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The capacity of bone t issue to adapt to changing mechanical demands is well 

docu lllcnted, but how the cells of bone perform this task remains poorly under
stood. Over the last decade, significant progress has been made in understand
ing how bone cells may sence and transduce mechanical signals cl rived from 
bone load ing. T hese studies emphasize the role of osteocytes as t he "profes ional" 
mechanosensory cells of bone, and the lacn no-canalicular network as the structure 
that mediates mechanosensing. The regulatory process of mechanical adaptation 
produces flow of interstitial fl u id in the bone lacunar-ca nalicular network along 
the smface of t he osteocytes, which is likely the physiological signal fo r bone 
cell adaptive responses in vivo. As a result. the maintena nce of a mechanically 

efficient architecture is likely to depend on a balance between the intensity and 
spatial distrib ution of the mechanical stimul us and the responsiveness of the bone 
cells. At the tissue level, stra in distributions occur duri ng lhe bone remodeling 
process, that show a relationship to the aclivity of osteoblasts and osteoclasis. 
T his suggests that the subsequent actival io n of osteoclasts and osteoblasts dur
ing remodeling, is a strain-regulated phenomenon. I !ere, we present a theory that 

explnins the alignment of secondary osteons as \\'ell as the constancy of their di
ameter as a product of osteoclast attraction and rejection by osteocytes under 

opposite local strains, lead ing to reduced and enhanced canalicular flow, respec
til'ely. \"itric oxide is likely a key molecule in this process, ns its absence would 
lead to osteoclast attraction by causing osteocyte apoptosis, while its production 
by \\'Cll-strained osteocytes leads to osteoclast \\'ithdrawal. 

Key words: bone remodeling, osteocyte, mechanotmnsduction, fluid shear· stress, 
mlric onde. 
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1. Bone G r owth a nd R ernod eling 

Anatomically, two types of bones can be dis t inguished in t he skeleton: fiat 

bones (skull bones, scapula, mandible, ilium) and long bones (tibia. femur, 

humerus . etc. ) . The e t,,.o types arc deri,·ed by t,,.o distinc t ty pes of de

velopment, intramembranous and endochondral , respectively, a lthough the 

development and growth of long bones actually involYe both ty pes of proces

ses. 

The adult skeleton is in a dynamic state. being conti nually broken dO\m 

and reformed by the coordina ted actions of os! eoclasts and osteoblasts on 

trabecular (also called ca ncellous) bone surfaces and in he:wersinn sys tems. 

Thi turnover or rcmodcling of bone occurs in fo cal and discre te packets 

throughout the skeleton. The concept of bone remodeling by Bone :-Iulticel

lular Units or B:\Ius is well established , but ho,,· the rcsorbing osteoclas ts 

find their way through the pre-exis ting bone matrix remain. unexpl a ined. 

The a lignment of secondary osteons and trabecular hemi-osteons along the 

dominant loading direction , suggests tha l remodeling is guided by mechanical 

strain. 

1.1. T h e Skeletal Syste m 

The skelet on is mulLifu nct ional in th at it provides the rigid framework and 

support tha t gi ves shape to the body, serves to protect delicate in terna l or

gans. endows the body with the capability of mo\·ement . acts as the primary 

s torage s ite for minera l salts. and functions in haema topoiesis. The verte

brate skeleton is comp osed of two main subdi\·isions: axia l a nd appendicular 

components. The axia l skckton cncoinpnss('S the skull. spine' , sternum, a nd 

ribs, whereas t he a ppendicular skeleton defines the bones of the extremities. 

The skull , in turn. is best regarded as consisting of t\\'0 units: t he chond ro

cranium "·hose elements fir ·t develop in cartilage. aml t he cranial ,·ault and 

most of the upper facia l skeleton , which arise from the direct convers ion of 

undiffere ntiated mesenchymal cells into bone. 

Bone format ion a ris ing fro111 a carlilagenou. Lemplate is referred to as 

endochondral bone os ifi cat ion. This is a complex , mult istcp process requir

ing t he sequenLial format ion and degradation of cart ilagenous st ruct urcs t hat 

serve as templates for the de\·eloping bones. For111a tion of ccllcificcl scaffold , 

however, occurs not only during skeletogenesis, but is a lso a n integral pa rt 

of postnatal growth , bone modeling. and fra cture repair . Jnl ramembranous 
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bone d iffers from the endochondral component in that it is formed in the ab

sence of a cart ilagenous blastema. Rather, it a rises directly from mesenchymal 

cells condensating at ossificat ion centers and being t ransformed d irectly into 

osteoblasts. 

The organization and morphology of the developing skeleton are estab

lished th rough a series of inductive interact ions. The functional elements 

in these inductive and morphogenetic processes are not individual cells but 

rather interacting populations that elaborate an extensive extracellular ma

trix, which in turn feeds back onto these populations controlling thei r differ

en t iation potential. 

1.2. Int r a m embranous B on e Forma t ion 

Intramembranous bone formation is ach ieved by the direct transforma

tion of mesenchy mal cell into osteoblasts, the skeletal cell · involved in bone 

form ation. It is the process responsible for the development of t he Aat bones 

of the cranial va dt, some facial bones. and parts of the mandible and clavi

cle. The addition of bone within the periosteum on the outer surface of long 

bones is also described to a rise from intramembranous bone formation . 

1.3. Endochondral O ss ification 

The axial and appendicular skeleton develops from carti lagenous blaste

ma. the growth of which arises in a variety of way . Cartilage i unique among 

skeletal tissues in that it has the capacity to grow interstitially, i.e. by di

vision of its chondrocytes. This property is what allows cartilage to grow 

,·ery rapidly. l\ Ioreo,·er , cart ilage utilizes apposition of cells on its surface, 

matr ix deposit ion, and en largement of cartilage cells as aclcl it ional means 

of achieving maximal growth. Appositional gro\\·th is the principal function 

of the periochondrium, which envelopes the epiphyses and the cartilagenous 

diaphysi , serving as the primary source of chond roblasts. With time, these 

cells d iffe rentiate to chondrocytes that secrete type II collagen, aggrecan, and 

a variety of matrix molecules that constit ute the extracellula r matrix of the 

hya line cart ilage. As development proceeds, capillaries invade the perichon

drium surrounding the future diaphysis and transform it into the periosteum, 

while osteoblastic cells differentiate, mature. and secrete type J collagen and 

other bone-specific molecules. including alkaline phosphatase. This will ulti

mate ly mineralize by intramembranous os ification and give rise to the bony 

collar. the cortical bone. 
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A predetermined program of chondrocyte differentiation then ensues in 

the centra l diaphysis, just underneat h t he bone collar. leading to chondrocyte 

hy pertrophy. synthesis of type X collagen, a nd calcification of the cartilage 

matrix, likely in response to signals emanating from perio teal osteoblasts. 

Jn turn, 1natrix mineralization is followed by vascular invasion from vessels 

originating in the periosteal collar that allows for the migrat ion of osteoblast 

prccm sor cells into the carti lagcnous blastema (primary ossification center). 

