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Bone ti:;:;ue can adapt to changing mechanical demands, but how bone cells may 
sense> and transduce mechan ical signals dcrivc>d from bone loading is still not cla
rified. The ostcocytes arc bclil'ved to play a role as the ·'professional" mechanoscn
sory cells of bone, and t he lacuno-canalicular network as the structure that medi
ates mcchanosem;ing. The> rc•gulatory procc>s:; of mechanical adaptation produce~ 
flow of inter:;titial fluid in the bone lacunar-canalicular network a long the sur
face of ostcocytcs, which is likely t he physiological signal for bone cell adapt ive 
rc>spon:;es m vivo. T he main tenanc(' of a mechanically efficient a rchitecture likely 
dc>pcnds on a ba lance between the intensity and spatial distribution of the me
chanical stimulus and the respons ivf'ness of the bone cells. The a lignment of 
:;ccondary osteon:; a long the dominant load ing direction suggests that bone remo

deling is guided by mecha nical .strai n throughout life at each remodeling cycle. We 
propose that alignment during remodcling occur:; as a result of d ifferent canil lic

ula r flow patterns around cutting cone and rever:;al wne during loading. 
The responhc of cultured bone cell:; to fluid flow includes prostaglandin synthesis 
and expres:;ion of inducible cyclooxygenru;c-2, an enzyme that mediates mechani

cal loading-induced bone formation in vwo. The re:;ponse o f osteocytes to fluid 
flow includes a rapid product ion of nitric oxide, and expression of endothelial ni
tric oxide synthase. Nitr ic oxide has been shown to mediate the mechan ical effects 

in bone, leading to enhanced prostaglandin E2 release. 
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Disruption of the actin-cyLoskC'lcLon itbolishes the prostaglandin response to me
chanical stress in o::;tPocytes, suggc>sLing that the cytoskeleton is involved in cellu
lar mechanot.ransdu<.:Lion. T hese studies have increased our understand ing of thP 
cell biology undPrlying Wolff's Law. T his may lead to new strategies for com
bating disusc>-rC'lated osteoporosis. and may a lso be of use in understanding nnd 
predicting the long-term integration of bone-rep lacing implants. 

Key word ·: bone remodelmg, osteocyte, mechanotmnsductwn, fluid shear stn-.ss, 
nitric oxide 

1. Int roduction 

1.1. The Osteocyte Network m Bone 

O:::;teocytcs arc stell ate shaped cells enclosed within the lacuno-canalic1dar 

network of bone. The lacunae contain the cell bodies, from which the 5 30 fLTll 

long cytoplasmic processes (50 60 per osteocyte) radiate through the bone 

matrix via canaliculi (Fig. 1). The formation of these osteocyte processes is 

highly dependent on cont inuous cleavage of Lype-I coll agen [lJ . Osteocyte::; are 

connected by thei r cell processes to neigh boring osteocytes and to the cells 

lining the bone surface. Some osteocyte processes pass through the lining cell 

layer thereby establishing contact with the extraosseu::; space [2 J. suggesting 

FIGURE 1. Osteocyte morphology. Left: Isolated osteocytes in culture. Osteocytes 
were isolated by an immunodissect ion method using MAb 087.3-coated magnetic 
beads. After i:;olation the cells were seeded on a g lass support , cultured for 24 hr 
and studied with a scanning electron microscope. After attachment, osteocytes 
form cytoplasmic extrusions in all directions. Right: Osteocytes embedded in cal
cified bone mat rix . Note the many cell processes, radiating _rrom the osteocyte cell 
bodies, as visualized using scanning electron microscopy. Magnification: 1000 x. 

Micrograph kindly provided by Dr. P.J. Nijweide. 
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cell communication between the osteocyte and the osteoblast stem cell in the 

bone marrow cornpartments. 

Dramatic changes occur in the distribution of actin-binding proteins dur

ing LNmi ual different iation of osteobla.sts Lo ost.eocytes [3[. These changes 

likely contribute to the typical morphology of the osteocyte, which was orig

inally t hought to be euforccd on dift'crcntiat iug osteoblasts during their in

corporat ion in the bone matrix [4[. Osteocytes rem ain in contact with nC'igh

bouring osteocytes and with bone surface cells to ensure the access of oxy

gen and nutrients. Osteocytcs in vitro C'Xpress t he typical morphology again 

a::; soon as they attach to a support [5[ (Fig. 1). ln bone, interactions be

tween osteocytes-osteocytes and ostcocytcs-osteoblasts arc achieved through 

cadherin-based adhcrens junctions and gap junctions [6[. Within each osteon 

therefore. osteocytes form a net \.vork of gap junction-coupled cells, rcprC'scnt

ing an iutracellular as >vel! a::; au extracellular network sy::;tcm. 

Which stimuli do '·excit e" the o::;teocytcs? The a nswer likely comes from 

st udics in which biomcchanical concC'pt.s and techniquefi a re appl ied to bone 

cC' I! biology. Over the last. decade, both theoretical and experirncntal data 

have !eel to the general notion that osteocytes are the pivotal cells in t.he 

biomechanical regula tion of bone mass and s tructure [7- 14[. The development 

of ost eocytc isolation techniques, with t llC' us<' of highly sensitive (immuno) 

cytochemical ami ·in situ hybridi6at.ion procedures, and molecular biological 

methods, arc rapidly incrca::;ing our knowledge about the Ofiteocyte, the least 

unclerstoocl bone cell type. In this paper we will focus on the role of ostcocytC's 

in bone mechanotransduc:tiou. with emphasis on t.hcir ro le in determin ing t he 

bone 's structure. 

1.2 . Osteocyte Isolation from Bone 

Ostcocytes arc terminally difff't'ent iated cells, embedded in hard matrix. 

and therefore have not received adequate attcntiou, until a ck cade ago. The 

field has opened up by the group of Nijweidc [5[, who succeeded in the isola

tion and purificat ion of chicken osteocytes from mixed bone cell population::; 

obtained from fetal bones by en6ymat ic digestion, using an osteocyte-spec ific 

antibody directed to an antigen on t he cytoplasmic membrane and an im

munodissection method. The isolated osteocytes d id behave similarly to os

teocytes in vivo, i.e . the post-m itot ic osteocytes re-acquired a stellate mor

phology a nd formed a cellular network by means of their long cell processes. 
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1.3. Osteocyte Markers 

Characteristic for os teocyte::; is their location within the bone matrix, 

their typical st.ellatc morphology and cytoskelctal organization, which is im

portant for the osteocyte's response to loading [15] . The prominent act in 

bundles in the osteocytic processes in combination with t he abundance of 

t he actin-bundling protein fimbrin arc typical for osteocytes [16[ . Further

more, osteocytes express osteocalcin , osteonectin, and osteopontin, but show 

li tt le alkaline phosphatase activi ty [17]. 

