum and periosteum-bone interfaces were
identified from the reflected-light imaging as described in the preceding section (Fig. 3D),
and overlaid on the tracer penetration profiles, where the interface with the bathing liquid
was denoted as z = 0 and the interface with bone as z = 1 (Fig. 5A). Second, the penetration
depth at each time point (vertical red lines d1 and dy) was defined as the depth where tracer
intensity reached 50% of the normalized tracer intensity (the red dotted line, Fig. 5A).
Lastly, the penetration depths as were plotted function of time, from which the characteristic
penetration time (tc), defined as the time lag when the penetration depth reached the mid-
plane of the periosteum (red horizontal line at z= 0.5, Fig. 5B), were obtained and compared
among groups.

Effective transport rate for tracer penetration into periosteum

To further quantify transport dynamics, transport characteristics at the periosteum-solution
interface (z = 0) were calculated from the spatiotemporal profiles (Fig. 5A). The
concentration gradient (AC/Az) at the interface was calculated at each time point. As a first
approximation, we assumed that solute influx through this interface followed Fick’s law and
was proportional to the concentration gradient and a transport rate constant k. As widely
used in membrane transport problems [29-31], the first principle (mass conservation) can be
applied to the half space consisting of the periosteum and underlying bone (Eqg. 1), i.e., the
influx of tracer from the bath through the interface z = 0 (the left side) equaled the tracer
accumulation within the region of interest during each time step (the right side):

tmy OC — =
k (t) jt(nll) Edt:fzzgoc(t:t("))dz - fz:goc(t:t(n,l))dz

From Eqg. 1, the effective transport rate k could be obtained as a function of time. Please note
that although it has the same unit as diffusivity, k is an effective constant describing the total
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transport resulting from diffusion and other transport modes such as binding. The initial
effective transport rates (kg) at time zero were obtained first. To compare the time-dependent
changes in the transport process, normalized transport rate (k/kg) was plotted as a function of
dimensionless time (t/7), where zis defined as 7= h%kg and h is the periosteal thickness.

Statistical analysis

Results

Data were reported as means and standard deviations. One-way ANOVA followed by
Tukey’s post hoc tests were performed to test the differences among four tracer groups, with
p < 0.05 indicating a significant difference. Graph Pad Prism 6 (GraphPad Software, Inc. La
Jolla, CA) was used.

The spatiotemporal profiles demonstrated that tracer concentration increased inside the
periosteum with time and the penetration depth also increased with time but with a
decreasing rate (Figs. 5A and 5B). The characteristic penetration time for the particular
dextran-3k experiment shown in Fig. 5B was found to be 66 sec.

The periosteal thickness was comparable with no significant difference among the four
tracer groups (sodium fluorescein: 59.5+6.0um, dextran-3k 59.2+8.4um, dextran-10k:
62.8+7.6um, and dextran-40k: 67.4+9.5um) (Fig. 6).

Periosteum exhibits the properties as a semi-permeable membrane, allowing the penetration
of smaller tracers (Fig. 5) but effectively blocking the passage of 40kDa-dextran, the largest
tracer tested in the study (Fig. 7). The penetration depth of 40kDa was limited to 40% of the
outer periosteum, suggesting that the cut-off MW for periosteum was approximately 40kDa.

For the three smaller tracers, a significant difference was found in their characteristic
penetration times, with sodium fluorescein penetrating the fastest (9.9+1.6 seconds),
followed by dextran-3k (67.7+49.5 seconds), and dextran-10k (1547.3+593.9 seconds) (Fig.
8).

The initial effective transport rate kg at the periosteal surface was found to decrease with
tracer molecular weight (Fig. 9). Sodium fluorescein showed the highest initial transport rate
(361 + 104 pm?2/s) while dextrans showed progressively reduced transport rates with
increasing molecular weights (157 + 85 pm?/s for dextran-3k, 101 + 93 um?/s for
dextran-10k, and 17 + 15 pm?/s for dextran-40k). As time went on, the effective transport
rate declined, with the fastest drop for dextran-40k (Fig. 10).