These cells transform into mature os teoblas ts and initiate new bone forma

tion on the degraded matrix scafi'old in g. The primary growth plates a rc then 

established and sctTe as a continua l source of cartilage conversion to bone 

an cl linear gro,,· t h of t he long bone cl uring de,·clopment and postnatally. In 

late fetal life and early childhood , seconda ry centers of ossification appear 

within the cartilagenous epiphyses by a mechanism ,·ery similar to that used 

in the formation of the prima ry centcr . Cartilage is retained at the joint su r

fRcc, giving rise to ar t icular ca rt ilage, and at t he gro\\·th plate, extending the 

full width of the bone and separating epiphysis from diaphysis. Cessation of 

growth occurs at the end of puberty, when growth plates arc replaced by 

bone. 

1.4. Bone R emode ling 

Once growth and modeling of the skeleton hm·e been completed . the 

bones continually alter their internal a rchi tecture by rcmodcling, which is 

the localized removal of old bone and replacement with newly fo rmed bone. 

The proc<>ss is complex, requiring interactive cellular activity, and i. regu

lated by a variety of biochemical a nd 111echanica l factors . lt is likely that 

the major reason for rcmocl oling is Lo enable the bones to adapt to mecha

nical s tresses. Remodeling also a llows the bone to repair microcl <H nagc and 

Lhus ma intai n its strength. Finally, rc rnodeling is an important component 

of mineral meta bol ism. 

Bone as a material compares poorly with other engineering materials. At 

repetitive loading equal to J 00 miles of running. fatigue damage will occur. 

However, unlike the other materials. bone can repair itself by directing rc

modeling to t he damaged si Le. In some si l ua tions. the rate of repair cannot 

keep up wi th t he rate of damage, and the materi a l fractures. Jn additi on to 

remodeling which repairs cracks and fatigue da mage, there is remod cling ac

t ing to continu a lly renew bo ne. This prevents accumulation of older , densely 

mineralized bone, which is more brittle. 
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The rcmocl eling events in bone are s low. It takes 4 or 5 years for an area 

on t.he bone surface to complete one bone remodeling cycle . Although the 

dynamic · of bone physiology arc slower than other organs . many of t he same 

principles apply. Bone sen e and then responds to external forces or stimuli , 

and adjusts itself to different environments. 

A fund amental property of bone remodeling is that it occurs in discrete 

locations and involves a group of different kind of cells. This secondary level 

of organization was named the basic multicellular unit by Frost [1] . The 

BMU is not a permanent structure. I t forms in response to signal or stim

ulu , performs its function , and disbands, leaving a few residual lining cells 

and osteocytes. Each B::VIU und ergoes its functions in the same sequence: 

origination and organization of the B:VIU. activation of osteoclasts, resorp

tion of old bone, recrui tment of ostcoblasts. formation of new bone matrix, 

and mineralization. 

1.5 . R emodeling at t h e BMU Level 

At any g iven t ime , approximately 20% of the cancellous bone surface 

is undergoing remodeling, and at any one surface location , remodeling will 

occur on average every 2 years. The skeleton contains millions of B~IUs . a ll a t 

difFerent stages . What ini tiates the organization of a new Bri'IU? Thi. question 

has not yet been answered , but evidence shows that mechanical stress can 

be sensed by osteocytes that can signal lining cells to fo rm a new BMU at 

either cortical or cancellous surfaces . The osteocytes excrete paracrine factors 

when subjected to mechanical stimuli. Following fatigue load ing, osteocyte 

apoptosis is seen in association with microdamage as well as resorption [21. 
Origination is the firs t step in organizing a BJ\IU, and t hus it must involve 

gathering of the ini t ial cells that will form the new Bl\IU. Precursor cells 

must proliferate and be ava ilable. ~ l any hormones and cytokines exert most 

of their influence at this step. 

The li fe span of a Bl\IU is not well defined. Cortical Bl\IUs can wan

der for months, usua lly in a t raight line. Estimates arc from 2- months. 

The B1IU front travels at a rate of about 10 ,urn/ day. Jn cortical bone, the 

BMU progresses into solid bone, a nd the signal comes from existing BMU 

cells. Replacement osteoclasts must come from the capillaries that arc formed 

wi thin the B:-.IU. As the B:-.IU progresses, new osteoclasis are required at 

shift ing locations . \lost research on osteoclast rccrui tmcnt has focusscd on 
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differentiation and proliferation. and not on localization to t he precise site of 

resorpt ion. 

ln a B.\IU, the resorption phase lasts about days of rapid resorption 

followed by 3<-1 days of slower rcsorp t ion. During resorption , bone-derived 

growth factors are released , and collagen is d ige ted. After the maximum 

eroded depth has been achieved , t here is a reversal phase, that lasts approx

imately 9 days. During this phase, ostcoblasts converge at the bottom of the 

cavity and start to form osteoid. After 15 days, the osteoid begins to miner

alize. The time to fill in the cavity at any gi,·cn point of t he surface is 124-16 

days. 

Each B::--IU is associated with a capillary. In cor tical bone, the capillary 

grows along t he excavated tunnel. On t rabecular surfaces, small capill a ries 

are frequent ly seen adjacent to ostcoblasts 

2. In Sear ch of t h e T hird Cell 

The quest ion is how the different strains around cutting and closing cone 

in a BMU arc sensed by osteoclasts and o. teoblast . ~ !any recent studies show 

evidence that mechanosensing in bone is pri marily a task for the osteocytes, 

the mature, long-lived , terminal differentiat ion stage of ostcoblasts that lie 

buried in the mineralized bone matrix. Comparison of the responsiveness of 

osteocytes, osteoblasts and periosteal prc-ostcoblasts to mechanical st rain in 

vitro, showed that the osteocytcs were most responsive. more than osteoblasts 

and the ·c more than pre-osteoblasts. Thus, in the course of differentiation 

from immature pre-ostcoblast via osteoblast to osteocyte, bone cells increase 
their sensitivity to mechanical stra in , which is suggest ive of a specific role for 

ostcocytcs in mcchanosensing. 

2. 1. Mcchanotransduction 

~ Icchanotransduction is the process by "·hich mechanical energy is con

vetted into electrical and or biochemical signals. In principle, all cukaryotic 

cells arc probably mechanosensitive and physical forces. includ ing gravity, 

ten ion, compression, and shear, influence growth and remodeling in all li

ving tissues at the cellular level [3]. l n vertebrates, bone is the tissue best 

sui ted to cope with large loading force becau e of its hard extracellular ma

t rix. This matrix can be considered a toughened composite materi al with 

collagen and calcium phosphate minera l as the structural elements [4]. The 
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F IGURE l. Schematic representation of the growth of bone tissue. In A and 
B, a quiescing osteoblast (black cell , Figs. Al, Bl ) turnes into an osteocyte 
(Figs. A2,3; 82 ,3) , because it 's neighbouring osteoblasts continue to produce os
teoid, thereby embedding the quiescing osteoblast , or pre-osteocyte, in bone ma
trix. In A, during rapid growth, proliferation of progenitor cells (arrow head) 
ensures a plentiful supply of postmitotic pre-osteoblasts (arrows) which may take 
the place of pre-osteocytcs. l n 13, growth starts to diminish , because supply of 
prol iferating progenitors has stopped, and only postmitotic pre-osteoblasts (ar
row) remain. In C, no pre-osteoblasts are left. All remain ing osteoblasts stop 
producing osteoid, and the mineralization process continues up till the last layer 
of Oatteni ng osteoblasts (Fig. C2), which become li ning cells (Fig. C3). 1ote that 
in all th ree cases the ki netics of bone tissue grO\\·th are regulated by the rate of os
teoblast progenitor cell recruitment, apart from osteoblast lifetime and osteoblast 
synthetic activity. 
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notion that bone and bones not only de\·clop as st ructurC's designed sp eciri