Currently, the best m arkers for isolated ostcocytcs arc their typical mor

phology [5] and their reaction with osteocyte-specific monoclona l antibodies 

[1 8, 19J. In addition , matrix extracellular phosphoglycoprotcin (l'vlEPE) is 

highly expressed in ostcocytes [20J , as well as t he carboxyl-term inal PTH 

reccptor (CPTHR), whose activation is involved in cell survival and com

munication [21], and sclerostin , an osteocyte-expressed negative regulator of 

bone format ion [22J. Finally, dentin matrix protein 1 (DMPJ ) is a lso highly 

expressed in osteocyte::; and is mechanically responsive. 

2. The Function of Osteocytes 

2.1. Osteocytes as Mechanosensor Cells 

Ostcocytcs arc likely t he mechanoscn!':iory cells par- e:z·cdlPnce of bone [9J . 
dispersed throughout the mineralized matrix . Osteocyte density varie!':i de

pending on skeletal si te and developmental history [23J. They arc clirectl.v 

connected wit h each other via gap junction-coupl tJd [6] long slender cel l pro

cesses running in canaliculi of unmincralizccl matrix. Superficial ost cocytcs 

are connected with lining cells ami ost.coblasts. An intracellular as well as 

an extracellular route a llows for rapid passage of ions and signal molecu les, 

enabliug cellular signalling from osteocytes deep wit hin the bone tissue to 

surface lining cells and vice versa. 

Osteocytcs are sensitive to applied stress J10, 24- 29]. For example, int er

mittent loading at physiological strain magnitude produces rapid changes 

of meta bolic activ ity in ostcocytes [10]. Finite element simulation of bont' 

remodeling, asi:ium ing this to be a i:iclf-organ izational control process. also 

predicted a role for osLeocytes as stress sensors of bone [llJ. The mecha nical 

C'l1vi ronment of t.he stress-sensitive osteocyte varies with the geometry of t he 

osteocyte lacuna [30]. 
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How do Ot>tcocytes sense mechanical loading? Over the last few years 

a number of theoretical and experimental studies have appeared that agree 

that flow of inter::;titi al fluid is likely the stress-derived factor that informs 

t he bone cells about mechanical loading. In this view, t he cana liculi a rc the 

bone porosity of interest. and the ot>tcocyLct> t he mechanosensor cells. 

2.2. Interstitial Fluid Flow in Bone 

There it> early evidence of st.re::;s-induced fluid flow in bone j31j, as well as 

of a substantial flow of fluid t hrough t he mineralized portion of bone [32]. T he 

diameter of the canal icul i allows the stress-derived fluid flow to reach even 

the outermost osteocytes of an osteon [33]. Wang et al. [34] have delineated 

the bone's interstitial fi uid pathway in vivo. These studies emphasized the 

importance of mechanically induced flow for the transport of metabolites to 

and from osteocytes in an osteon, to ensure osteocyte viabili ty. 

2.3. Effects of Fluid Flow on Osteocytes 

Klein-N ulend et al. [lOj subjected osteocytes, osteoblasts, and periosteal 
fibrob lasts from ch icken calvarial bone j5, 18j to two stress regimes, hydro

static compressiou (IHC) and pulsat.ilc fluid flow (PFF) [35]. Under both 

st rcss regime'::>, ostcocytes appeared more sensitive than osteoblastt>, and os
tcobla.':its more sensitive than pcrio::;teal hbrobla.sts. Iu addit ion , ostcocytcs 

were particularly sensitive to fluid shear stress, more so than to hydrostat ic 

stress. These conclusions arc remarkably in agreement. with the t heory de
veloped by t he group of Cowin [9. 14. 36J that osteocytes are the professional 

mechanosensory cells of bone, and that they detect mechan ical loading events 

by the canal icular flow of interstiti a l fluid that re~;ults from t hat loading event. 

3. Mechanotransduction in Bone 

Mechanotransduction is the process by wh ich t he mechanosensor cells 

convert the mechan ical stimulus into intracellular signals. How the mecha

nical signa l is detected and converted into a chemical, intracellular response 

has yet to be established. The composit ion and structure of the matrix in 

the periosteocyti c sheath and the adherence of osteocytes to t heir surround

ing matrix appear very important. The m1-1.trix composition and structure 

determines t he bone's porosity for fluid flow and therefore the magnitude 
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of th<' fluid ~hear stre~s [14]. The osteocyte processes and their surrounding 

matrix possess a range of structural elements, which according to a theo

retical model [37[ should a llow for a dramatic amplification of cellular-level 

strains [38[. As osteocytes are still capable of producing matrix proteins and 

proteoglycans, they might even modify their responsiveness to mechanical 

loading by adapting the matrix around them , and t hereby the porosity of 

the lacuno-canalicular system. 

Osteocytes adhere to their surround ing matrix by cytoplasmic nwmbrane 

receptors such as integrins and CD44 receptors, coupled to the cytoskeleton. 

These rcceptors arc likely t he fi rst step of intracellular signal transcluct ion 

after mechanical stimulation [39[. Regulation of the number of adhesion sites 

and/ or their coupling to intracellular signal transduction pathways might 

provide a mechanism by which endocrine' modulation of the mechanorC'g

ulation of bone occms. Extracellular Na+ and Ca2+ infl uxes arc believed 

to be necessary for downstream anabolic effects of mechanotra.nsduction in 

osteocyles [40]. 