Discussion

The present study aimed to quantify the sieving properties of the periosteum, a dense
connective tissue that acts as a transport barrier as well as a potential target for the signaling
molecules. Bone and adjacent muscles are mechanically and biochemically coupled. In this
study we focused on quantifying transport of signaling molecules from muscle towards
bone. Although it is known that muscles release various functional molecules that are
capable of regulating bone metabolism in vitro (Table 1), candidates responsible for the in
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vivo muscle-bone crosstalk have not been identified. Nor are the mechanisms by which these
myokines transport between the tissues elucidated. Presumably, these signaling molecules
can be carried away from muscle through extracellular space and/or through systemic
vasculature [4,6]. The present study addressed the first transport pathway, especially
signaling transport across periosteum covering the cortical bone.

Because periosteal permeability determines how quick molecules move within the tissue and
periosteal thickness is an important physical parameter for permeability, we first determined
the periosteal thickness in murine tibiae. Using the xz reflected light imaging, the periosteal
thickness was found to be ~ 60um in adult mice (five to eight-month old, Fig. 6). This result
was consistent with previous findings of periosteal thickness (~60um) from murine femurs
using hematoxylin and eosin (H&E) staining and DIC light microscopy [17]. A thinner
cambium layer (~40um) was obtained using confocal z-stack imaging in intact murine tibiae
treated with calcein labeling (to stain the bone surface) and nuclei staining (to stain cells)
[32]. The consistency of the periosteal thickness measurements obtained using histological
sections [17] and confocal microscopy (this study and ref. [34]) alleviated the concerns of
“stretching” artifacts in the axial imaging [33] and confirmed the fidelity of the xz confocal
scanning imaging approach. This may be attributed to the fact that periosteum is a non-
mineralized tissue and thus the optical index mismatch between the tissue and the aqueous
solution is not as severe as that presented in bone [33].

The most important result from this study was that periosteum serves as a semi-permeable
sieve with a cut-off MW of ~40kDa. Our tests demonstrated that the penetration of
molecules into the periosteum took a longer time with increasing molecular weight and the
transport was effectively blocked for dextrans with MW of 40kDa (Figs. 7 and 8). Although
we only performed three experiments for each tracer, the achieved power in statistical
analysis was close to 1 because of the high effective sizes in the characteristic transport time
among the four tracer groups (Fig. 8). The following empirical relationship was found to
best fit the experimental data with the cut-off behavior:

8.65 x 103 (Eq.
MW [Da] —4 x 10* 2

(tc) [sec] =—(4.43 x 10*) ~0.57x (MW [ Da] — 4 x 10%)

The equation stipulates that the characteristic transport time through periosteum approaches
infinite as MW increases toward 40kDa. Applying Eq. 2 to myokines identified in vitro and
in vivo [4-6], their characteristic penetration times were found to vary between 10 sec
(PGE)) and 6 hours (TGF-B) (Fig. 11, Table 1).

During bone-muscle crosstalk, there are two competing time constrains for myokines, i.e.,
they should be able to penetrate and reach their target bone (described by penetration time)
before the ending of their bioactive life time. Assuming that these molecules are degraded
and cleared from the body in an exponential fashion, their bioactive concentration will be
decreased to a negligible value (3.1%) after five half-life time (5ty/2). It is thus reasonable to
assume for an effective messenger that its penetration time t; should be less than 5ty/,. We
find that some myokines including PGEy, IGF-1, IL-15 and FGF-2 are predicted to satisfy
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this criterion and may be likely candidates for muscle-bone crosstalk, while IL-6 and TGF-§
do not meet the criterion (Table 1). Interestingly, periosteum was shown to express abundant
receptors for IGF-1 and FGF-2 [6]. Although this result provides preliminary guidelines for
designing future in vivo experiments to identify candidate myokines for muscle-bone
crosstalk, we should be aware of the assumptions and limitations for the current result. The
predicted transport times for the myokines are extrapolated from the tracer data based on
molecular weight only (Eq. 2). The structure, chemistry, polarity, and charge of the
myokines, which may be quite different from those of the tracers used herein, could affect
their interactions with extracellular matrix and cell surface receptors and impact their
transport, storage, and bioavailability during tissue crosstalk. The efficacy of muscle-bone
crosstalk is also dependent on the relative abundance and potency of the signaling
molecules. In addition, convections induced by muscle contraction could possibly make the
larger molecules move faster. These confounding factors, although beyond the scope of this
study, need to be studied further in vivo.