cally for (future) mechanical tasks, but that they can adapt during the life of 

an individua l toward more effective mechanical pcrfonna11ce. stems from thC' 

last century [5. 6] . Although func tional adaptation is a genera l phenomenon 

and not specifi c for bo11e ti sue. it remain: intriguing that such a hard and 

seemingly inert material as bone can be gradually alte red during life. and 

in such a ·'sensible" ma nner. ~IC'chanical a cl cl pt ation ensures efficient load 

bearing: the daily loads arc carried by a surprisingly thin structur('. Jn tra

becular as well as in compact bone the three-dimensional organ izat ion of the 

elements (plates and struts in the former , osteons in t he !aLter) depends on 

the direction of the principal mechanical s trc ses during daily loading and 

movement . ~Iechanical ad aptation i. a cellular process and needs a biological 

system that senses the appl ied mechanical loading [?J. The loading informa

tion must then be communicated to effector cells that can make new bone 

or dcst roy old bone. Ostcoblasts arc the celL t hat produce ne\\' bone by sy n

thesizing collagen and making it ca lcify : o teoclasts a rc the cells t hat can 

degrade bone matrix by su bsequcnt demineralizat ion and collagen degrada

tion. However, the majority of the cells of bone tissue. some 9.5% i11 the adult 

skeleton , are osteocytcs, ly ing \\·ithin the bone matrix. and bone lining cells, 

lying on the surface. Both osteocytes and lining cells cl cri ve from ostC'oblasts 

that have stopped producing bone matrix (Fig. J ). 

2 .2 . O s t e o cy t es 

Os tcocytes arc liLLera lly buried in bone matrix. They form as long ns 

new osteob la:ts a re recrui ted . to take the place of the buried ost(•oblasl, 

now osteocyte, on the actively form ing bone surface (Fig. 1 A. B). \\'hen the 

recruitment of new ostcoblasts stops, the last remaining ostcoblasLs flatten 

out and co\·er the now inactive bone surface as lining cells (Fig. 1 C). Osteo

cy tes remain in contact witlt the bone s urface cells and with neighbou ring 

osteocytcs via long slender cell processes that a rC' connected by ml'a ns of ga p 

junct ions. Differentiation of osteocytes from ostcoblasts may facilitate t he dc

posi t ion of mineral in the llC\\·ly formed collagen matrix. I Jowcver t lt r matrix 

immediately around osteocyte cell body and processes does not calcify, and 

thus a t hree-d imensional network of lacunae and canaliculi is formed con

taining non-mineralized , osteoid-like matrix and t he osteocyte cells. The cell 

network is connected, again via gap junctions, with the bone lining cells on 

the bone surface (Fig. 1 C). This three-dimcn ionalnetwork of interconnected 
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cells t hat is present throughout and around a piece of bone, is a very att rac

tive structure for the detection of local mechanical inadequacies l . 9J . Since 

the cellular network neighbours on the bo ne marrow stroma as well as on the 

periosteum , recrui tment of new osteoblasts and osteoclasts by t he network is 

also easily foreseen. In addi t ion, t he non-minera li zed matrix of lacunae and 

canaliculi is much easier penetrated by water and (small) molecules than the 

mineralized matrix . Therefore this network may also be considered a complex 

structure of pores and cha nnel , the lacuno-canalicular porosity. 

2.3 . Osteocytes and the Lacuno- Can a licu la r P or osity in Mech a n o

tra ns cl uc tion 

Because they a re post-mitotic a nd embedded in ha rd matrix, osteocytcs 

arc difficul t to study. This a nd their general appearance of inactive cells 

as to protein synthesis . has made them the least studied cell type of bone. 

Nevertheless knowledge is increasing, in conjunction with the interest during 

the last couple of years in their puta tive role as mcchanoscnsors. In vitro , 

osteocyte cultures were found to re-establish their stella te morphology and 

again form a network via ma ny slender cell processes and gap junctions [10 
l 3J (Fig . 2) . 

The osteocy te cul t ures produced small amounts of collagen and fibronec

tin (much less than osteoblasts), but were more active tha n osteoblasts in pro

cl ucing osteocalcin, osteonectin , and osteopontin [14]. Evidence for pa rathy

roid hormone receptors on their surface was found [1 0]. E vidence for their 

role as mecha nosensory cell in bone has been steadily growing over the las t 

ten years. Early strain-related changes in glucose-6-phosphate dehydroge

nase act ivity were found in osteocytes following bone loading [1 5J. Loading 

resul ted i11 tra nsient expression of c-fos mR:\A in cortical ostcocytcs and lin

ing cells of ra t ta il vertebrae. Osteocytic gene regulation by mecha nical sires· 

includes expression of lGF. although the reports are somewhat variable. JGF-

1 promotes bone formation, a nd s timulate the different iation of osteocyies 

from osieoblasts . Another mechanically regulated gene in bone is osteopon

tin , one o f the major non-collagenous proteins in bone matrix. lechanical 

loading inCI·ea ·eel OPN mR~A expression via the microfila ment component 

of the cytoskeleton , and more in mature· t han in immature bone cells [1 6j. 

Thus, mechanical loading acti\'ates several cellula r processes in osteocytcs, 

including energy metabolism , gene aciivat ion , growth facto r production , and 

matrix synthesis. 
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FIGURE 2. Scanning electron micrograph of a group of osteocytes , isolated from 

embryonic chicken calvariae, after 3 days of cul t ure as monolayer. The cells have 
re-established a cellular network, by moving away from each other and ma king 
thin , branchi ng cell processes that connec t with tho e of neighbouri ng cel ls. The 
non-random distribution of the cell processes, and their straiglllnes , suggest that 
the processes have a means to sense each other's presence. The cell in the upper 
left corner is a contaminating osteoblast . ;\licrograph kindly prov ided by Dr. P .. J. 

Nijweide. 

2.4. O s t eocy t es a nd F luid F low- t h e C a na licu lar F lu id F low H y 

p othes is 

In a study on cell signall ing after mechanical stimulation , monolayer cul

tures of osteocytes, isolated from embryonic chicken calvariae, respond ed Lo 

one hour pulsating fluid flow with a sustained release of prostagland ins E2 
and I2 [17] . Osteocytes were much more responsive tha n osleoblasls , and 
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intermi ttent hydrostatic compression had les · efrect th a n fluid flow [1 7, 1 ]. 

