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REVIEW

Periosteum mechanobiology and mechanistic
Insights for regenerative medicine
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Periosteum is a smart mechanobiological material that serves as a habitat and delivery vehicle for stem cells as well as
biological factors that modulate tissue genesis and healing. Periosteum’s remarkable regenerative capacity has been
harnessed clinically for over two hundred years. Scientific studies over the past decade have begun to decipher the
mechanobiology of periosteum, which has a significant role in its regenerative capacity. This integrative review outlines
recent mechanobiological insights that are key to modulating and translating periosteum and its resident stem cellsina

regenerative medicine context.
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Introduction

Periosteum exhibits a remarkable regenerative capacity and
has been used surgically for more than two centuries’ to heal
defects in tissues as diverse as bone and cartilage, palate, lip
and gingival tissues, ocular sclera, as well as laryngeal and
tracheal walls.? The regenerative capacity of the periosteum is
inextricably tied to its mechanical and biological state®>’
as well as periosteum’s role as a niche for stem cells.'?7"°
Multiscale mechanics studies have demonstrated periosteum’s
smart, i.e., stimuli-responsive, properties, at multiple length and
timescales.>%6-89.10.16-18 | adqdition, recent stem cell studies
implicate periosteum’s mechanical environment as a major
driver in guiding its resident stem cells’ shape and fate.'®2¢
Here we integrate these recent insights to propose mechan-
obiology as a key factor in modulation of periosteal stem cell
niche quiescence and to discuss implications for translation in
the context of regenerative medicine.

Mechanical and Permeability Properties of Periosteum

Periosteum exhibits smart mechanical and permeability
properties. Smart materials respond to environmental stimuli
and exhibit the capacity for a dynamic response.® Periosteum’s
intrinsic weave, comprising collagen and elastin fibers
(Figure 1c) reinforced by collagenous Sharpeys fibers, which
insert at 45 degree angle at points of attachment to the bone
(Figure 1b), underpins its unique mechanical properties and
biological capacity as a mechanically regulated stem cell niche
(cf. ‘Periosteum as mechanosensor and actuator of stem cell
niche).17’18'27'28

Periosteal tissue is anisotropic (Figure 2a-c) and shows
strain stiffening (Figure 2b)."° The soft, hyperelastic tissue
confers to bone the capacity to absorb more energy at
failure compared with bone denuded of periosteum. Hence,
periosteum provides a natural splint to bones under impact
loads such as those incurred during trauma.'®2°

Periosteum envelops all nonarticular bone surfaces. Dynamic
mechanical loading, for example, via stance shift, results in
dynamic, heterogenous strains in periosteal tissue (Figure 3a
and b).5 As noted above, in its native state, a multitude of
Sharpey’s fibers anchor periosteum to the bone. Cutting of
these fibers and removal of periosteum from its natural state
results in anisotropic shrinkage of the tissue' and a con-
comitant change in the stress state. For example, removal of
periosteum from the anterior surface of the ovine femur results
in an immediate 50% decrease in tissue area (Figure 3e).>°
On the basis of mechanical principles, the pre-stress in
this tissue is calculated as 12.06-0.40 MPa longitudinally
and 0.77-0.43 MPa circumferentially (with respect to long
bone axes).®

Hence, healthy periosteum is in a state of pre-stress, resulting
in significant shrinkage and stress relaxation when Sharpey’s
fibers are cut. A similar effect would be expected when the
periosteum s lifted surgically from the surface of bone by
cutting through Sharpey’s fibers, although shrinkage would be
limited to a degree by remaining connections to surrounding,
intact periosteum (Figure 3d). Similarly, when periosteum is
damaged or separated because of trauma, it is expected that
the intrinsic stress state of the tissue changes dramatically
(Figure 3c).° Recent studies implicate this stress state as a
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Figure1 Periosteum, a complex weave of structural protein fibrils including elastin
and collagen, covers and attaches to all nonarticular bone surfaces via higher order,
collagenous Sharpey’s fibers. (a) In the mid-diaphyseal cross-section of the sheep
femur, periosteum and bone are contiguous, with the periosteum (P) forming a
membrane interface between muscle (M) and bone (B). (b) Sharpey’s fibers exhibit
fluorescence typical for collagen (green autofluorescence), and insert at an
~45 degree angle into bone surfaces, with higher density of fiber connections at
bone ends (metaphysis) compared with the mid-diaphysis. (c) Periosteum’s intrinsic
weave comprises mainly structural proteins, including elastin fibers, which confer
elasticity, and collagen fibers, which confer toughness, to the composite tissue. Using
second harmonic imaging protocols, these proteins can be imaged and rendered in
three dimensions. Adapted from Whan et al?” and Ng et al2®