Despite being a molecular sieve, the periosteum is unlikely to be the rate-limiting step for
smaller signaling molecules during muscle-bone crosstalk through the extracellular transport
pathway consisting of muscle tissue, periosteum, and cortical bone tissue. Without any
available solute permeability measurements in muscle tissue, it is impossible to identify
which tissue is the rate-limiting step in this pathway. However, comparing the initial
transport rates in periosteum (t = 0) and those in bone (Table 2), the permeability of the two
tested smaller tracers (sodium fluorescein and dextran-3k) is more than 10-fold higher in
periosteum than in bone. For the larger linear dextran tracers (10kDa and 40kDa), their
transport rates were not measured in bone. As demonstrated in previous study [41], they are
expected to have smaller permeability than those of globular proteins with similar MWs
(parvalbumin 12.3kDa, 15.7um?/s and ovalbumin 43kDa, 6.5um?2/s). Therefore, the initial
transport rates of the dextrans-10k and dextran-40k in periosteum are at least 2.5- and 6-fold
higher than those in bone, respectively (Table 2). However, after the lapse of one time
constant © = h?/ko, the periosteal transport rates for smaller tracers (376Da, 3kDa) remain
higher than those in bone, but those for larger tracers decrease to the levels that are
comparable to those in bone (Table 2). Overall, periosteum may be a major barrier to larger
molecules (=10kDa) much like bone, while it is much more permeable to small molecules
(<3000Da) than bone is.

It is not clear why the effective transport rates in periosteum declined with time, especially
for larger dextran molecules (Fig. 10). As mentioned earlier, the effective transport rate
accounts for diffusion as well as other transport modes involving, for example, binding of
the tracer molecules to the fibrous extracellular matrix and to the surface receptors of the
resident cells in periosteum. In fact, the observation of temporal decrease of the effective
transport rate suggests the presence of the non-diffusion transport modes. Previous work
demonstrated that dextrans could specifically bind to the mannose and DC-SIGN family
receptors [43, 44]. As more and more mobile molecules are bound to ECM or taken inside
cells through endocytosis, the available molecules decrease for diffusive transport, leading
to the decline of the effective transport rate (Fig. 10). Note that the experiments were
undertaken in room temperature (25°C), at which solute diffusivity was anticipated to be 4%
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smaller and the cell-mediated transport might also be lower compared with measurements in
body temperature (37°C). Therefore, there is a need to test the transport of myokines under
in vivo conditions in future.

There are several additional limitations in the present study. i) We focused only on the local
pathways for the muscle-derived factors entering the bone tissue through the periosteum.
The other complementary pathway is that myokines, after being released to extracellular
space, are resorbed into the vasculature, through which they are delivered into bone tissue.
Although the semi-permeable capillary wall (~1-2 um thick) is one-order of magnitude
thinner than the periosteum (~60 pm), the plasma concentrations of the myokines are
expected to be much lower than those in local muscle tissues due to molecular dilution and
binding to plasma proteins. Therefore, we believe that the myokines are more likely to exert
their effects on adjacent bone tissues through the local (i.e., direct penetration into/through
periosteum) rather than via a systemic vascular effect. ii) The transport of myokines within
muscles was not considered in this study. We only investigated their penetration into the
periosteum after released from the muscles. Solute transport in muscles at either resting or
activated situation is warranted for future study. iii) The dependency of the periosteum
permeability on animal age, bone type/site and anatomical location, although beyond the
scope of the current study, needs further investigation. iv) The current study utilized
fluorescent tracers as surrogates for myokines and mathematical extrapolation (Eq. 2) to
predict the transport times of various myokines. In vivo experiments using fluorescently-
tagged myokine molecules are needed to confirm the results obtained herein. These
experiments will allow more accurate modeling of the sieving properties of periosteum to
bioactive globular signals.

Despite these limitations, the present study provides quantitative data on the transport of
myokine-mimicking tracers through the periosteum, which helped to identify likely
signaling candidates for muscle-bone cross-talk. The current approach could be expanded to
further study muscle-bone cross-talk under more physiological conditions in healthy and
diseased states. In particularly, the study provides a foundation for further studies of cellular
and molecular interactions between muscle and bone, which may lead to new therapeutic
strategies for musculoskeletal repair.
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Figure 1.
Left murine tibia was shown with associated muscles intact (A) and muscles removed (B) to

expose the imaging area on periosteum (anterior-medial surface 20%-30% distal from the
tibial proximal end).
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Figure 2.
The experimental set-up: (A) A murine tibia was rigidly fixed in a sample holder in an

imaging chamber; (B) The relatively flat anterior-medial periosteal surface was imaged
under an inverted confocal microscope (Zeiss LSM 510); (C) Schematic of an xz image
acquired by multiple line scans in the x direction at different z depths.
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Figure 3.