Prostaglandins arc essential for the t ransduction of mechanical stimuli into 

bone format ion , while pros tagla nclins - pa rticularly PGE2 - s timulate os

teoblast ic cell prolifera ti on and bone formation. I\lein-::\ulcnd et al. [1 7] used 

fluid flow for mechanical stimula tion ]19] of the osteocytes, to test the hy

pothesis. developed by Cowin and associates, tha t in in tact bone the os

teocytes are mechanically activated by flow of in terstitial fluid through the 

lacuno-canalicular poro ·ity [20- 22]. According to this hypothesis, the prime 

d ri ving force for bone ad ap tation is t he stra in-dri\'en motion of interstitial 

fluid through the cana liculi and along the osteocyte processes, which is sensed 

and t ransduced by osteocylcs . Because bone matrix is so s tiff, the deforma

tion or stra in - imposed by physiological loads is only very small (maxi

m ally of the ord er of 0.2%). However in vit ro, strains of the order of 1-3% 
are needed to obtaiu a cellular response. The Canalicular Fluid Flow hypo

thesis proposes t ha t. ra ther t ha n the bulk strains result ing from loading the 

whole bone, a local force derived from that s t ra in (or rather, strain rate), 

activates the osteocytes. When bone is loaded , inters ti t ial fluid is squeezed 

through the thin layer of non-mineralized matrix surrounding cell bodies and 

cell processes towards t he Havers ian or Volkma nn cha nnels, thereby produ

cing fluid shear stress at the osteocyte cell membrane. 1 n t rabecular bone 

the lacuno-canalicular network drains on t he bone marrow sinusoids. Haver

sian channels, \'olkmann cha nnels, a nd sinuso ids themsel\'es will not generate 

me<mingful amounts of shear stress during physiological loading, beca use they 

arc much too wide (Havers ian channels a re roughly 3.000 times wider in cross 

sect ion than canaliculi ) ]23]. However the combination of canalicular diame

ter and the diameter of the osteocyte process, produces a n annular porosity 

tha t is well sui Led to generate a ppreciable flu id shear stress during physio

logical bone loading [22]. Assuming tha t these stresses perturb t he osteocyte 

sur fe1ce, in particular t he osteocyte processes in canaliculi , a magni tude of 

8<30 dynes cm:l (or 0. -3 Pa) fluid shear s tress was pred icted d uring physi

ologica l loading ]22]. Jnterestingly. pulsating fluid flow wi th a mean stress 

of 0.5 Pa anJ S lJz pube~ of± 0.02 P a . pro\'oked an immediate response in 

osteocytes, m easured as a Lwo t imes increased release of ni t ric oxide (NO) 

and a fi \·e ti mes increased release of prostagla nclins PG£2 and PGJ2, after 5 

minutes application of flow [1 , 2-Jj . P ulsaLile fl uid flow was also found to be 

more effective Lhan steady fl ow in modulat ing the bone cell 's response [25]. 
T hese stud ies confirmed the efficacy of fl uid flow as a mechanical s timulus 
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for bone cells. Fluid shear stress has been sho\ul to be more cffecti,·e than 

mechanical stretching on bone cells [26]. 

Although fl ow of interstitial flu id through the canaliculi a· a result of 

bone loading was al ready postulated in 1977 [27], experimental proof of th is 

phenomenon was provided only a couple of years ago [2 [. Using low and high 

molecular weight t racers, the d ifl't1s ivc transport a well as the convective 

t ransport resulting from load-ind uced fluid flow was tudicd in intact bones. 

These studies found that diffusion alone was not efficient for transport. in Lhe 

canal iculi. of larger molecules such as micropcroxidasc, a nd that load-induced 

fluid displacclllent. are necessary for t he mai ntenance of metabolic nctivity 

in osteocytes as well as acti,·ation or suppression of moclcling processes. 

Flow of fluid over the cell surface subjects the cell to two types of sti m

uli, flui d- induced drag fo rces (or fluid shear stress) and streaming electrical 

potcntia ls. The latter a rc usually held responsible for t he cellular responses 

in bone [21 , 22]. Howe,·er. there arc data that argues that t he fluid-induced 

shear st ress, the direct mechanical perturbancc of the cell( membrane), is t he 

stimulus that conveys the mechanical message to Lhe bone cell . A combina

t ion of ·hear strcs and st reaming potentials for complete cell activat ion is 

a lso possible, and needs further study. 

Although the case for canalicular fluid fl o\\' in mcchanotranscluct ion seems 

now \\'ell establ ished, the question 'vas if and how shear stress magnitude 

a) b) 
5 min 8 10 m1n 

8 p < 0 05 p < 0.01 

R = 0.95 R = 0.99 
6 ~6 
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FlGURt: 3. i\' itr ic oxide product.ion by bone cells is linearly proportional lo the 

raLe of fluid shear stress. The sLeepesL slope was found a t 5 m in. (0. 11 Pa I lz- 1 
), 

indicating th aL Lhe highest bone cell response to fluid shear stress raLc occurs 

rapidly. At. 10 m in., ~0 le\·cls were lower than those found at 5 min. Pa- ll z, P a 

Limes IIz; PFSS-pubating fluid shear stress. Values are mean Lrea tmenL-ovcr

conlrol raLios (T C)±SEl\ 1. 
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and or pulse frequency arc related to the type and magnitude of cellular 

respon::;es. Bacnbac et al. [25] found that the rate (determined by frequency 

and nwgnit ude) of mechanicc1l loading determines the bone cell 's response. 

lt was shown tha t the fluid shear :-,t ress rate is an important parameter for 

uone cell activat ion (Fig. 3). 

2.5 . itri c O x ide a nd Prostag la ndins as Mediator s o f Loacling-

Iuducecl Adaptive B o n e R esponses 

The im portance of \'0 and prostaglandins as mediators of loading-indu

ced adapliH~ bone re ·pon ·es has been ::;ub ·tantiated by a number of ·tudics. 

Transient rapid increase of \'0 rele<t!::ie ,,·as found in several in \'itro systems. 

including osteocyte monolayer cultures and bone organ cu ltures 11 7. J ,2 Jj. 

In YiYo, the .\'0 inhibitor L-, ' A:.IE suppresses mechanically induced bone 

formation in rats. In ,·itro, fluid flow ra pid ly (,,·ith in J hour) induced the 

expression of prostaglandin G/ H synthase JI , or COX-2 , in mouse bone cells 

1301. ,,· hil e in viYo in rats. specific inhibi t ion of COX-2 but not COX-1-the 

constitut i,·e form of the enzyme pre,·ents the induction of bone formation. 

As inh ibit ion of .\'0 release al. o pre\'cnted the enhanced release of PGE2 

after fluid f]m,· 12-1]. prostaglandin upregulation ::;eems to be dependent of 

\'0 upregulation. The \'0 response could recently be linked to the constitu

tive expression by bone cells of endothelial nitric oxide sy ii t hase, or ec\'OS 

1:31]. llunum bone cell cultures from se\'eral donors constitutively expressed 

ecl\OS. and ::;hawed a modest (two- fold) upregulation of ec\'OS expression 

J l1 our after a 1 hour treatment with pulsatile fluid flow 12'-ll. ec.:NOS is the 

isocnzyme that ,,·as hitherto considered s pecific for endothelial cells. J n er

cstingly, in e ndothelium cc:\OS expression is related to the sensiti,·i ty of 

enclotlwlial celb to blood fluid slwar stress which is part of the mechanism 

whereby blood vessels can adapt their diameter to changes in blood pressure. 

T he response to fluid shear stress in endothelial cell::; has been extensiwly 

characterized. and includes actiYalion of a number of kinases and multiple 

transcript ion factors followed by induct ion of gene expression. Although the 

response to flow in bone cells is less \\'ell characterized . several similarities 

\\' ith the endothelial response have now been reported, including uprcgulation 

of prostaglandins. release of \'0 by constit ut ively expressed cc\'OS, regula

t ion of ec.\OS expression by shear stress, and induction of c-fos. The simi

laritif's of thc::;e early responses suggest that both cell types possc::;s a s imilar 
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senso r system for fluid shear stress. Sensitivity for fluid shear st ress appear. 

to be a differentiated t rait of the osteocytic phenotype. same as in endothe

lial cells. As such, this finding is an argu ment in favor of fluid flO\Y as the 

mediator of mechanotransduction in bone- as postulated by the Canalicula r 

Fluid Flow hypothesis. 