trigger to activate stem cell egression from the otherwise
quiescent periosteal stem cell niche (cf. below ‘Periosteum as
mechanosensor and actuator of stem cell niche’).'”18
Periosteum is a putative gatekeeper for molecular cross-talk
between bone and muscle. After trauma, factors from
soft tissues such as muscle influence bone healing via the
periosteum, for example, through transport of cells and
molecular factors (paracrine and endocrine) between muscle
and bone.®®3 A recent study demonstrated direction-
and flow rate-dependent permeability in periosteal tissue;
permeability was significantly higher in the bone to muscle
direction than vice versa, under high flow rates such as those
expected to occur at traumatic impact.® This surprising finding
may provide a mechanism for a unique molecular signaling and
transport cascade triggered at the time of trauma (immediate
increase from the bone to the muscle)® as well as a mechanism
for recruitment of factors from the muscle to the bone via
changes in fluid balance due to subsequent edema and

associated microhemodynamic changes.*° An understanding
of the nano-microfluidics and functional barrier properties
intrinsic to periosteum is needed to understand the full
complexities of this smart tissue membrane and its implications
for tissue healing and regenerative medicine (cf. ‘Future
directions’).

Periosteum as Mechanosensor and Actuator of Stem
Cell Niche

The periosteum serves as a niche for mesenchymal stem
cells.11=13:15:34.35 pariosteum provides one of the larger niches
for stem cells in the body, when one considers other adult
mammalian stem cell niches including bone marrow,
skin/hair follicle, intestine, neuron and testis.*®*” Similar to
other stem cell niches comprising stem cells, supporting
niche cells, extracellular matrix (ECM) and soluble factors,
periosteum’s stem cell niche is connected by the circulatory and
nervous systems.”:38 Periosteum is replete with blood vessels
as well as sympathetic and sensory nerve fibers, whose
distribution in the different layers of the tissue has been shown
to vary in normal and osteoporotic rats.>®

Periosteum is a dual layered composite tissue comprising an
outer fibrous layer of ECM (predominantly collagen with some
elastin®”) and an inner cambium layer where its mesenchymal
stem cells, referred to as periosteum-derived stem cells (PDCs),
reside.®® As noted above, collagenous Sharpey’s fibers, which
insert at an ~45 degree angle to bone surfaces, physically
anchor periosteum to bone surfaces and maintain the tissueina
state of tensional pre-stress in situ (cf. Mechanical and
permeability properties of periosteum). Interestingly, measures
of periosteal cambium and fibrous layer thickness and
cellularity in human tibiae and femora from aged donors show
no correlation with age or body mass, although the cambium
layer of the predominant bending axis of the tibia exhibits
greater thickness and cellularity than that of the femur.®
In osteoporotic rats, metaphyseal periosteum thickness and
cellularity are increased over normal, age-matched controls.®®
Gross changes in layer organization, thickness and cellularity
are visible in mid-diaphyseal periosteum in amputated and
contralateral or proximal long human bones of the lower
extremity.®® Hence, periosteum’s stem cell niche may provide
an ideally situated interface to serve as a mechanosensor as
well as an actuator for healing via cellular and molecular
trafficking.