4. Stress Response and Cellular Deformation 

T he rate of the applied loading stimulus correlates to bone format ion 

rather than the magnitude of strain [14.41]. Low magn itud<> (< 10 ttc), high 

frequency (10 100Hz) loading can stimulate bone growth and inhibit disuse 

osteoporosis [42]. Also, high-magnitude, low-frequency stimuli are quit.e rare 

in the activities of daily life, whereas high-frequency, low-magnitude stimuli 
arc quite common [42[. High rates of loading also increased bone mass and 

strength after jumping exercises in middle-aged osteopenic ovariectomized 

rats [43] . The rate of loading seems to be a decisive factor in bone form ation 

and maintenance. However t he underlying cellular mechanism is not well 

understood. 

l3acabac et a l. [35] found a linear correlation between increased amountf:i 

of nitric oxide (NO) released by bone cells and the rate of fluid shear stress 

(Fig. 2). Since NO med iates bone formation in vivo [44J, th is supports the 

notion t hat bone formation in vivo is stimulated by dynamic rather than 

static load~ [45], and that low-magnitude, high-frequency mechanical stimuli 

may be as stimulatory as high-ampli tude, low-frequency stimuli. This rate

dependent response was found to occur, provided that the cells a re "kicked'' 

in a pre-conditioned state [46[. The findiug that the bone cell 's response to 
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F IGURF: 2. Nitric oxidP p roduction by bone cells is linearly proportional to the 
rate of fluid shear stress. The steepest slope was found at 5 min. (0.11 Pa-Hz- 1

), 

indicating that the highest bon<> cell response to fluid shear stress rate occurs 
rapidly. At 10 min. , NO levels were lower t han those found at 5 m in. Values are 

mean treatment-ov<>r-control ratios (T/ C)±SEM. 

fluid shear stress is rate-dependent provides an explauat ion why adaptive 

bone formation can occur de~pi te the sporadic occurrence of high-amplitude 

strains in daily life 14 7J. 
The excitation mechanism of osteocytes might be due to a unique stra in 

amplification that results from the interaction of the pericellular matrix and 

the cdl process cytoskeleton J48]. This a lso provides an explanation for sus
tained bone formation despitc the sporadic occurrence of high amplitude 

strains in normal phy~iological loading condi tion~. The theoretical approach 

leads to an extracellula r mechan ism for amplifying stress, whereas, experi

mental investigations leading to a rate-dependent respon~e, provided a cellu

lar basi~ for undcr~taucling the osteogenic adaptation of bone to mechanical 

loading. Further understand ing of how bone cells respond to stre~s at the 

cellular level might provide a deeper insight on how bone copes with meager 

amounts of high ampli tude loading. 

Recent studies on the osteogenic activity of bone cells investigated the 

effect~ of stre~s using varying techniques (fl uid flow, substrate stra in , hy

drostatic pressure, vibrat ion stress [49]). The magnitude (and rate) of stress 

were shown to correlate with the cellular response. which was likely cell 

deformation-dependent. Relating the efi.ects of flu id flow and substrate strain

ing have shown that the former induces higher release of signal ing molecules 

[50]. A numerical ~tudy confirmed that the cellular deformation caused by 

sLres~ induced by Ouid flow is fundamentally different from that induced by 

subsLrate straining j50] . Fluid shear stress has a larger overturning effect on 

the bone cells, while the effect of substrate ~train is fo cused on cell-substrate 
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attachment:>. These recent results confirm the importance of investigaLing 

how cells deform in response to stress for understanding the correspond ing 

physiological rcsponsc of cells ]50]. 

One possible pathway for the detection of strain involves mechanosem;i

t ive channels. s ince their sensit ivity to membrane strain and tension may hc 

relevant in the understanding of cellular reactions to mechanical strain all(] 

bone physiology ]51]. 

5. Signal 'Il·ansduction in Mechanosensing 

To respond t.o mechanical stimuli with thc production of signal molecult>s 

which modulate t he activities of osteoblasts and ost.eoclasts, t he mechanosen

sive osteocytes have to convert the mechanical stimuli into intracellular sig

nals (mechanotransduction). Ext racellular matrix receptors, attached to the 

extracellular matrix as wcll as to the cytoskeleton, a re prime candidates 

as mechanotransclucers ]39]. It is likely that the known intracellular s ignal 

transduction pathways, such as the intracellular Ca2+, IP3, or cAMP de

pendent pathways, shown to play a rolc in oLhcr mec:hanosensitive cells. are 

involved [52]. T hereafter s ignal molecules arc produced and secreted , such 

as prostaglandins and nitric oxide (NO) [53]. Osteopontin is rapidly uprc

gulated by ostf•ocytes aftcr acute disuse, wh ich may serve t.o mediate bone 

resorpt.ion, givcn t.hat osteoponlin acts a.<; an osteoclast ch('rnotaxant, a nd 

a modulator of osteoclastic attachment to bone ]54]. 

Prostaglanclins arc involved in the response of bone tissue and cel ls to 

stress [55 59]. Both bone rcsorpt ion caused by immobi lization and bone for

mation caused by mechanical loading are inhibited by indomet hacin in vivo. 

The early upregnlation of prostaglandin release in response to mechanical 

stress was associated with induction of cyclooxygenasc-2 (COX-2) ]60], and 

an increase in the number of functional gap junctions [71]. Induction of COX-

2 by stress might explain why prostagla ndin production is continued for se

veral hours a fter stress was stopped ]251 and could be related to t he memory 

phenomenon described in vivo ]611 

:-.10 produced by nitric oxide synthase (NOS) is an importa nt mediator of 

the response of bone to stress. Several studies ]10, 35. 42, 45. 60] have shown 

that NO production is rapidly increased in response to mechanical stress 

in bone cells, including isolated osteocytes (Fig. 2). In fracture patients, the 

proportions of osteocytes expressing NOS were reduced, suggesting t hat t he 
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capacity to generate NO might be rwluced as a result of fracture, leading to 

impairment of the ability of NO to minimize resorption [62[. The rapid release 

by mechanically stressed bone c:ells makes NO an interesting candidate for 

intercellular communication within the three-dimensional network of bone 
cells. 

