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The mechanoscnsory mechanisms in bone include (i) the cell systen1 t hat i · sti
mulated by externa l mechanical loading applied to the bone; ( ii) the system that 

transduccs that mechanical load ing to a communicable signal; and (iii) the sys

tems that transmit that signal to the efl'eclor cells for the maintenance of bone 
homeostasis and for stra in adaptation of the bone structure. The effector cells arc 

the ostcoblasts and lhc osteoclasts. These systems and the mechanisms that they 

employ have not yet been una mbiguously idcntillcd. The candidate systems arc 
reviewed here. In particular a summa ry is given of the current theoretical a nd ex

perimental evidence suggesting that osteocy tcs are the principa l rnechanosensory 

cells or bone, that they are activated by the effects or fluid flowing through the 
osteocyte can a I icu li , and that the electrically coupled three-dimensional network 

or osteocytcs and lining cells is a commun ications system f'or the control or bone 

homcost.asis and structu ral strai n adaptation. T he similarities or the mcchano
transduction system in bone with the mecha notransduction system used by the 
cells of the hearing system will be described. Both cell systems sense mechanical 

vibrations in a fluid domai n. 

l<ey \\'Orcls: mechanosensaLion, bone, hearing, cell systems 

1. Introduction 

I t hati long been known that living adult ma mm alian bone tissue adapts 

iLs material properties, and that whole bones adapt thei r shape, in response 

to <:lltercJ mechanical loading jl, 2, 3, ..J-, 5. G, 7, j. P rogress is being made in 

understanding the cellula r mechanisms that accomplish the absorption and 

deposition of bone tissue. The physiological mechanism by which t he me

chan ical load ing applied to bone is sensed by the tissue, and the mecha-
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nism by which the sensed signal is t ran mi tted to the cells _which accomplish 

the surface deposition, removal and maintenance, have not been ident ified. 

The purpose of thi s contribution is to review some of the background re-

earch on these mechanosensory mechanisms and to outline candidates fo r 

the mechanosensory ystem. See [9, 10] for earli er reviews of similar li terature. 

Mechanoreception is the term used to describe the process that transmits 

the informational content of an ext racellular mechanical sti mulus to a re

ceptor cell. Mechanotransduction is the term used to describe the p rocess 

that t ransforms the mechanical stimulus' content into an intra-cellular sig

nal. The term mechanosensory is employed to mean both mechanoreception 

and mechanotransduction. Addi tional processes of inter-cellular transmission 

of t ransduced signals are required at ti sue, organ and organismal structural 

levels. The mechanosensing proce s(es) of a cell enables it to sense the pres

ence of, and to respond to, extrinsic physicalloadings. This property is wide

spread in uni- and multicellular animals [11. 12, 13, 14. 15, 161, plants [17, 18] 

and bacteria [19j Tissue sensibili ty is a property of a connected set of cells 

and it is accomplished by the intracellular processes of mechanoreception and 

mechanotransduction. 

2. The Connected Cellular N etwork (CCN) 

The bone cells that lie on all bony surfaces are osteoblasts, either ac

tive or inactive. Inactive osteoblasts are called bone-lining cells; they have 

the potential of becoming active osteoblasts (Fig. 1) . The bone cells that 

arc buried in the extracellular bone matrix are the ostcocytes. Each osteo

cyte, enclosed within its mineralized lacuna, has many (perhaps as many as 

80) cy toplasmic processes (Fig. 1, Fig. 2) These processes arc approximately 

15/Lm long and are arrayed three-dimensionally in a manner that permits 

them to interconnect with similar processes of up to as many as 12 neighbo

ring cells. These processes li e wi th in mineralized bone matrix channels called 

canaliculi (Fig. 2, Fig. 3) . The small space between the cell process plasma 

membrane and the canalicular wall is filled with bone fluid and macrom ole

cu la r complexes of unknown composition. All bone cells except osteoclasts 

are extensively interconnected by the cell process of t he osteocytes forming 

a connected cellular network (CCN) [20, 21 , 22J . The interconnectivi ty of the 

CCN is graphi cally illustrated by Fig. 4 which is a scanning electron micro

graph showing the replicas of lacunae and canaliculi in situ in mandibular 
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FiGURE l . Diagram of a t hin bone t rab cula (5) showing the four types of bone 
cells. Oslcoblasts (8) and thei r prec ursors (7) a rc shown on the upper surface 
over a layer of uncnlcificd osteoid ma trix (9) , ostcocy tes (6) are shown in their 
lacunae, an osteoclast (!) and a bone li ning cell (3) a re shown on the lower surface. 
Capi llaries (·1), conta ining red b lood cells in their lumina, and a fi broblast (2) a re 
shown near the t rabecula. Adapted from [19,JJ. 