100

Periosteum was identified using reflected light imaging (A), which was confirmed by amine

staining with a protein-binding Texas Red-C2 (B). Excellent agreements were
overlay panel (C) and the intensity profiles (D). Scale bar = 20 pm 20 pm
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Figure 4.
A representative time-series of xz scans showing the gradual penetration of dextran-3k

(green color) into the periosteum at various time points. The periosteal boundaries were
identified in reflected light imaging (not shown). Scale bar = 50 um.
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Figure 5.
(A) Spatiotemporal profiles of tracer intensity (normalized to the bath intensity) as a

function of the location across the periosteum (0 = interface with the bath; 1 = interface with
bone) for a representative test with dextran-3k. For each time point, the penetration depth d;
was defined as the location with a normalized intensity of 0.5. (B) The characteristic
penetration time (tc) was obtained as the time when the penetration depth reached the
midplane of the periosteum (z=0.5).
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Figure 6.
The periosteal thickness was comparable with no significant difference among the four

tracer groups (N=3/group).
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Figure 7.
Semi-permeable periosteum limited the penetration of dextran-40k within 40% of outer

layer even after 8 hours of testing, suggesting the cut-off MW of periosteum to be ~40kDa.

Bone. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lai et al.

32000-

»

;'1000:_ b

£ 120+ ——

'g 80- """ W

E 20__ P

s T a Ry

3 10- - o

0 y - R

n= n=3 n=3
NaFl Dextran-3k Dextran-10k

Figure 8.

The characteristic penetration time increased with tracer molecular weight. Sodium
fluorescein: 376Da; dextran-3k: 3,000Da; dextran-10k: 10,000Da. Dextran-40k was not
plotted here since it was blocked by periosteum. Pairs denoted with different letters (a,b,c)

were significantly different ( p<0.05).
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Figure 9.

Initial transport rate at the periosteal surface decreased with tracer molecular weight.
Sodium fluorescein: 376Da; dextran-3k: 3,000Da; dextran-10k: 10,000Da; dextran-40Kk:
40,000Da; Pairs denoted with different letters (a,b) were significantly different ( p<0.05).
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Figure 10.
Transport rate at the periosteal surface decreased with time. Time is normalized with © =

ha/kg where h is the periosteal thickness and | is the initial transport rate.
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Figure 11.
Penetration times for several myokines in periosteum were predicted based on the empirical

relationship (Eg. 2 in the text), which accounted for the experimental data using four tracers
of various molecular weight (MW) as well as the observed cut-off MW of 40kDa for
periosteum
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Table 1

Candidate Myokines for Muscle-Bone Crosstalk

Myokine MW (Da) Effects Bioactive life  Penetration Likely
time (5 112) time (to) candidate?

PGE, 353 Promote bone formation [34] 50 min [35] 10 sec
IGF-; 7,600 Stimulate bone formation [5, 6] 100 hrs [36] 13 min v
IL-15 12, 000 Increase bone mass [4] 5hrs [37] 41 min v
FGF-, 18,000 Stimulate bone formation [5, 6] 38 hrs [38] 2 hrs 4
IL-g 23,000 Bone resorption and turnover [4] 35 min [39] 5 hrs X
TGF-$ 25, 000 Regulate bone formation [5] 10 min [40] 6 hrs X
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Table 2
Comparison of Solute Permeability in Periosteum and Bone Tissue

MW (Da)  Tracers  *pgriosteum (um2/s) Periosteum (um?/s)  #Cortical bone

(t=0) (t=7) (um?/s)
376 Sodium 360.6 + 103.7 270.1+933 33.0+6.0[33]
fluorescein 29.5+4.6 [41]
3,000 Dextran-3k 156.9 + 85.4 47.2+19.2 12.8 £ 3.2 [41]
10,000 Dextran-10k 101.1+93.3 99+11.0 <15.7 [41]
40,000 Dextran-40k 16.5+15.3 16+21 <6.5 [41]

*
Note: For periosteum, the effective transport rates at time t = 0 (k) and t = T are given. The time constant v is defined as h2/ko; and his the
periosteal thickness.

Solute permeability over the cortical tissue was estimated based on the permeability measured in the lacunar-canalicular system (LCS) as
indicated in the references and the porosity of the LCS in cortical bone, assumed to be 10% [42].

Bone. Author manuscript; available in PMC 2015 September 01.