6. Single Cell Response to Mechanical Loading 

Osteocyt.es' response to different kinds of mechanical loading has pre

dominantly been studied in cell culturC's or entire bone. However, single-cell 

level mechanosensing and chemical signaling in osteocytes is essential for 

bone adaptation j8j. The m<'chanosensi ti ve part of the osteocytes, the cell 

body or the cell process<>s, has not been determined yet. Hence, informa

l iou is needed on the single osteocyte's response to a localized mechanical 

stimulation. NO is an important marker for studying rnechanosensitivity of 

osteoc:ytes [251, and it med iates the induction of bone fo rmation by mechani

cal loading in vivo j44j. NO is produced as a by-product when 1-arginine is 

converted to L-citruline in the presence of nitrogen oxide synthase enzyme, 
molecular oxygen. NADPH and other cofactors j63j. It metabolises very fast 

and has a physiological half life of 5 15 seconds. making its direct online 

FIGURE 3. Fluorescence images showing intracellular NO production in MC3T3-
El osteoblastic cells. (A) before mechanical stimulation (basal level NO produc
tion), and (B) after mechanical stimulation of a s ingle cell . DAR elM AM rho
damine loaded , surface-attached MC3T3-El cells were subjected to oscillatory 
mechanical loading (144 560 pN, 0.5- 3 Hz, 1 min.) through cell-attached colloid 
particles using optical tweezers. The stimulated cell shows upregulation of intra
cellular NO production seen as increase in fluorescence intensity after mechanical 
stimulation. 



http://rcin.org.pl

40 J. KLEIN-NULEND ET AL. 

del<'clion difficult. DAR-4t--1 At--1 is a 1wcntly developed NO indicator, which 

has been used to show upregulation of intracellular NO production iu single 

osleocyles after localised mechanical stimulation [64J (Fig. 3). This uniquP 

technique, wh ich allows real-time monitoring of chemical signaling al the 

single osteocyte level, might lead to a better understanding of the dynamic 

processes involved in mcchanosensing. 

7. Strain-dependent Regulat ion of Osteoclast Activ ity D uring 
Bone Remodeling 

Throughout. life, bone tissue renews itself by means of basic multic<>llular 

units (BMUs), consisting of osteoclasts and osteoblasts acting in a coordi

nated fashion to resorb existing bone and form new Gone. Tl1(' osteoclasts 

start to dig a tunnel through compact bone, and the osteoblasts refill t ]J(' 

tunnel. In osteons there is always an opeu central canal of connective tissue 

with blood vessels and neurons. IIow do osteoclasts and osteoblasts collabo

rate to produce such osteons running along the direction of dominant strain 

of a bone piece? 

It is unclear how the resorbing ostcoclasts find their way through t IH' pr<'

cxisling bone matr ix during remod<'ling. The alignment of SE'condary ostcons 

along the dominant loading dir0ct ion suggests that remodcling is guidE'd by 

llH'Chanical strain, indicating that mechanical adaptation occurs throughout 

life at each remodeling cycle. Burger et al. [8J has proposed that aliguwE'nt 

during remodcling occurs as a r0sult of differ0nt canalicular flow pat terns 

around cutting cone and rPvcrsal wne during loading. Low canalicular flow 

around the tip of the cutting cone reduces 0 production by local osL0ocytes 

thereby causing their apoptosis (Fig. 4). Osteocyte apopLosis attracts ostco

clasts, leading Lo furt her excavation of bone in the direction of loading. At 

th0 transition between cutting con<' and reversal zone, enhanced canalicular 

flow stimulates osteocytes to releas<' 0, which induces osteoclast retraction 

from the bone surface. Together a treadmill exists of attaching and detaching 

ostc•oclasts in the tip and the periphery of the cutting cone, and the digging 

of a tumJ('l in the direction of loading (Fig. 5). 

How arc the different strains around cuLLing and closing cone sensed by 

ostcoc:lasts and ost.eoblasts? Mechanosensing in bone is primarily a task for 

the ostrocytes, which likely translate the canalicular flow into osteoclast and 

osteoblast-recruit ing cell s ignals. There fore, if local st rain d ifferences around 

t.he cu tt ing- and closing cone of a 13t--1U regu late osteoclast and osteoblast ac-
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FICURF. ·1. Cartoon of thE' cutting cone tip, showing the relation bet.weE'n apop

totic o~lcocylcs and a progressing osteod~t.. Osteocyt.E' apopto~is (indicated a.~ 

black lacunae) is caused by canalicular stasis, which directly result from the 
volumetric strain pattern caused by cyclic loading in the normal direct ion. As 
ostE'ocla;;ts arE' attractE'd towards apoptotic osteocytE's because of changes on the 

apoptotic cell surface (indicated by asterisk::;), the di rection of the osteocla;;tic at

tack follows the direction of loading. OCY, osteocyte network; OCL, ostcocla;;t. 

FIGURE 5. Cartoon of postulated events in the cutting cone of a progressing 
81\.1 U. Osteoclast:; arc attracted by apoptotic osteocyte::; in the cutting cone tip, 

but forced to withdraw again from the bone wrface at the cutting conE' b~c, as 

a result of high amounts of NO produced by well ~tressed o~teocytes. As NO pro
duction remains high further down the revPr~al zone, osteoclasts remain within 

the cutting cone and may even re-enter the resor ption cycle, leading to a "tread
mill" of active and inactive o~teoclasts t hat together dig the resorption tunnel or 

t rench. Vertical arrows indicate direction and magnitude of canalicular fluid flow; 

vertical arrow heads ind icate release of NO by well stressed osteocytcs. 
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tivity, these strain gradients must produce local canalicular flow differences 

that can be related to the recruitment of these two cell typPs. Volumetric 

strain in the bone around a Bl\IU cutting cone was related to canalicular fluid 

flow [12, 13J. A mechanism was propos0d explaining osteocla..<;t behaviour in 

the cutting cone J8J, based ou the effect of different flow patterns on tht' ostco

cytes. Osteocytes produce high lt>vels of nitric oxide (NO) in response to fluid 

shear stress J25J. Interestingly, endothelia l cell nitric oxide synt ha!:::c (ecNOS) 

is speci fi cally involved in the cellular respon1;e to fluid shear stress J65J. NO 

product ion in response to adequate shear stress protects endothdial cells 

against apoptosis [66] , and such a mechanism might also operal<> in bone, 

where osteocytes are protected against apoptosis by NO produced under 

normal canalicular shear stress. At tlw tip of the cutting cone osteocyU~s 

enter apoptosis as a r<>sult of insufficient NO production due to insufficient 

canalicular fluid flow J8J, (Fig. 5). 
Apopt.otic osteocytes at t he tip of the cutting cone will attract osteo

dasts J67J, that resorb the bone matrix and phagocytose t he dying ost<>o

cyU's, which may be the signal for osteoclasts to continue rcsorption in that 

direction. Osteocyte viability may thu:,; play a sign ificant role in the maint<>

nance and integrity of bone J68J. Inhibi tion of osteocyte apoptosis is likc'ly to 

affect bone remocleling. f'vlost importantly, mechanical loading by hydros! atic 

pressure J69J and by A uid slwar stress promotes osteoc_vt0 survival J88J. This 

is of interest in the context of stress-shielding-related osteocyt<> apoptosis. 

which could be the cause of continued tuuueling by the osteocla..<;ts of a BI\IU 

in thC' direction of loading, leading to stress-aligned osteonic remodcling JG8j. 
The mechanism discussed above can explain why osteocla.sts move in the 

direction of loading. At the base of the cutting cone and fmtlH'r down the 

reversal z;one. osteocytes receive enhanced fluid shear stress during loadi ng. 