The periosteum’s regenerative power has been harnessed
clinically to heal critical-sized bone*134%4! and cartilage*?
defects. Periosteal resection or lifting leads to the separation of
the Sharpey’s fibers, which then abruptly alters tissue stress
state® and results in anisotropic tissue shrinkage.'® Changes in
periosteum’s mechanical stress state correlate with rapid
mobilization of PDCs to injury site, and PDC-driven tissue
repair.*#4% Interestingly, in a study correlating predominant
stress states (magnitude and mode of loading) to volumes of
tissue generated in critical-sized bone defects, early tissue
genesis correlates significantly to the maximal net change in
strain (above circa 2000-3000 microstrain, in tension or
compression), rather than strain magnitude per se, providing
further evidence that changes in cell shape may drive
mechanoadaptation by progenitor cells. Furthermore,
mechanical loading has been linked to gene expression pattern
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Figure 2 Mechanical properties of periosteum depicted using an example from studies on samples from the anterior periosteum of sheep femora. Stress and strain (¢) were
measured in the axial (blue) and circumferential (green) directions. (a—c) Periosteum stiffness (E) is highly anisotropic; Eayiq is significantly different from Egicumferentia- () When
loaded in the axial direction, periosteum exhibits strain stiffening with low, linear elasticity at strains up to circa 0.04 and high, linear elasticity at strains above circa 0.06. (¢) When

loaded in the circumferential direction, periosteum exhibits linear elasticity, with Eayiariow-¢ < Ecirc < Eaxia-high-c ~ - Adapted from McBride et a

Figure3 Theintrinsic stress of periosteal tissue emerges from nano- to microscopic
structure of the tissue and impacts the function of the tissue at multiple length scales,
from nano to meso. Depicted schematically. (a, b) Effects of mechanical loading, for
example, imbued through stance shift, are observable from the tissue to the cellular
length scales as heterogenous strain distributions (colors, from negative compressive
strains to positive tensile strains). Adapted from McBride et al® (c) If the periosteum is
damaged through trauma (red area), intrinsic tissue stresses are expected to
redistribute locally, depicted schematically as a gradient in color. (d) Periosteal lifting
cuts through the Sharpey’s fibers and disconnects the periosteum from the bone
surface. Even if the periosteum tissue itself is not cut, it is expected that the stress state
of the tissue will shift, with stress relaxation in areas further from intact boundaries with
Sharpey'’s fibers, depicted schematically as a gradient in color. (e) Intact periosteum is
pre-stressed in situ. When a piece of periosteum is removed from the bone, with cutting
of Sharpey’s fibers in the process, the tissue shrinks anisotropically, indicative of its
biaxial pre-stress state, depicted schematically in the overlay with red dotted edges.

changes favoring an increased PDC proliferation.*® A better
understanding of factors linking mechanical cues and activation
of PDC’s niche is imperative for unlocking the periosteum’s
remarkable regenerative power.

Recently, we demonstrated quantitatively that loss in
periosteal pre-stress leads to significant changes in the fibrous
layer’'s ECM architecture, observed as a significant increase in

BoneKEy Reports | NOVEMBER 2016

I'10

the degree of collagen crimp (Figure 4a-d). Loss of tissue
pre-stress is accompanied by an immediate increase in nuclear
rounding within the cambium layer of the periosteum, where the
PDCs reside, which persists for several days (Figure 4e).'"'®
Our working hypothesis is that the periosteum acts as a
mechanosensor and actuator of the stem cell niche, where
changes in periosteum’s baseline stress state modulate the
quiescence of its stem cell inhabitants, triggering the rapid
cell egression and homing to sites of injury observed in
preclinical ovine studies as well as differentiation and tissue
genesis.2’4"9'11'47