3 . Histom cch anics of Bon e R emodelling 

The al ignment of secondary osteons and trabecular hemi-osteons along 

the dominant loading direction in bone suggests that remodcling is guided 

by mechanical strain. Thi s means t hat bone adaptation (\YolfF 's Law) takes 

place throughout life at each remodcling cycle. We propo. e Lhat a lignment 

during remocle ling occurs as a result of different canalicular flow patterns 

around cutting cone and reversal zone during load ing. Local stra in and flow 

patterns around a remocteling osteon comply \Yith local bone resorption a nd 

formation: "coupling'' can be expla ined by changing mechanical cond itions 

around t he cutt ing versus closing cone. 

3.1. Bone as a atu ral Composite 

Bone is a natural composite with a rich hierarchical structure. At the 

highest level, cortical bone is d istinguished from t rabecu lar bone by differ

ences in structure and density, but at lower levels all bone can be considered 

as a continuum (Fig . .J). 
In humans, after J year of age, bone is renc\\'ed bit-by-bit and replaced 

by uni ts of secondary bone. This remocleling process continues throughout 

life. The structu ral unit of secondary cort ical bone is the osteon, essentially 

a thick-walled cylinder of concentric lamellae containing blood vessels and 

nen·es. On the other hand. trabeculae consist of lamellar bone segments 

called trabecular packets; these may be seen as ''hemi-osteons" and in fact 

are formed in a similar way. All secondary bone is aligned to the dominant 

loading di re tion, which is il lustrated in Fig. 5. 

In addition, its density (mass) increases with the magnitude ancl fre

quency of daily loads. Loacl-relalecl alignment and density of bone are in fCict 

the foundatiow of the law of bone transformation [6]. Computer simulations 

confirmed the postulate that bone apparently adapts its forlll according to 

rules of matlJematical design . However, the cellula r mechanism of mechanica l 

adaptation is still unexplained . 
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TRABECULA 

BLOOD VESSEL 

F'IGURE 4. The hierarchical structure of secondary bone. Both trabecula and 
osteons, shown on top in an exploded cross-sectional view, have a lamell ar struc
ture ( thin lines) aligned to the longitudinal (loading) direction. Osteocytes are 
nattened out parallel to the bone surface, and their protrusions run perpendicu
lar to that through the bone matrix. The bone marrow around the trabeculae is 
black. 
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Bone rcmodeli ng involves groups of clifrercnt cells, which collaborate in ba

sic mul t icellular units (B:\IUs) . Jn cortical bone, B:\IUs proceed by tunneling, 

dming which osteoclasts excavate a canal that is refilled partly by osteoblasts 

(Fig. G) . On the other ha nd , t rabeculae are renewed by the excaYation and re

filling of trenches a long the surface. Osteoclasts and osteoblasts are cell types 

that originate from different lineages (stromal and haematopoietic stem cells, 

respectiYely), and their molecular and fun ctional characteristics have been 

studied extensiv ly. 1-l.O\\·ever , it i unclear how the concerted action of os

teoclasts and osteoblasts is orchestrated. Smit et al. [32] discussed possible 

mechanisms, explaining the typ ical dimensions of (hemi-)osteons and their 

alignment to the loading direction. 
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FIGUitE ,j_ :--lc:chanical load and ostconal alignment in cortical bone. a) case 

of an individual with left-sided hypotrophy elm• to poliomyrlitis. h) Osteonal 

organization in the normally loaded (large} felllnr shown by a technique with 

black Indian ink that stains the ll aversian canals. c) Osteon a! organization in 

the marginally loaded (small} fenJUr. ,\nisotropy and numbrr of osteons arc small 

compared with the contralateral normal femur , indicating that the remodeling 

activity was strongly reducrd ;md not \\'E'II urirnted )33). 

l -'IGUHE (). The crllular activity during bone relllodcling. i\L the tip (cutting cone) 

multinucleated osteoclasts (OC' I,s} excavate the ntinerulizcd bone tissue. Al some 

distance. after the resting zone·, osleoblasls (OBI.s) appear at the surface to refill 

the ttmtH•l with osteoid that subsequently is mineralized. Ostcocyles (OCYs) are 

fonncr ostcoblasts that were entombed within lhc bone matrix but remained 

connected to the bone surfucc by nunteruus lung slender protrusions (not vis ible}. 

Typical oulN diameter of an osteon in human cortical bo ne is approximately 

200 fllll. 
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The key issue in load-directed bone remodcling is that sensors must exis t 

to detect mechanical strains a nd to direct subscq11cnt cellular act ivi t ies. Os

t oclasts or ostcoblasts cannot be Lite sensors themselves because they d o not 

receive a mecha nical signal before they attach to the bone surface. and a t

tachme nt occurs only aft e r recru itment of the progenitor cells from the bone 

marrow. Bett er candidates are therefore the osteocyte:,, the cells that reside 

inside the bone m a trix and thus have a good position for mechanosensing . 

\Vith their long slend er protrusions they form a t hree-dimcn ·iona l nel ,,·ork 

that reaches to the bone s urface, which allows them to signal the effector cells. 

Jn a theoretical study on the nutrition of osteocytes, P iekarski a nd ~I unro 

[27J suggested that on mechanical loading of bone. extracellula r fluid Rows 

throu gh the the lacuno-canalicula r poros ity t oward the bone surface and back 

into the bone on unloading. Streaming potcntials that have been measu red 

in b one sp ecimen · confirm that io ns actually arc t ran. ported through the 

bone matrix. J\nothe-Ta tc et al. [28j found direct experimental evid ence that 

molecules of relevant size are t ransported Lln·ought the lacuno-canalicula r 

porosity by this m echa nis m. 

3 .2. Effect s of Fluid F low 

Fluid Row may give rise to at lca::;t three biophysical effects . First. an 

enhanced m ass transport will occur. ensuring that osteocytes recei,·e suffi

cient nutrie nts for ·urviva l within the bone matrix far a\\'ay from the blood 

vessels, and that their waste products are washed away to the bone s urface. 

Second. because of the ch<n ged bone matrix a ncl t!te ion ic composition of the 

ext racellular fluid, a n eledrokinctic effect occurs in the form of streaming 

pote ntials . Streaming potentials might modulate the moveme nt of io ns such 

as calcium across the cell membnmc a nd. subsequently. cell be havior. Third, 

a fluid shear stress is generated on the cell mclllbrane, which is a well-known 

stimulus for cells. Bone cells, in particula r ostcocytes, arc extre mely sensi

tiYe to fluid shear stress, responding by rapid release of. among others, ni t ric 

oxicl r (:\0), cycl ic adenosine mouophosphatase (cA:\fP). and p rostagla ndins 

(P Gs), and by expression of cyclo-oxygenase-2 (COX-2) . lL is difficult to 

estimate the actual role of each of the t hrec b iophysical effects in mecha

notran::;duction because in the in vi,·o situation they occur simultaneously. 