NO production will therefore be even higher than normal, particularly bv 

t he superficial osteocvtes, which will prevent ft1ther osteocyte apoptosis, but 

may also promote the retraction and detachment of osteoclru;ts from the bone 

surface J70J. This may also occur at the base of the cutting cone. NO acts 

locally as a paracrine cell modulator, which perfectly suites a role as a vc·ry 

local inhibitor of further osteoclastic attack. 

These two mechanisms. attraction of ostcoclasts to the cutting cone tip 

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

t>xplain the mechanically meaningful behaviour of osteoclasts during remo

clclinp;. 
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8. Conclusions 

Important progress has bC'cn mark over the last few years regarding the 

undNstancling of the rok of ostcocytcs in bone metabolism and turnover. 

T he collaboration between cxperimC'ntal invest igat ion a nd theoretical ana ly

s is of t I1C' rC'sponse of bone CC' lis to st n•ss has proven cfl'ect ive for advanced 

unders ta nding of underly ing rn·occssC's in bone mcc:hanotrausduction. These 

stud ies agree that th<' network of ostf'ocytf's, perhaps in conjunction with 

the bone li11ing celb, provides the cellular structure that allows bone organs 

to determine local needs for hone augm<'nlaLion or reduction in response to 

mechanical demands. 

ThC' rolC' of osteocytes, as the nwchanosensors in boue pw· excellance, has 

bee11 elucidated in the past .v<>ars with more detail. Computatio11al model::; for 

cells have previously t reated the cytoplasm and cytoskeleto11 as a continuum, 

but the importancf' of the cytoskcll'tou was recognil\cd leading to more recent 

approaches which treat the cytoskelf'ton more closely to its physical reality, as 

consisting of intf'rconnec:l.ed filwrs. Cell models combining ma ny structurally 

significant cellular component s may prove to be valuable tools in investigating 

the f'ffrct of varying stress applicat ions at t he cellular level. 

Acknowledgem ent 

ThC' work or A. Vatsa wa.s ~;upport ecl by ALW FOM project no. OlFB28; 2. 

The Space Rrscarch Organization of The Net hC'rlands supported Llw work of 

H..G. Bacabac (SRON grant l\ !C-055). The Netherlands Institute for OC'ntal 

Sciences (lOT) supportC'cl Llw work of S.D. Tan. These studies wcr<' per

rormcd under a11spiccs or l hr Skrletal Tissue Engineering Group ArnsLerclam 

(STEGA). T he a uthors wish to t hank V. Everts for critically reading the 

manuscript. 

R eferences 

1. K . ll oLMUECK, P. BIANco. 1. P1 uol·x, s. I Nour~. n..c. BILLINC:IIURsT. \V. \Vu. 

I<. C IIIWS0\'1-.:RC: IS, S. YA~IAD,\, 11. l11RKEDAL-IIANSEN and A.R. POOL!::, The m.c

talloproteinase MT 1-llf MP ts r·Nrmr·rd for· normal development. and maintenance of 

osteocyte pr·ocesses m bone, J . CPII Sci., ll8 : 147 -156, 2005. 

2. II. !CuiiOI<A. T. HoNJO, a nd 'l'. TAKANO-YAMAMOTO, A thr·ee-dtm.enswnal distri
butwn of osteocyte processes ·revealed by the com.binat·ion of cvnfocal laser scanning 

nncrosr:opy and differ·entwl interfer·encc: contmst rnicrosr·opy, Bone, 28: 145 149, 2001. 



http://rcin.org.pl

44 J. KLEI N- NULEND ET AL. 

:t H. KAMIOI<A, Y. SucAWAitA , T. H oNJO, T. YAMASHIHO, and T. T i\KANO

YAMAMOTO, Terminal differentiat·ion of osteoblasts to ostFocytPs is accompanied by 

drarnal.ic changes m the distribution of actin-bindin,q protems . .J. Bone M iner. Res. , 

19 :471 -178. 2004. 

4 . M.L. l<NOTHE TATE , J.R. ADAMSON, A.E. TAMI AND T.W. BAUER. The osteocyte. 

l nt. J. Biochcm. Cell Bioi., 36: 1 , 2004. 

5. A. VAN D I~fl PLAS and P .J. NIJWEIDE, Isolation and pm'ification of osteocytes. J . 

Bone Miner . H.es. anniversar\' classic, orig inally published in vol. 7, pp.:389 9() , 1992, 
.J. Bone l\1inPr. RPs, 20:706 714, 2005. 

(i . J.P . STAINS and R. CIVITELLI, Cell-to-cell inl.eractions in bone, Biochem. 8iophys. 

Res. Commun., 328 : 721 727, 2005. 

7. E.H. B uRGEil and .J . KLEIN-NULEND, Mechanotmnsduction in bone-role of the 

lacuno-canahcular network, FASEB J. , 13: 8101 8112, 1999. 

8. E .H. BURGER, J . K LEIN-NULEND a.ud T.H. S~IIT , Strain-derived wnahcular fi~tid 

flow regulates osteoclast activity in a remodelling osteon - a proposal, J. BiomPch. , 

36: 1453 1459,2003. 

9. S.C. CowiN, L. Moss-SALENTIJN AND M.L. 1\I oss, Candidates fo ·r the rnechanosen
sory system in bone, J. Biomech. Eng., 113:191- 197, 1991. 

10. J. KLEIN-NuLENo. A. vAN DER PLAs , C.l\1. SEMEINs, N.E. AJusi , J .A . rRANcos, 

P. J . NIJWEIDE AND E.H. BURGER, Sensitivity of osteocytes to b10rnechamcal stTess 

in vitTo, rASEB J., 9 :44 1- 445, 1995. 

11. i\I.G. !VI t:LLENDER AND R. H u iSI<Gs, Pmposal for· the regulatory mechanism of 

Wolff 's law, .J. Orthop. Res., 13 :503 512, 1995. 

12. T.ll . SMIT AND E. Il . BuRGER, Is BMU-co1tplmg a stmm-regulated phenmnenon? 
a jimle element analysis, .1. Bone !VIincr . Res., 15 : :l01 307, 2000. 