PDC Response to Shape- and Volume-Changing Stresses

The putative role of shape and volume-changing stresses on
stem cell differentiation has become increasingly proven over
the past decade. When subjected to controlled shape- and
volume-changing stresses®® or patterns of cell adhesion
proteins typical for epithelial or mesenchymal tissue
templates,'* mesenchymal stem cells exhibit patterns of gene
expression typical for nascent lineage commitment. Efforts are
underway to define libraries of such mechanical cues®* or
patterns of adhesion proteins' that can be used as a reliable
and effective means to induce stem cell differentiation toward
the specific types of tissues.?® Periosteum as well as endo-
steum and bone marrow are the main sources of skeletal stem
cells.'®161948 PDCs are particularly useful for in vitro bone
regeneration study because they remain multipotent and are
able to proliferate at the high rate while still in vitro.%-5°

By virtue of inhabiting the highly active and mechanosensitive
environment of the periosteum, PDCs are constantly exposed
to different degrees of deviatoric (shape changing) and
dilatational (volume changing) stresses. These stresses occur
simultaneously to the biaxial pre-stress intrinsic to periosteum’s
collagen-elastin fibrous network, from early stages of
development and growth”®" and throughout life.>'° Hence, the
local mechanical milieu of PDCs is highly dynamic and sensitive
to the pre-stress state of the periosteum.®'7'8 The cytoskeletal
networks of PDCs organize and reassemble, regulating
their intracellular tension and controlling cytoskeletal-related
chemical pathways that maintain bone homeostasis and
growth,82%:52
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Figure 4 Recent studies implicate periosteum as a mechanosensor and actuator of the stem cell niche. (a, a’) Release of periosteum’s intrinsic mechanical pre-stress
(i.e., with pre-stress, + , maintained by annular template, and without pre-stress, — ) leads to changes in collagen structure (b, b’, ¢, ¢’,d) within the fibrous layer and nuclear shape
of cells within the cambium layer (b, b’, €). Such changes in nuclear shape have been shown to up- and downregulate gene expression typical for nascent lineage commitment of
stem cells.2%% Figure adapted from Yu et al.'"'®

Many different proteins and pathways have been shown to be
involved in PDCs’ response to mechanical forces and their
differentiation. For instance, periostin, which regulates peri-
osteal interaction with the ECM, has a pivotal role in this
process. Periostin levels increase during embryogenesis and

expression level of periostin is regulated by the Wnt signaling
pathway, TGFB, BMP2 and retinoic acid.>**® Mechanisms by
which stress modulates the expression of these pathways,*’
these pathways’ interactions and their role in maintenance of
PDCs’ bone-generating capacity are still under investigation.

when cells are exposed to stress, suggesting a role for periostin
in bone mechanoadaptation.>® Moreover, periostin is capable
of binding to glycoproteins, glycosaminoglycans and pro-
teoglycans, implicating a central role for periostin in regulating
the mechanical environment of ECM.%® Furthermore, the

In sum, the tissue-generating capacity of PDCs is sensitive to
their local mechanical environment; however, underlying
mechanisms of transduction are yet to be elucidated. Given the
high mechanosensitivity of the stem cells to shape- and
volume-changing stresses, it will be crucial to study how these
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stresses affect the shape and volume of PDCs as well as
intracellular pathways responsible for PDC-mediated tissue
genesis and differentiation.

Future Directions

Periosteum is a remarkable, smart material whose mechan-
obiology provides a putative means to regulate stem cell
quiescence. While the past decade of research has led to
myriad discoveries of mechanisms underlying periosteum’s
mechanobiology and regenerative capacity, further studies are
needed to elucidate the tissue, its cellular constituents and
mechanisms of PDC-mediated healing. Recent advances in
multiscale live imaging will be key to tie changes in tissue
mechanobiology to PDC egression, homing and tissue
genesis.'”"18

The intricate composite structure of the periosteum
(cf. Periosteum as mechanosensor and actuator of stem cell
niche) suggests that it might also function as a type of
membrane bioreactor, through the multiscale electro-chemo-
mechanical coupling behavior of its constituents. Previous
theoretical investigations of other musculoskeletal tissues with
similar characteristics®” have uncovered complex, yet
fundamental emergent properties. Such properties may also be
found in the periosteum because of tight junctions between
PDCs,' ion gradients and mass transport through an
electrolyte solution, and local electrostatics.’® Negatively
charged aggrecans® induce the presence of an electrical
double layer potential in tight junction nanopores, which could
explain the directional dependent and selective permeability
characteristics of periosteal tissue.®'* Within this framework,
our working hypothesis is that Sharpey’s fibers represent sites
where these electromechanical phenomena would be less
evident and flow would be solely limited to hydraulic resistance,
describing the site specificity of periosteum permeability
observed in experimental measurements.>”