49 
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FIGURE 2. Diagram of lwo osteocytes (1) in the lamellar bone of calcified bone 
matrix (3) . 1\vo neigh boring lamellae (2) with different collagen fib er orienla
lions (7) are visible. The ostcocylic cell bodies arc located in lacunae and are 
surrounded by a thin layer of uncalcificd matrix (4). Their cell processes (5) are 
housed in canaliculi (G). Some of Lite gap junctions between the cell processes are 
indica ted (arrows). i\lodified fro m [19,1]. 
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FtCUtl" 3. 11 pie-shaped section of an osteon. The osleonal canal is on the upper 
right , lhe cement line to the left. The osteonal canal is part of the vascular porosity 

(PV). the lacunae and the canaliculi an• part of the lacunar-canal icular porosity 
(PLC) and the nwtcrial in t it(• space that is neither PV or PLC contains the 

collagen-apalile porosity WC,\). The lhrrc intcrfaces, the cement line, the cellular 

interface (!C) and the lacunar-canalicular interface are each indicated. Tlw radius 

of an <>Steon is usually about 100 JLllt, and the long axis of a lacuna is about I5JLlll. 

L-sing litis information it should bc possible lo establish the approximate scale of 
the printed version of this illustration. Pre,·iously published in [93j. 

Ft<:L:HE ·1. ,\scanning electron micrograph sho"·ing the replicas of lacunae and 
canaliculi in situ in mandibular bot1l' front a young subject aged 2'2 years. The 

insl'l sholl's enlarged lacunae identified by a rectangle. This micrograph illustrates 

Llw intcrconncctivily of l hP connected cPllular netll'ork (CC.\). Copied fmtn [ 19:Jj. 
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bone from 11 young subject aged 22 years. The inset of Fig. 4 shows enlarged 

lacunae ident ifi ed by a rec ta ngle. 

The touching cell processes of two neighboring bone cells contain gap 

junctions [23. 24, 25. 26, 27, 2 , 29, 30]. A gap j unction is a cha nnel connect

ing two cells. The location of the gap junction is indicated by the a rrowheads 

in Fig. 2. The walls of the cha nnel consist of matching rings of proteins pierc

ing the membrane of each cell , a nd when the rings associa ted wi th two cells 

connect wi th each other , t he cell-to-cell junction is form ed. This juncti on 

a llows ions and compou nds of low molecular \\·eight to pass between the two 

cells without passing into t he extracellular pace. The p roteins making up 

a gap junct ion are called connexins; in bone the protein is ci t hcr connexin 43 
or 45, wi t h 4.3 prcdomina Ling (the number refers to the size of the proteins 

calculated in kilodaltons) [31 , 32]. A ring of co nnexins in one cell membrane is 

genera lly called a connexon or hemichanncl. Both mechanical s tra in and fluid 

shear stress cause increased expression of the conncxin 43 in vascular tissues 

[33]. In cardiac t issue t he t urnover rate of conncxin 43 is very rapid [34]. The 

rapid dynamics of gap junct ion t urnover a nd the plasticity of gap junction 

expression in response to various stimuli offer the possibility for remodcling 

of the intercellular circui ts both wit hin and between communication com

partments in t he cardiovascula r system [35]. In bone . gap junctions connect 

superficial osteocytes to periosteal and endosteal osteoblasts . All ostcoblasts 

are s imila rly interconnected laterally on a bony surface; perpendicular to Lhc 

bony surface, gap junctions connect periosteal os teoblasts with preosteoblas

t ic cells, and these, in t urn. a rc similarly in terconn ec ted. Effectively, each 

CCY is a t rue syncytium [25, 27, 2 , 3G[. Ga p j unctions arc found \\·here t he 

plasma membranes of a pair of m arkedly lapping cana licula r processes meet 

[36]. In compact bone, cana liculi cross t he cement lines t hat form the outer 

boundary of osteons . T hus extensive communication exists between osteons 

and interstit ia l regions [37]. 
Bone cells a rc electrically act ive [3 , 39, 40, cl] , 42]. Jn add it ion to permi t

t ing t he intercellular t ra nsmission of ions a nd small molecules , gap junct ions 

exhibit both electrical a nd flu orescent dye tra nsmission [43, 4A , 45, 46[. Gap 

junctions arc electrical syna pses, in cont radistinction to interneuronal, chemi

cal synapscs; and. s ignificant ly. t hey permit bi-d irect iona l s ignal traffic (e.g .. 