13. T.H. SM IT, E.H . 8UH.GGR, AND J.M. H UYCIIE, A case joT stmin-indnced fimd 
flow as a reg1tlator of JJMU-roupling and osteonal alignment, J . Bone Miner. Res. , 

17 :2021 2029,2002. 

14. S. W EINBAUM, S.C. CowiN, Y. ZENG, A model for the excztal.ion of osteocytes by 

mechanical loading-mduced bone fluid sheaT stresses, J . Biomech. , 27 : 339 360, 1994. 

15. J.G. M CGARRY, .J. KLGIN-NULEND AND P.J. PRENDERGAST, The effect of cy

toskeletal disruption on pulsatile fluid flow-induced nitric oxide and pTostaglandin & 
release m osteocytes and osteoblasts, Biochem. Biophy~. H.es. Commuu. , 330 :34 1 348, 

2005 

l G. K. T ANA I<A-l<AMIOI<A, H. KA MIOKA, H . RIS AND S.S . LI M, Osteocyte shape is 

dependent on actin filaments and osteocyte pmcesses a7·e unique actin-rich TJTOJections, 
.J . Bone Miner. Res., 13: 1555~- 1568, 1998. 

17. E .M. AARDEN. A.M. WASSENAAR, M.J . ALI3LA ·.AND P.J. N IJWEIDE, Immunocy
tochemical demonstration of extracellulaT matrix pToleins in isolated osteocytes. 1-lis

tochem. Cell 13iol. , 106 :495- 501 , 1996. 



http://rcin.org.pl

Cr·:u . J3 IOLOCY OF \IECII i\NO-Ani\PTIVE BONE REI\.IODELINC 45 

lH. P .. J. N l.l\\'l·:IUE AND R .. J. 1\ll'LDER, l drnhficatwn of o~teocytes m osteoblast-ltke cell 
cult urcb usmg a monoclonal nn l1body speczjically cl!rected agamst osteocytes. I l isto

clwtnistry. 84:3-12 3 17. 19 (i. 

19. I. \VEsTHROEI<, K.E. DE H.oOIJ AND P.J. Nuwt::IDE. Osteocyte-specific monoclonal 

ant1body A/Ab OB7.8ts directed agamst Phex protem, J. Bone Miner. Res., 17 :845 -

H5:3. 2002 

20. A. NAMPEI, J . I-IAsii iMOTO, 1{. II AYASIIIDA, 11. Tsusor, 1<. 8 111 , I . TsuJ r, 

H. 1\IIYASIIITA, T. YA~IMlA, N. 1\lATSliKI\WA. 1\ 1. MATSUMOTO, S. MOitiMOTO, 

T. OC: II I.\Ili\. T. OCIII c\Nil 11. YOSIIII<ASA, Mafrtx extracellular phosphoglycopm

lelll (/1./EPE) ts highly e:tpr·£'8sed m vsleocytes in human bone. J. Bone fvliner. 1\.lelah., 

22 : 17() 184. 2004. 

21. P. DIVII·:TI , A.l. GELI.EH., G. SULIMAN. H. JUPPNER AND F.R. BHING IIURST, 

Reccptors Spectfic for the Carbo:ryl- Temtinal Regwn of Parathyroid Hormone on 

Bonc-Derwed Cells: Deler-rnmanls of Ltgand Rindmg and Bwaclivtly, Endocrinology, 

146 : I H6:~ 11:170, 2005. 

22. H..L. VAN 13EZOOIJEN, B.A. H.OELI::N. A. V ISSER, L . VAN IJER Wt::E-PALS, 

E . DE \V 11: r, fvl. I(ARPERIEN, 11. II AMI-:IlsMA . S.E. PAPAPOULOS, P. Tt::N Dui<E 

AND C. W. Low11<. Sclerostm is an osteocyte-expr·essed negative r·egulator of bone 
f01-rnatwn, but not a classtcal !3i\1P antagomsl, J . Exp. Med., 199 : 805 814, 2004. 

2:3. C.J. II ERNANDEZ, FLJ. 1\ I AJESI<A AND l\1.13. SCIIArFLER, Osteocyte density in woven 

bone, Bone, 35: 1095 1099, 2004. 

21. A .J. EL HAJ, S.L. 1\liNTER, s.c. RAWLINSON, H.. SUSWILLO AND L. I:;. LANYON, 

Cellular responses to mechantml loadmg in vitm, J. Bone 1\1incr. Res., 5 :923 932, 

1990. 

25. J. I(LEIN-NltLEND, C.l\l. SE~IEINS, N. L..:. A.Jl'BI, P . .J. NIJWEIDE .\NI) E. I J. 13UrtGER, 

Pulsalmg flmd flow mcreases mtnc o:nde (NO) synthests by osteocytes b1£l not pe-

1'1.osteal fibmblasts cor-rl'latwn unlh pmslaglandm upr·egulation, Biochcm . Biophys. 

H.0s. Colllmun., 217 : 640 648, Hl95. 

2(). J.l\ 1. Lt·:AN, C.J. J ACC:Eil, T .. J. C IIAMHEHS AND J .vV. C 11ow, l ncr·eased ins·ulin
ltke growth factor I mRNA expr·ess1on m rat osteocytes m response to mecham.cal 

sttmulatwn, Am . .J . Physiol., 268 : E:318 E327, 1995. 

27. T.l\1. SI<EH.RY, L. BtTENSKY . .J. C IIAYEN, AND L.E. L ANYON, Early slram-relaled 

changes m Pnzyme activity m o.steocyles followmg bone loading m v1vo, J . Bone Miner. 

H.f's., 4 : 78:l 788. 1989. 

28. !. WESTI3HOEI<. N.E. A.Jl 'Bl. i\l..J. ALI3LAS, C . l\1. SEMEINS, .J . I{LEIN-NULEND, 

E. H. BURCER AND P .. J. l.JWI·:IDE, Dtffer·entwl stmmlation of pmslaglandm G 1H 
synthase-2 m osteocytes and other osteogenic cells by pulsating fluid flow, Biochem. 

B iophys. Res. Commun .. 268 : '.Jl-1 11 9, 2000. 

29. l. WESTI3 1tOEK, A. \'AN DER PLAS. K.E. DE R OOIJ , J. KLEIN-NULEND 

AND P .. J. NIJWEIDE, Expression of serot.onin receptors in bone, J. Biol. C hcm., 

276:28961-2896.2001. 



http://rcin.org.pl

46 .J . l<LEIN-NULEND ET AL. 