Nevertheless, a ll three arc potentially powerful mod ul ators of cell behm,ior, 

and, thus, slrain-inducecl fluid flow appears to be a good mediator of mecha

nical information. 
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4. Cell Biology and Histomechanics 

Bone adaptation (Wolff 's Law) takes place throughout life at each re

modeling cycle. Alignment during ren10deling occurs as a re ult of different 

canalicu lar flow patterns around cutting cone and re,·ersal zone resulting from 

loading. Low canalicular flow around the tip of the cutting cone, reduces NO 

production by local osteocytes thereby causing thei r apoptosis. 0 teocyte 

apopto. is attracts osteoclasts, leading to further excavation of bone in the 

direction of loading. At the transition between cutti ng cone and reversal zone, 

enhanced canalicular flow stimulates o teocytes to release ::\0, which induces 

osteoclast retraction and detachment from the bone surface. Together this 

leads to a t readmill of attaching and detaching osteoclasts in respectively 

the lip and the periphery of the cutting cone, and the digging of a tunnel or 

trench in the direction of loading. 

4.1. Bone Strains and (Hcmi)O ·teons 

l t has become generally accepted that bone tissue renews itself throughout 

li fe by means of basic multicellu lar units (Bi\lUs), groups of osteoclasts and 

osteoblasts that act in a coordinated fashion to first resorb existing bone 

t issue and subsequently refill the gap ,,·ith new bone tissue. The new bone, 

organ ized as osteon in compact bone and hemi-osteon in trabecular bone, is 

aligned along the dominant loading direction, suggesting local strain gradient 

is a regulating factor [33, 34] . However. our understanding of the cellular 

mechan isms producing such a mechanically meaningful structure remains 

poor. 

131\IUs li teral ly move through existing bone tissue during the process of 

bone renewal. Osteoclasts appear first, and dig a tunnel t hrough compact 

bone or a trench along the surface of trabecular bone. The tunnel or trench 

is subsequently fi.lled with bone tissue by o. teoblasts that appear to follow 

the osteoclasts. The question of how ostcoclasts and osteoblasls are ab lP to 

collaborate to produce such (hemi-)osleons that run along the direction of 

dominant strain of the particular piece of bone, remains a mystery. A few 

theories have been put forward. The fin;t theory holds that osteoblasts a re 

able to instruct osteoclasts when and where to resorb bone matrix, and there

fo re determine both the catabolic and anabolic phases of bone remodeling. 

This theory is based on experimental data that hormonal regu lation of os

teoclast activity is directed by osteoblastic cells, which express the hormone 

receptors and produce signaling molecules that regulate osteoclast activity. 
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A second theory. that of .. coup ling'·. holds that after resorption is fi nished 

the surface of the remaining bone attracts osleoblas ts, possibly by releasing 

grow! h factors from the ma trix. A modification of the coupling concept pro

poses tha t osteoclast and osteoblast precursors are subsequently recruited by 

the endot helium of t he capillary of a progressing B:\IU. These concepts arc 

able to expla in the sequential a ppearance of osteoclasts and ostcoblasts in 

a p rogressing Bl\'IU. Ho,,·ever , for an explana tion of the geometry of bone re

newal. they are completely inadequate because they make no link with local 

strains . 

In order to understand how strain can determine the geometry of rc

modeling, it is important to realize when and where a lignment is produced. 

In the rcmodcli ng process, a team of osteoclasts digs the tunnel or groove. 

Through that activity. the osteoclasts determine not only the direction of 

t he the fu ture (hemi-) osteon but also its diameter . Osteoblast ic activi ty de

tennines to what extent the defect is refi lled. T his is important, as in the 

long run it determines bone m ass. Orientation however is determined by 

osteoclastic activity, more precisely by the direction in which the team of 

rcsorbing osteoclasts moves. So how can we explain tha t osteoclasts "know" 

their way while they arc '·eating'' themsch·cs through the bone t issue? As 

the orientat ion of (hcmi-) osleons follows the direction of the pre,·alent lo

cal stress, bone load ing must somehow di rect the activity of the ostcoclasts. 

Sens itivity for mechanical strain is likely a charac teristic of all euka ryot ic 

cells, so oslcoclas ts might in principle determine their own direction based 

on t he mecha nical information they receive. Di rect mechanical information 

from deforming matrix to mo, ·ing cell requires a close contact between cell 

and st ra ined matrix, and rcsorbing osteoclasts do make such close contact in 

t he sealing zone a round the ruffl ed border. llowever, how would that strain 

direct cell movement? Only one theory has been put forward that deals wilh 

this issue. :\Iartin et al. [35] have proposed that osteoclasts arc activated by 

tensile stress while osteoblasts arc act ivated by compressive stress. In a piece 

of bone th at is loaded und er compression, increased tension appears at the 

lip of the cutting cone d uring remodeling and increased compression around 

its base. The increased tension at the t ip could direct the movement of the 

osteoclru; ts. thereby guiding them along the direction of load ing. However in 

a piece of bone t hat is loaclecl in tension, as at the tensile side of bending 

bones, the stress fie lds are inverted, and compressive stress appears at the t ip 

of the cutting cone. Tensile versus compressive stress thus can not expla in 
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the behaviour of osteodasts or osteoblasts. a nd therefore the t heor.\" must be 

rejected ]3..J]. 
ll \vas recently proposed that local tissue deformations around t he cutt ing 

and closing cone of a progressing B~IU determine osleoclclSL a nd osteobla t 

activity [3-J]. Using equivalent strain as a scalar measure for the deformation 

of the bone t issue around a remodr ling (hemi- ) osteon. opposite strain fields 

were found a round the cutting and closing cone, both under co1npressive 

and tensile axial loading. Decreased strain was found in front oft he cutting 

cone, just where resorption cont inues to proceed. Elevated stra in however was 

found behind the cutting cone. where osteoblasts a rc act i,·e ]3..Jj. This obser

vation suggests that the subsequent act ivat ion of osteoclasts and ostcoblasts 

in a B:-JU could be regulated by very local strains of different magnitude 

in t he surrounding bone. Ho\\'ever. the question rema ins ho\\' the clifl'e rent 

st ra ins a round cutting and closing co ne are sensed by ostcoclasts and os

teoblasts. :-Iauy recent swclies sho"· evidence that mechanosensing in bone 

is primarily a task for the osteocytes, the mature, long-lived , termina l differ

entiation s tage of osteoblast:; that lie buried in the mineralized bone matrix 

(see fo r a review [7]) . Comparison of the responsiveness of os l('ocytes, os

teoblasts and periosteal pre-osteoblasls to mecha nical strain in vitro. showed 

that t he osteocytes were most responsi ,·e; next came osteoblasts. and sub

sequently the pre-osteoblasts ]J 7, 1 , 2·1, 36] . Thus, in the co urse of difl'cren

tiation from immature pre-osteoblasl ,·ia osteoblast to osteocyte, bone cells 

iiic rease their sensit ivi ty to mecha nical strain, which is suggest ive of a spe

cific role for osLeocytes in mechanosensing. The manner \\·hereby osteocytes 

sense the strains of the mineralized matrix has been considered in light of 

Lhe very small strains in bone clming da ily loading . as compared to mus

cle t issue for example ]21 , 22]. This has led to the concept of st ra in-clC'rived 

canalicular fluid fl ow. or its cleri, ·at ive, fluid drag force, as the physical medi

ator of mechano-sensi ng by ostcocytes in bone t issue [22 , 37J. Se,·cra I slucl ies 

support this concept [1 7, 18. 2-f, 36J. Together Lhey suggest that Lhe osteo

cyte network with its accompanying lacuno-canalicula r porosity is t he s ite 

of mechanosensing in bone tissue. ~ Iechanotransduct i on then includes the 

translation, by osteocytes. of cana licul a r flow into cell signals that can re

cruit os teoclasts and osteoblasts. Therefore, if local st rain differences around 

the cutting- and closing cone of a BJ\IU should regulate the ac tivity of osteo

clasts and osleoblasts, these strain gradient s must produce local canalicular 

fiow differences t hat can be related to the recruitment of these two cell types. 
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4.2. R elation of Volume tric Strain in t he Bone around a BMU 
C utt ing C one to Canali cula r F luid F low 

At maximal loading. a typical volumetric strain pattern appears in the 

wall of the t unnel, around the Bf..IU (Fig . 7) . The volumetric strain resul ts in 

a flow of canalicular fluid that is different at t he tip of the cut t ing cone and 

at its base (Fig. ) . At the tip of t he cutting cone however , fluid is pressed 

into the canaliculi as a result of local volumetric expansion (Fig . ) . Influx 

occms only in a shallow layer some 10 ~Lin deep, after which the flow changes 

into a n effiux (Fig . 9) . So, just below the surface of the cut t ing cone, where 

influx and efflux meet, the net canalicular fluid Aow is about zero at maximal 

loading of the bone. 

ax isymm. 