biochemical , ionic, electrical etc .) . In a physical sense, t he CC~ represents 

t he hard wiring [20, 21 , 22, 4 7] of bone tissue. 
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3. Mechan osensation in Bone: Stimuli 

T he stimulus for bone remodeling is defined as t hat particular aspect of 

the bone's stress or strain history that is employed by the bone to sense 

its mechanical load environment and to signal for the deposition, mainte

nance or resorption of bone tissue. The bone t issue domain or region over 

which the stimulus is felt is called the sensor domain. When an appropri ate 

stimulus parameter exceeds th reshold value , loaded tissues respond by the 

triad of bone adaptation processes: deposition , resorption and maintenance . 

The CCN is the site of intracellular stimulus reception, signal transduction 

and intercellular signal t ransmission. It is thought that stimulus reception 

occurs in the osteocyte [20] , and that t he CCN tran. duces and t ransmits 

the signal o the surface lining or osteoblast . T he osteobla ts alone directly 

regulate bone deposition and maintenance, and indirectly regulate osteoclas

tic resorption 14 I The possible role of Lhe osteoblast as a stimu lus receptor 

ha not yet been thoroughly investigated [49] . Although it is reasonably pre

sumed that initial mechanosensory events occur at the plasma membrane of 

the osteocyt ic soma and / or canalicular processes, the initial receptive, and 

ubsequent transductive, processes a re not well understood. 

It follows that the t rue biological stimulus, although much discussed, is 

not precisely known. A var iety of mechanical load ing st imul i associated with 

ambulation (at a. frequency of one to two H z) have been con. idered for bone 

remodeling. The major ity has followed WolfF [2, 3] in suggesting that some 

aspect of the mechanical loading of bone is the stimulus. T he mechanical 

stimuli suggested include strain [50], stress [2 , 3], strain energy [51 , 52], strain 

rate I 53, 54, 55, 56, 57, 58,591, and fatig ue microdamage [GO, Gll . In some cases 

the time-averaged values of these quantities a re suggested as the mechanical 

stimulus, and in others the amplit ud es of the oscillatory components and/ or 

peak values of these quantities are the candidates for the mechanical stimulus. 

1\vo-dozen possible stimuli were compared in a combined experimental and 

analytical approach [621 . The data supported strain energy density, longitu

dinal shear stress and tensile principal stress or strain as stimuli ; no stimulus 

that could be described as rate dependent was among the wo dozen pos

sible stimuli considered in the study. For a consideration of the stimulus in 

microgravity see [63]. 

The case for stra in rate as a remodeling stimulus has been building 

over the last quarter century. The animal studies of Hert and his coworkers 
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[53, 5..J, 55[ suggested the importance of stra in rate. Experiments [57 . . 5 , 59[ 

have quantified the importance of strain rate over strain as a remodeling 

stimu lus. The studi es [G..J-. 65. GGJ clirccLcd at the understanding of the cellu

lar mechanism for bone rcmodcling have suggested that the prime mover is 

t he bone st rai n rate driven motio n of the bone lluid whose signal is trans

duced by osteocytes. In t he model[G..J, 65, 66] developed. the shear st ress from 

the bone fluid flo''" over Lhc os teocyLic processes in the canaliculi is a cellular 

mechanism-based model suggest ing strain rate as a stimulus . A later study 

[67[ showed that it was uot sheHr st n•ss applied directly tot he cell membrane , 

but rather the force created by fluid drag 011 the fibers of the glycocn lyx of 

the cell transmitted to the cell 111embrane. This study will be described in 

grater detail in the section on strain amplification . A recent study JG I that 

showed bone deposition to be related to stra in gradients actually demon

str ates a dependence upou strain rate if the model de,·eloped in [6LJ, 65, 6Gj 

is rea listic . 