30. B.R. McCnGADIE, S .J. HOLLISTIO:R, M.B. ScHAFFL8H AND S.A. GOLDSTEIN, Os
teocyte lacuna size and shape in women with and without osteopomtic fracture, .I . 
B iomcch., 37 :563 572, 2004. 

31. I<. PI8KARSKI AND M. MUNRO, Tmnsport mechanism opemting between blood supply 

and osteocytes in long bones. Nature, 269: 80-82, 1977. 

32. R.M. D ILLAMAN, Movement of ferritin in the 2-clay-old chick femur, Anal. Rcc. , 

209 : 445 453, 198-1. 

33. R .H . KurAJJ L ANIJ S. SA II A, A theor-etical model for stress-genemtedfluidflow m the 

canaliculi-lacunae network in bone tissue, J . B iomech., 23: 171- 180, 1990. 

:34. L. WANG, C . C IANI, S.B . OOTY AND S. P . FRITTON, Delineating bone's interstitial 
fluid pathway in vivo, Bone, 34: 499 509. 2004. 

35. R.G. BACABAC, T.H . SM IT, M.G. MuLLENDER, S.J. 0IJCI<S, J.J.Vv'.A. VAN L OON 

AND J . l<LEIN-NULENIJ, N~tr·ic oxide productwn by bone cells ~s fluid shear str-ess mte 
dependent, Biochem. B iophys. Re,;. Com mun., 315 :823- 829, 2004. 

36. S.C. CowJN, S. WEJNIJAUM AND Y. ZENG, A case for bone canaliculi as the anatom
ical site of stmin genemted potentials, J . B iorncch., 28 : 1281 1297, 1995. 

37. L. You, S.C. COWIN se, M .B . SC HAPPLEH AND S. WEJNBAUM, A model for· stram 

amplification in the actin cytoskeleton of osteocytes due l.o fluid dmg on per-icellular 
matrix, J . B iomech. , 34: 1375 1386, 200 1. 

:38. L.D. You, S. WEINIJAUM, S.C. CowiN ANIJ M.B. SCIIAFFLEH., UUrastr-ucl.ur-e of 

the osteocyte pr-ocess and its per-icellular matr-ix, Anat. Rec. A. Discov. Mol. Cell. E 

Bioi. 278 :505 513,2004. 

:39. N. WANC:, J.P. BUTLER AND D.E. lNCIJEil, Mechanotransduction acmss the cell
surface and thmugh the cytoskeleton, Science, 260 : 1124 1127, 1993. 

40. Y. M ll<UN I-TAKACA I<I, Mechanical r·esponses and signal transductwn pathways in 
str·etched osteocytes, J . Bone M iner. Metab., 17 :57 60, 1999. 

4 1. S.C. Cow JN, Bone poroelasticity, J . 13iomech. 32 :217 238, 1999. 

42. C. H . TURNER, I. 0WAN AND Y. TAI<ANO, Mechanotmnsrhtction in bone: role of 

stmin mte, A m . J. Physiol., 269 :£438 £442, 1995. 

43. P. NOilDSTROM, U. PETTERSSON AND R L ORENTZON, Type of physical activity, 
muscle strength, and pubertal stage as deter·minants of bone mineral density and bone 
area in adolescent boys, J. Bone M iner. Res., 13 : 1141- 1148, 1998. 

44. C. H. TURNER, I. OwAN, D.S . .! ACOB, R. McCLINTOCI< AND M. PEACOCK, Effects 
of nitr-ic oxide synthase inhibito·rs on bone formation in ro.ts, I3one, 21 : 487 490, 1997. 

45. C.T. RUBIN AND L .E. LANYON, Regulat1:on of bone fonnation by applied dynamic 
loads, .J . Bone .Joint Surg. Am. , 66 :397 -402, 1984. 

46. R .G . BACAI3AC, T .H . SM IT, M.C . 1\'f ULLENIJER, .J . .J .W.A VAN LOON AND 

J . KLEIN-N ULEND. Initial stress-kick is reqmr·ed for· }tu id shear· stress-induced ratP 

dependent activation of bone cells, Ann. Biomed. E n g., 33: 104- 110, 2005. 



http://rcin.org.pl

CF:LL B IOLOGY OF l\[ i':C I Ii\NO-ADAPTI VE BONE REl\ IODP.LING 47 

·17. S .P . FRJTTON, K.J. McLEOD ANIJ C.T. RUBIN, Quantifying the slruin history of 
bone: spatial un·iformity and :Jelj-similarity of low-magnitude strains, J. Biomech., 

33:317 325,2000. 

48. Y. f-l AN. S.C. CowiN, l\.1. f3. SCJJ..\rrLER AND S. WEJNBAUM, Mechanotransduc
twn and strain amplification in osteocyte cell processes, Proc. Natl. Acad. Sci. USA, 

101 : l6689 16694, 2004. 

·19. 11..G . BACI\!31\C, T. H. SMIT . .J . .J .W .A. VAN LooN AND J . KLEIN-NULEND, Nitric 
oxide production by bone cells in response to mechamcal vibration, T rans. 51st Ann. 

J\leeting ORS, 30, abstract no. 0218, 2005. 

;)0 .. J.G. l\lcG ,\RRY, J. KLEIN-NULEND. l\J.G. l\ I ULLENDI':R AND P . .J. PRENDERGAST, 

A companson of slrnm and fluid shear st1·ess m stimulatmg bone cell responses-a 
computational and expP.7imental st1tdy, FASEB J., 19:482- 484, 2005. 

51. G.T. CIIAilRAS, B.A. WJLLIAMS, S.l\.1. SIMS AND M.A. HORTON, Estimating the 

sensitimty of mechanos1'ns1twe ion channels to membrane strum and tension, I3 iophys. 

J ., 8 7 :2870- 2884. 2004. 

52. J. !QUAL AND M . ZAIDI. Molentlar regulation of mechanotransduction, Biochem. 

Biophys. Res. Commun., 328: 751 755, 2005. 

5:l. l\1. f-I UGJ IES-FULFORD, Signal tmnsd11ctio11 and mechanical stress, Sci . STK E, 2004 

p. R.E 12, 200·1. 