FIGURE 7. Volumetric st rain within the bo ne matrix arou nd the progressing end 

of an osteonic Bl\ IU at maxim um load ing during the walking cycle. The direc

tio n of loading is indicated by arrows. A superficial a rea of vol umetric expans ion 

appears al the lip of the culling cone. At the base o f the (hemi-)cone an area of 

h igh volu metric compressio n a ppears. Val ues are mic rostra ins. 

outflow I inflow 
.._ _ f cuttlng cone 

lll lll llllll lll lp ''x:·· .. 
~ .,, t .. 

- closingcone · .. ·~; ,-., ·, 
______.... . '' "( -- ' ' - . ' 

FIGURE 8. Fluid flow pattern in a remodeling osteon at ma)cimum load during 

a walki ng cycle. Volumetric expansio n leads lo influx of cana licular fluid at the 

tip o f t he cone. At the base of the cone, high volumetric compression produces 

h igh emux of canalicula r fluid. 



http://rcin.org.pl

132 J. K LEJN-:\TULE• o and T.H. Sr.JIT 

5 11-- / - ---------
11, inflow 

0 tr--\---:-:--~- -r--:=::=====-::o~u~tfl~o~w 
:0' )~ 200 
E -5+-~--------
.S 
~10~--------~------, 
g ---tip 

-15 +.------l 
- ··- base 

-20 
depth (m icron) 

FIGURE 9. Fluid Row pattern within the bone tissue at maximum load during 

the walking cycle. At t he tip of the cutting cone (continuous line) , the inflow 

(resulting from volumetric expansion of the superficial bone layer) changes into an 
outflow because of vol umetric compression of the deeper bone layer. The reversal 

(ind icated by arrow) occurs at a depth of about 10 micrometer. At this depth, 

canalicul ar flu id flow wil l be zero. At the ba e of the cutting cone (clashed line), 
high vol umetric compression leads to high fl uid flow in the cana liculi , which runs 

towards the cone void and is maximal near the bone s urface. 

4.3. Proposal of a Mechanism Explaining the Behaviour of the 

Team of Osteoclasts in the Cutting Cone [38] 

The different canal icular flow patterns around the t ip and the base of 

a cutting cone during loading indicate that the ostcocytcs in these two loca

tions receive different mechanical information. First of all, the fl01\· pattern 

was reversed between the two sites. Both at maximal loading and unloading, 

the flow in the bony wall of the tip was opposite to the flow in the wall of the 

base. tvlore important however is t he magnitude of fl011· at these two location .. 

At the tip of the cutti ng cone, a small superfic ial zone, some 10 micrometer 

deep, of volumetric expansion was followed by volumetric compression wh ich 

reached it's maximum at 30 micrometer depth. The combination produced 

opposite flow directions in the canaliculi , a superficial influx of fluid from the 

cutting cone void that reverted to an outflux of canalicula r fl uid from deeper 

bone toward the cutting cone void. As a result , the net fluid flow is close to 

zero at a depth of some 10 micrometer in the wall of the cutting cone tip, 

where the opposite flows meet. At the base of the cutting cone, t he flow pat

tern was unidirectional under both loading and unloading. At load ing, fluid 

was pressed out of the bone, reaching maximal canalicular flow at the border 

of bone a nd cutting cone void . At unloading this strain pattern was re1·ersed, 

bu t because strain rate was slower, flow magnitude was considerably lower. 
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These volumetric strain patterns suggest very different canalicu la r fluid 

shear stresses during cyclic loading such as walking, for the local osteocytes 

around a remodcling B:-IU. At the tip of the cutt ing cone, the phase of 

maximum loading produces a near stand still of canalicular fluid at some 10 

micrometers deep, and t he phase of unload ing a flow of low magnitude. The 

amount of shear stress experienced by the most superficial osteocytes around 

the tip, will therefore be extremely low. At the base of the cutting cone the 

situat ion is quite different. tviaximalload ing here results in an outflow of fluid 

that produces maximal shear stress in the canaliculi of the most superficial 

osteocytes. Further on , along the reversal zone. this pattern cont inues, with 

highest shear stress around the most superficial osteocytes. 

What ,,·ill be the effect of these wholly different stress conditions on the 

osleocytes? \\'e have shown that in cell culture experiments, osteocytes pro

duce high !e,·els of nitric oxide (:\10 ) in response to fluid shear stress [24] . 

::--JO prod uction results from the activity of endothelial cell nit ric oxide syn

thase or cc::'-JOS, a plasma membra ne bound enzyme originally believed to 

be specific for endothelium but later also found in osteocytes a nd osteoblasts 

[31[. Jnterest ingly, ec::--JOS is the NO producing enzyme isoform specifically 

involnxl in the cellular response to Ouid shear stress, as occurs in the endothe

liunl of blood vessel in response to blood flow. The finding that osteocytes 

a lso express ecl\OS, and that the bone cell enzyme is also activated by fluid 

shear stress, suggests that there may be common functions for ec::--JOS in 

en clot hcli um and osteocytes. 1 n endothelial cells, NO production by ecN OS 

in response to fluid flow plays a major role in preventing apoptosis of the 

endothel ial cells. In areas of reduced blood flow, as at the periphery of blood 

vesse l bifmcations where atherosclerot ic plaque accumulates, endothelial cell 

death occms. This endothelia l cell a popt osis is believed to be caused by in

suflicicnt I\'0 production as a result of insufficient fluid shear stress over the 

cells in that a rea of the ,-esse! wall. NO production in response to adequate 

shear stress protects the enc!othclial cells against apoptosis . \\'e propose that 

such a mechanism also operates in bone, and that osteocytes arc also pro

tcctccl against apoptosis by a basal amount of ~0 production under normal 

canalicular shear stress. At the Lip of the cutting cone of a B\IU therefore, 

osleocytcs enter apoptosis as a result of insufficient ~0 production due to 

insuflicicnt fluid flow in their canaliculi. 