Computational modeling is a promising avenue to
explore such multiscale electro-chemo-mechanical behavior
of the periosteum in combination with the aforementioned
multiscale live imaging techniques.®®° Multiphysical models
combining electrohydrodynamics, chemical transport and
electrostatics®'*? will assist us in understanding the role of
periosteum as a functional barrier capable of selectively
allowing the passage of particular molecules and adjusting its
permeability and directionality.

Conflict of Interest

The authors declare no conflict of interest.

References

1. Lazzeri D, Gatti GL, Romeo G, Balmelli B, Massei A. Bone regeneration and periosteoplasty: a
250-year-long history. Cleft Palate Craniofac J 2009; 46: 621-628.

2. Moore SR, Heu C, Yu NYC, Whan RM, Knothe UR, Milz S et al. Translating periosteum’s
regenerative power: insights from quantitative analysis of tissue genesis with a
periosteum substitute implant. Stem Cells Trans! Med. (e-pub ahead of print 27 July 2016;
doi:10.5966/sctm.2016-0004).

3. Evans SF, Chang H, Knothe Tate ML. Elucidating multiscale periosteal mechanobiology: a key
to unlocking the smart properties and regenerative capacity of the periosteum? Tissue Eng Part
B Rev 2013; 19: 147-159.

4. Knothe Tate ML, Ritzman TF, Schneider E, Knothe UR. Testing of a new one-stage
bone-transport surgical procedure exploiting the periosteum for the repair of long-bone defects.
J Bone Joint Surg Am 2007; 89: 307-316.

BoneKEy Reports | NOVEMBER 2016

Periosteum mechanobiology
ML Knothe Tate et al

o

o

-

© o

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.

. McBride SH, Dolejs S, Brianza S, Knothe U, Knothe Tate ML. Net change in periosteal strain

during stance shift loading after surgery correlates to rapid de novo bone generation in critically
sized defects. Ann Biomed Eng 2011; 39: 1570-1581.

. Knothe UR, Dolejs S, Miller RM, Tate MLK. Effects of mechanical loading patterns, bone graft

and proximity to periosteum on bone defect healing. J Biomech 2010; 43: 2728-2737.

. Knothe Tate ML, Dolejs S, McBride SH, Miller RM, Knothe UR. Multiscale mechanobiology of

de novo bone generation, remodeling and adaptation of autograft in a common ovine femur
model. J Mech Behav Biomed Mater 2011; 4: 829-840.

. Knothe Tate ML. Top down and bottom up engineering of bone. J Biomech2011; 44: 304-312.
. Evans SF, Parent JB, Lasko CE, Zhen X, Knothe UR, Lemaire T et al. Periosteum, bone’s

‘smart" bounding membrane, exhibits direction-dependent permeability. J Bone Miner Res
2013; 28: 608-617.

. McBride SH, Evans SF, Knothe Tate ML. Anisotropic mechanical properties of ovine femoral

periosteum and the effects of cryopreservation. J Biomech 2011; 44: 1954-1959.

. Knothe Tate ML, Moore S, Chang H, Knothe U. Surgical membranes as directional delivery

devices to generate tissue in critical sized defects. PLoS ONE 2011; 6: €28702.

. Chang H, Knothe Tate ML. Concise review: the periosteum: tapping into a reservoir of clinically

useful progenitor cells. Stem Cells Transl Med 2012; 1: 480-491.

. Colnot C, Zhang X, Knothe Tate ML. Current insights on the regenerative potential of the

periosteum: molecular, cellular and endogenous engineering approaches. J Orthop Res 2012;
30: 1869-1878.