54. T .S. C JlOss, [(.A. KING, N.A. H.i\BAIA, P. F'ATIIARE AND S. SRINIVASAN, UpTegu

lat.ion of osteopontin by osleocytes deprwed of mechamcal loading or oxygen . .J . Bone 

Miner. Res., 20 : 250 256, 2005. 

55. N.E. AJUI31, J. KLEIN- Nt i LEND, P . .J. N lJWGIDE, T. V lUJ IIEID-LAMMERS, M.J. AL

BI.AS AND E. H. BcRC:F:H. Pulsat·ing fluid flow increases pmstaglandtn production by 
cultured ch1cken osteocytes-a cytoskelet.on-dependent process, Biochcm. Biophys. Res. 

Commun .. 225 : b2 68, l996. 

56. A. D . BAKI<ER, J. KLEIN-NULEND. E. TANCI<, G.H . ALBERS, P. LIPS AND 

E.J-1. I3URCER, Additive effects of estTogen and mechanical stTess on nitric oxide and 
prostaglandin E2 ]n·orluction by bone cells from osteopomtic donor·s, Osteoporos. Tnt., 

16 : 98:3-!:!89, 2005. 

57. J. l<LEIN-NULEND, J .C. STERCK, C.M. SE~IE J NS, 1 . L IPS, M. JOLDERSMA, 

J.A. BAART AND E. H . BuRG Jm, Dono1· age and mechanosensitivity of human bone 

cells, Osteoporos. Tnt., 13 : 137- 146, 2002. 

58. J. I<LEIN-NL'LEND, E. H . BuRGER, C.M. SEMEINS , L .G . R AISZ AND C.C. P ILBEAM, 

P.ulsatmg fluid flow stimulates prostaglandin r-elease and inducible prostaglandin G/ H 
synthase mRNA e:rpr·ession in primary mouse bone cells, J. Bone Miner. Res., 12 :45-

51, 1997 

59. l\ 1. l\ l l!L LENDER. A. J . EL H AJ. Y. Y ANG, M.A. VAN O u i N, E .H . BuRGER AND 

.J. KLEIN-NULEND .. 1\Iechanotmnsduction of bone cells in vitm: mechanobiology of 

bone tissue, l\ l ed. I3 iol. Eng. Com put., 4 2 : 14- 21, 2004 . 



http://rcin.org.pl

48 J. l<LEI N-NULEND ET i\L. 

60. J. K LEIN-NULEND, l'vl.H. H I':LFRICII, .J.G. STERCK, Il. l\IAcPHr-:RsON, l\ 1. JoLD

EI\St>IA. S. ll. RALSTON, C.l\ 1. SEMEINS AND I:;. H . BURGER, Nitnc oxtde response to 

shear str·ess by human bonl' cell cuLtures 1s endothelwl mtric oxtde sy11thasr dependent, 

Biochem. Biophys. Res. Commun. , 250 : 108 114, 1998. 

61. .J .G. STEHCI<, J. KLEIN-Nl 'LEND, P. LI PS AND E.H. BuRGER, llesponse ofnonnal 
and osteopor·otic human bone cell.~ to mcchrmical str·ess m vit1'0, Am . .J . Physiol., 

274: 8 1 I 13 Ell20, 1998. 

fi2. A.l\1. CABALLERO- ALIAS, N. LOVEIUDGE, A. PITSILLI DI':S, M. PARI<ER, s. KAI'

TOC:E, A. LYON A Nil J. H EIW I·:, Osteocytic expression of constitutive NO synthase 
tsoforms in the femoral neck ro1·tex: a casr-controL study of intmcapsulm· htp frart!lre. 

J. Bone l'vl iner. Res., 20 :268 2n, 2005. 

63. l\l.A. l\IARLETTA, Nttnc oxzde synthase: aspects conccrmng str·ucture and catalysis, 
Cell. 78 : 927 930. 199,J. 

64. A. VATSA, D. l\IIZUNO, T. H . SM IT, C. F . SCIIWIH, F.C. l\IACKINTOSII \ ND 

J . I< LEIN-NULEND, Bio-tmagmg of intmcellnlar mtnc oxzde m smglP rells aftr>r me

chamcal stimulation, .J. Bone !\liner. Res., 19 abstract no SU210. p.S255, 2004. 

65. H.. B uss E AND I. FLG~I INC . Pulwtile stretch and shear· stress: physical stimuli dcle1·
mining the production af Pndothelm m -derwed relaxing factors, .J . Vase. Hes., 35 : 7:1 
84, 1998. 

66. L. R oss rc. J . IlAENDELER, C. IIERMANN, P. l\ I ALC'IIOW, C. UrtHIC'II , A.l\1. ZEIIIEil 

AND S. OrMMEI,GR, Nth'ic onrlP rlown-1·r'gula/es MKP-.'3 mRNA levPls: wvolvr'mrml 
m endothPlial ceLl pmtPclwn fmm apoptos1s, J. 13iol. C lwrn .. 275 : 25502 25507, 2000. 

67. A. L . .J..J. BrWNCl<EHs. \V. GoEr, G. Lt iO, G. J<,\RSENTY , H.N. D'Sm·zA. 

0 .1\1. LYARUl~ AND E. II . Bt'RCER. DNA fmgmentatwn dun.ng bonP fonnatum m 

neonatalmdenls assessed by lmn . .,funw-medwted end labeling, J. 13onr !\!inN. l{<'s., 

11 : 12H1 1291 , 1996. 

()8. A. i3 AKKER A, .J. I<LEIN-NtJLEND AND E. H . B uRGER, Shem· stress mhtbtts wh1le 
disuse p1'0motcs osteocyte apoptosts, 13iochcm. Biophys. Res. Com num., 320 : I !(i:l 
1168, 2004. 

69. E. TAI<A I. R.L. 1\ I AUCI<, C.T. IlUNC, AND X. E. Cuo, Osteocyte vwbtltty and r·egnLa

twn of osteoblast functwn m a 3D tmberular· bone explant under dynamic hydmstattr 

pr·essm·e, J. Bone Mine r. R<'s., 19 : 140:~ 1410, 2004. 

70. I. 1\ I AC I NTYRE, l\1. ZAI DI , A.S. ALA ~!. H .K. DATTA, B.S. l\[QONCA, P .S. LIOBURY, 

ET AL., Osteoclastic inhibttwn: an actwn of nitric oJ·ide not medwted by cycltc C AI P. 

Proc. Natl. Acad . Sci. USA , 88 : 293G 2940, 1991. 