In en dol hcli um, apoptosis of cndothel ial cells attracts monocyte/ macro

phages that phagocytose the dying cells. \i\/e propose that in bone, the apop-
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totic osteocyte. at t he tip of the cutting cone att ract osteoclasts, that rcsorb 

the bone matrix as well as phagocytosing the dying osteocyte (Fig. 10). Evi

dence that osteoclastic a t tack is cl irected towards apopi otic osteocytes has 

been reported [2. 39]. Similar t o macrophagcs, ostcocla. L are attracted to 

apoptot ic cells that expose phosphatidyl erinc on their otttcr cell surface at 

an early tage of apoptosis [-!Oj. ln the case of osteoclasts. the apoptotic 

cells that attract them arc osteocy t cs Rnd hypertrophic chonclrocytes of t he 

growth plate f..JOj . Exposure of phosphatidyl-seri ne on osteocytic cell ··fingers" 

in canaliculi abutting on the wall of the cutting cone might therefore be the 

signal that urges the osteoclasts to continue resorption in t hat direction. As 

osteoclasts further excm·ate the cutting cone. the zone of low fluid flow and 

osteocyte apopto is also moves furth er under the influence of the train field s 

so as to steer osteoclastic resorption in the correct direction. 

The mechanism discussed above can explain why ostcuclasts rcsorb in the 

direc tion of load ing, \Yhich is the first key i ·sue that must be soh·cd for a cel

lula r explanation of bone adaptation or .. ,\.olfr's Law' ·. A second question is 

why osteoclast.s stop resorbing, at the base of the cutting cone. Jlere too, NO 

production in re!:iponse to ca nalicular flow may play a1t important role . At 

FIGURE 10. Cartoon of the cutling nJnc tip, showing the relation between apop
totic OSleocylCS and a progre~~ing OS(t'll<'iasl. 0~tCOCyte apopl<JSiS (indicated <t.<; 

black lacunae) is caused by canalicula r stasis, which directly results from the 
volumetric s train pattern caused by cyclic loading in the normal direction. As 
osteoclas ts arc ailracted towards apoptotic ostcocytcs because of changes on th 

apop totic cell surface (ind icated by asterisks) . the direction of the o~lcoclastic at
tack follows the direction of loading. OCY, osteocyte ncl\1·ork ; OCL, osteoclast. 
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the base of the cutting cone allCl further down the reversal zone. ostcocytcs 

rccciYc enhanced fluid shea r s tress during loading. I\0 production will there

fore be C\'Cll higher than normal. Particularly the superficial osteocyte will 

produce much ~0 , because , hear stress is highest close to the surface. The 

high :\0 level will]xe,·ent futher osteocyte apopLosis. but may a l o hm·e an

other efi.ect, tha t of promoting the retraction and detachment of ostcoclasts 

from the bone surface. lr1 cell culture experi ments, I\'0 has been shown to 

rapidly reduce the osteoclast spread area follow d by r traction of the cells 

from the tissue culture support. A similar response may be expected at the 

base of the cutting cone where osteocytes produce high levels of :\0. :\0 has 

a short half life, of only a few minute . and must therefore alway act locally 

when functioning as a paracrine cell modu lator. This perfectly suites a role 

as a Ycry local inhibitor of further ostcocla tic attack (Fig . J J ) . 

The. c two mechanisms. attraction of ostcocla t to the cutting cone tip 

and induction of osteoclast detachment from the cutting cone base, together 

explain the mechanically meaning,ftd behaviour of osteoclasis during remocl-

FIGURE 11. Cartoon of postulated events in the cuLLing cone of a progressing 
B~!U. Osteoclasls a rc attracted by apoptotic osteocylcs in the cutting cone tip, 
b,tt furLed lo \\·ithdraw agai n frorn the bone surface at the culling cone base, as 
a n•sult o f high amounts of ~0 produced by well stressed oslcocytes. 1\.s ·o pro
duction remains high further down the revt•rsa l zone, ostcoclasls remain within 

the cutting cone and may evt•n re-enter the r<•sorpl ion cycle, leading Loa "tread
mill" of act i\·c a nd in-ac t ive o teocla ts that together dig the resorplion t unnel 
or trench. \ 'ertical arrows indicate direction and magnitude of canalicular Ouid 
now; vertical arrow heads indicate release of NO by well stressed ostcocylcs. 
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eling . Osteoclasts are att racted to the tip by understrcssed , apoptotic osteo

cytcs to rcsorb uonc t issue in the direc tion of loading, wh ile they a re forced 

to detach and stop resorbing at the base of the cut t ing cone by well stressed 

os teocytcs . ln both instances !\0 production by ostcocytes is a key issue, al

though it is li kely t ha t other auto- and paracrine signaling molecules uch as 

prostaglandins arc also involved 118, 36]. NO causes the detachment of osteo

clas ts, but does not kill t hem. In cell culture experiments. remova l of the NO 

from t he culture med ium led to reco\·ery of the osteoclasts and re-a ttachment 

wi thout evidence of cytotoxicity. This suggests ye t another point, namely the 

possibility of a treadmill of osteoclasts in the cut ting cone. Osteoclasts could 

subsequent ly attach at the tip of the cut ting cone, detach at its base, and 

reattach again at the t ip. As NO production remains high all along the re

versal surface and the detached osteoclasts can only reattach at surfaces not 

protected by -:\0 . t hey can only reattach at the tip. T his suggests a t readmill 

of the giant cells in a progressing B~IU (Fig. J 0). 
T he concept of a group of osteoclas ts that digs a tunnel in response to 

strain-dependent osteocyte signals is at tractive. because it explains the align

ment of seconda ry osteons to the dominant loading di rection , and also why 

the di ameter of these osteons remains within certa in limits. Jn healthy bone, 

t he size of osteons is fairly constant , meaning that osteoclas ts stop resorbing 

when a certain gap size has been reached. Our p roposal links osteonic s ize cli

rcctly to the magni tude of local strai n, as stra in induces o tcocytcs to inhibit 

further osteoclastic resorption. Loc<ll strain magnit ude al the cutting cone 

base is of course fin ally determined by the a mount of strain of the whole bone. 

As maximal bulk s train remains wi thin fairly narrow limits during normal 

da ily 111 0VClllell l, within an indi vidual, a Species and even uctwecn species, 

it is to be expected t ha t the osteonic d iameter determined by thRt st rain 

will a lso uc constant. H owcver if bone is not strained suffic iently, our model 

predicts that osteocytes are not sufficiently ac ti va ted to inhi bit fu rther o -

teoclastic a t tack , leading to perforation of trabecu lae and t rabccularization 

of cort ical bone. as observed a fter stress shielding. 

Can this proposal he experi mentally tested? J t is largely based on the 

assumpl ion that basal production of 1\0 un der adequate fluid fl ow promotes 

the survival of osteocy tes by preventing apoptosis. Current t issue cul ture 

techniques did allow to apply fluid flow of well defined charac teristics to 

cul t ures of freshly isola ted ostecytes or bone chip-derived bone cell cul tures 

(I<lein-:\ulend et al.. 117, 31]). One way to test our proposal \\"as to study 
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if flow applied to these cell cultures indeed modulates cell apoptosis. Our 

recent data show that osteocyte survival is indeed quite sensit ive to flu id 

shear stress, and that absence of shear stress leads to their programmed cell 

dea t h [41] . 

Summarizing, we present a t heory that explains the alignment of sec

ond a ry osteons and hemi-osteons, as well as the constancy of their dia meter , 

as product of osteoclast att raction and rejection by osteocytes under oppo

site local strains, leading to respectively reduced and enhanced canalicula r 

flow. TO is likely a key molecule in this process, as it's absence would lead 

to osteoclast a t traction by causing osteocyte apoptosis, while its production , 

by well strained osteocytes , leads to osteoclas t withdrawal. 
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