. Evans SF, Docheva D, Berecker A, Colnot C, Richter RP, Knothe Tate ML. Solid-supported

lipid bilayers to drive stem cell fate and tissue architecture using periosteum derived progenitor
cells. Biomaterials 2013; 34: 1878-1887.

. Chang H, Docheva D, Knothe UR, Knothe Tate ML. Arthritic periosteal tissue from joint

replacement surgery: a novel, autologous source of stem cells. Stem Cells Transl Med 2014; 3:
308-317.

. Knothe Tate ML, Falls TD, McBride SH, Atit R, Knothe UR. Mechanical modulation of

osteochondroprogenitor cell fate. Int J Biochem Cell Biol 2008; 40: 2720-2738.

. YuNYC, Slapetova I, Whan RM, Knothe Tate ML. Characterizing the Periosteum’s Stem Cell

Niche. Trans. Annual Meeting of the Biomedical Engineering Society Tampa, FL, USA, 2015.

. Yu NYC, O'Brien CA, Slapetova |, Whan RM, Knothe Tate ML. Live tissue imaging to

elucidate mechanical modulation of stem cell niche quiescence. Stem Cells Trans| Med 2016,
(e-pub ahead of print 28 July 2016; doi:10.5966/sctm.2015-0306).

. Colnot C. Skeletal cell fate decisions within periosteum and bone marrow during bone

regeneration. J Bone Miner Res 2009; 24: 274-282.

McBride SH, Knothe Tate ML. Modulation of stem cell shape and fate A: the role of density and
seeding protocol on nucleus shape and gene expression. Tissue Eng Part A Rev 2008; 9:
1561-1572.

McBride SH, Falls T, Knothe Tate ML. Modulation of stem cell shape and fate B: mechanical
modulation of cell shape and gene expression. Tissue Eng Part A Rev 2008; 9: 1573-1580.
Zimmermann JA, Knothe Tate ML. Structure-function relationships in the stem cell's
mechanical world A: seeding protocols as a means to control shape and fate of live stem cells.
Mol Cell Biomech 2011; 8: 275-296.

Chang H, Knothe Tate ML. Structure-function relationships in the stem cell’s mechanical world
B: emergent anisotropy of the cytoskeleton correlates to volume and shape changing stress
exposure. Mol Cell Biomech 2011; 8: 297-318.

Song MJ, Dean D, Knothe Tate ML. Mechanical modulation of nascent stem cell lineage
commitment in tissue engineering scaffolds. Biomaterials 2013; 34: 5766-5775.

Knothe Tate ML, Gunning PW, Sansalone V. Emergence of form from function - engineering
approaches to probe the role of stem cell mechanoadaptation in sealing cell fate.
Bioarchitecture 2016; 6: 85-103.

Anderson EJ, Falls TD, Sorkin AM, Knothe Tate ML. The imperative for controlled mechanical
stresses in unraveling cellular mechanisms of mechanotransduction. Biomed Eng Online 2006;
5: 27.

Whan R, Ng J, Knothe Tate ML. Multi-modal imaging for structure-function characterization of
periosteum’s smart properties. Trans Orth Res Soc 2015; 40: 102.

Ng J, Knothe L, Whan R, Knothe U, Knothe Tate ML. Scale-up of Nature’s Tissue Weaving
Algorithms to Engineer Advanced Functional Materials. Nature Sci Reports 2016 in press.
Bertram JE, Polevoy Y, Cullinane DM. Mechanics of avian fibrous periosteum: tensile and
adhesion properties during growth. Bone 1998; 22: 669-675.

Zhang L, Bail H, Mittimeier T, Haas NP, Schaser KD. Immediate microcirculatory derangements
in skeletal muscle and periosteum after closed tibial fracture. J Trauma 2003; 54: 979-985.
Tami AE, Nasser P, Schaffler MB, Knothe Tate ML. Noninvasive fatigure fracture model of the
rat ulna. J Orthop Res 2003; 21: 1018-1024.

Hamrick MW. The skeletal muscle secretome: an emerging player in muscle-bone crosstalk.
Bonekey Rep 2012; 1: 60.

Lai X, Price C, Lu XL, Wang L. Imaging and quantifying solute transport across periosteum:
implications for muscle-bone crosstalk. Bone 2014; 66: 82-89.

De Bari C, Dell'Accio F, Luyten FP. Human periosteum-derived cells maintain phenotypic
stability and chondrogenic potential throughout expansion regardless of donor age. Arthritis
Rheum 2001; 44: 85-95.

Moore SR, Milz S, Knothe Tate ML. Periosteal thickness and cellularity in mid-diaphyseal
cross-sections from human femora and tibiae of aged donors. J Anat 2014; 224: 142-149.
Moore KA, Lemischka IR. Stem cells and their niches. Science 2006; 311: 1880-1885.
LiL, Xie T. Stem cell niche: structure and function. Annu Rev Cell Dev Biol 2005; 21: 605-631.
Jones DL, Wagers AJ. No place like home: anatomy and function of the stem cell niche. Nat Rev
Mol Cell Biol 2008; 9: 11-21.



Periosteum mechanobiology
ML Knothe Tate et al

39.

40.

4.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Fan W, Bouwense SA, Crawford R, Xiao Y. Structural and cellular features in
metaphyseal and diaphyseal periosteum of osteoporotic rats. J Mol Histol 2010; 41
51-60.

Allen MR, Burr DB. Human femoral neck has less cellular periosteum, and more mineralized
periosteum, than femoral diaphyseal bone. Bone 2005; 36: 311-316.

Squier CA, Ghoneim S, Kremenak C. Ultrastructure of the periosteum from membrane bone.
J Anat 1990; 171: 233-239.

Gooding CR, Bartlett W, Bentley G, Skinner JA, Carrington R, Flanagan A. A prospective,
randomised study comparing two techniques of autologous chondrocyte implantation for
osteochondral defects in the knee: periosteum covered versus type I/lll collagen covered. Knee
2006; 13: 203-210.

Harhaus L, Huang JJ, Kao SW, Wu YL, Mackert GA, Héner B et al. The vascularized
periosteum flap as novel tissue engineering model for repair of cartilage defects. J Cell Mol Med
2015; 19: 1273-1283.

O’Driscoll SW. Articular cartilage regeneration using periosteum. Clin Orthop Rel Res 1999;
367 S186-S203.

Knothe Tate ML, Dolejs S, Miller RM, Knothe UR. Role of mechanical loading in healing of
massive bone autografts. J Orthop Res 2010; 28: 1657-1664.

Raab-Cullen DM, Thiede MA, Petersen DN, Kimmel DB, Recker RR. Mechanical
loading stimulates rapid changes in periosteal gene expression. Calcif Tissue Int 1994; 55:
473-478.

Moore SR, Saidel GM, Knothe U, Knothe Tate ML. Mechanistic, mathematical model to predict
the dynamics of tissue genesis in bone defects via mechanical feedback and mediation of
biochemical factors. PLoS Comput Biol 2014; 10: e1003604.

Bruder SP, Fink DJ, Caplan Al. Mesenchymal stem cells in bone development, bone repair and
skeletal regeneration therapy. J Cell Biochem 1994; 56: 283-294.

De Bari C, Dell’Accio F, Vanlauwe J, Eyckmans J, Khan IM, Archer CW et al. Mesenchymal
multipotency of adult human periosteal cells demonstrated by single-cell lineage analysis.
Arthritis Rheum 2006; 54: 1209-1221.

Bruder SP, Jaiswal N, Haynesworth SE. Growth kinetics, self-renewal, and the osteogenic
potential of purified human mesenchymal stem cells during extensive subcultivation and
following cryopreservation. J Cell Biochem 1997; 64: 278-294.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Foolen J, van Donkelaar C, Nowlan N, Murphy P, Huiskes R, Ito K. Collagen orientation in
periosteum and perichondrium is aligned with preferential directions of tissue growth. J Orthop
Res 2008; 26: 1263-1268.

Schevzov G, Kee AJ, Wang B, Sequeira VB, Hook J, Coombes JD et al. Regulation of cell
proliferation by ERK and signal-dependent nuclear translocation of ERK is dependent on
Tm5NM1 containing actin filaments. Mol Biol Cell 2015; 26: 2475-2490.

Merle B, Garnero P. The multiple facets of periostin in bone metabolism. Osteoporos Int2012;
23: 1199-1212.

Horiuchi K, Amizuka N, Takeshita S, Takamatsu H, Katsuura M, Ozawa H et al. Identification
and characterization of a novel protein, periostin, with restricted expression to periosteum and
periodontal ligament and increased expression by transforming growth factor beta. J Bone
Miner Res 1999; 14: 1239-1249.

Eijken M, Swagemakers S, Koedam M, Steenbergen C, Derkx P, Uitterlinden AG et al. The
activin A-follistatin system: potent regulator of human extracellular matrix mineralization.
FASEB J 2007; 21: 2949-2960.

Wen W, Chau E, Jackson-Boeters L, Elliott C, Daley TD, Hamilton DW. TGF-81 and FAK
regulate periostin expression in PDL fibroblasts. J Dent Res 2010; 89: 1439-1443.
Lemaire T, Naili S, Sansalone V. Multiphysical modelling of fluid transport through
osteo-articular media. An Acad Bras Cienc 2010; 82: 127-144.

Sansalone V, Kaiser J, Naili S, Lemaire T. Fluid flow within bone canaliculi and electro-chemo-
mechanical features of the canalicular milieu. Biomech Model Mechanobiol 2013; 12: 533-553.
Lemaire T, Capiez-Lernout E, Kaiser J, Naili S, Rohan E, Sansalone V. A multiscale theoretical
investigation of electric measurements in living bone. Bull Math Biol 2011; 73: 2649-2677.
Knothe Tate ML, Detamore M, Capadona J, Wooley A, Knothe U. Engineering and
commercialization of human-device interfaces, from bone to brain. Biomaterials 2016;
95: 35-46.

Lemaire T, Kaiser J, Naili S, Sansalone V. Textural versus electrostatic exclusion-enrichment
effects in the effective chemical transport within the cortical bone: a numerical investigation. Int
J Numer Method Biomed Eng 2013; 29: 1223-1242.

Lemonnier S, Lemaire T, Naili S, Knothe Tate ML. Anatomic sampling site and perfusate
osmolarity effects on periosteum intrinsic permeability. Comput Methods Biomech Biomed Eng
2013; 16: 323-325.

NOVEMBER 2016 | www.nature.com/bonekey


http://www.nature.com/bonekey

	title_link
	Introduction
	Mechanical and Permeability Properties of Periosteum
	Periosteum as Mechanosensor and Actuator of Stem Cell™Niche
	Figure™1Periosteum, a complex weave of structural protein fibrils including elastin and collagen, covers and attaches to all nonarticular bone surfaces via higher order, collagenous SharpeyCloseCurlyQuotes fibers. (a) In the mid-diaphyseal cross-section o
	PDC Response to Shape- and Volume-Changing Stresses
	Figure™2Mechanical properties of periosteum depicted using an example from studies on samples from the anterior periosteum of sheep femora. Stress and strain (epsiv) were measured in the axial (blue) and circumferential (green) directions. (a-c) Periosteu
	Figure™3The intrinsic stress of periosteal tissue emerges from nano- to microscopic structure of the tissue and impacts the function of the tissue at multiple length scales, from nano to meso. Depicted schematically. (a, b) Effects of mechanical loading, 
	Figure™4Recent studies implicate periosteum as a mechanosensor and actuator of the stem cell niche. (a, aprime) Release of periosteumCloseCurlyQuotes intrinsic mechanical pre-stress (i.e., with pre-stress, +, maintained by annular template, and without pr
	Future Directions
	A6
	A7