Jn experiments with cul t ured cells it has been shown that osteocytes, 

bu t not periosteal fibroblasts. ::trc extremely sensitive to fluid flow. resulting 

in increased prostaglandiu as well as ni t ric oxide production [69 , 70]. Th ree 

different cell populations, muiiCiy osLeocyLcs, ostcoblasts. a nd periosteal fi

broblasts. were subjected to two stress regimes, pulsatile Auicl flow and iuter

mittent hydrostatic compression (JI IC) j69[. JntenniLtent hydrostatic com

pression was applied at 0.3 ll z with a J 3 kPa peak pressure. The pulsatilc 

fluid flow \\'as a fluid flow with a mean shear stress of 0.5 Pa "·ith cyclic 

varia tions of 0.02 Pa at 5 Hz. The maximal hydrostatic pressure rate was 

130 kPa/ scc and the nwxinwl fluid shear st ress rate was 12 Pa S<'C. Under 

bolh stress regimes, osteocytcs nppemcclmorc sensiti\'c than ostcoblasts, a nd 

ostcoblasts more scnsi t i vc than p<'riost C<ll fibroblnsts. J I O\\'C\'t~r. clespi t e the 

lnrgc difference in peak stress and peak stress rate, pulsalilc fiuid flow was 

more effective t han intermittent hydrostatic comprcssiOI I. Ostcocytes, but 

not the other cell types respo nded Lo l hour pulsatile fluid Aow treatment 

\\'ith a sustained prostaglandin E:2 uprcgulation lasting at least one hour af

ter pulsatile fluid flow \\·as terminated. 13y comparison. JHC needed 6 hours 

t reatment before a response \\'as found. These results suggested that osteo

cytes arc more sensitin~ to mechanical stress than osteoblasts. \\'hich are again 

more scnsi ti ve than periosteal fi brobiHsts. Furt hermorc, ostcocytcs appeared 

particu lar ly sensit i,·e Lo fluid shear stress , more so than to hyd rostatic stress. 

These concl usions arc in agreement with the t heory that osteocyLes arc t he 
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main mcchanosensory cells of bone, and that they detect mechanical loading 

events by the canalicular flow of interstit ial flu id which resul ts from that 

loading event . The model developed iu [6-l, 65 , 66[ used Biot 's porous media 

theory to rela te loads appl ied to a whole bone to the flow of canalicular inter

s ti t ial fluid pas t the ostcocy tic processes . T hese calculations pred icted fluid 

induced shear stresses of 0. -3 P a , as a resul t of peak physiological load ing 

regimes. T he fi ndings that bone cells in vitro actually respond to fl uid shear 

st ress of 0.2- 6 Pa [69 , 70, 71 , 72 , 73]1end experi mental support to t he model 

[64 , 65, 66]. 

Osteocytcs also rap idly relca ·e ni t ric oxide in response to stre s [70 , 74] 

and this NO response seems to be requ ired for the stress-related prostaglandin 

release [70]. T herefore, t he behavior of osteocytes compares to that of en

dot helial cells which regulate the flow of blood through the vascula r sys tem, 

and also respond to flu id flow of 0.5 Pa with increased prostaglandin a nd 

nitric oxide production [75] T he response of endothelial cells to shear stress 

is likely rela ted to their role in mediating an adaptive rcmodcling of the vas

cula ture, so as to maintain consta nt endothelial fluid shear st ress throughout 

the a rterial site of t he circulat ion [76[. 

Skeletal muscle cont raction is a typical bone-loadi ng event and has been 

suggested [77 , 78, 79] as a stimulus . Frequency is one of t he cri t ical parame

ters of the ll1uscle stimulus and it serves to d ifferent iate this stimu lus from 

t he d irect mechanical loads of ambula t ion which occur at a frequency of one 

to two Hz. T he frequency of cont racting muscle in teta nus is from 15 Hz 

to a max imum of 50- 60 Hz in mammalian muscle I OJ . I t has been observed 

[ ] , 82] that these higher order frequencies, signifi cantly related to bone adap

tational responses, a re [83J " . .. present within the [muscle cont ract ion J strain 

energy spectra regardless of animal or act ivity a nd implicate t he dyna mics 

of muscle contraction as the source of this energy band ." T he close s imi la rity 

of muscle stimu lus frcqucncie to bone tissue response frequencies is noted 

below. 

4 . Stra in A mplification 

There is a fund amental pa radox in the physiology of bone mecha nosen

sation . T he paradox (Fig. 5) is that the strains applied to whole bone (i.e., 

t issue level st rains) arc much smaller (0.04% to 0.3%) than the stra ins (1% 

to 10%) that arc necessa ry to cause bone signaling in deformed cell cui-
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FIGURE 5. Pa radox addressed in mechanosensation. (a) An illust ration of the 
small strains that the whole bone experiences, trains that are in the range 0.04 
to 0.3 percent and seldo m exceed 0.1 percent. T he last two panels, (b) photomi
crograph of osteocytes encased in bone matrix (c) osteocyte in lacuna, illustrate 
t hat large trains (1 to 10 pe1·cent) on cell membrane are needed to induce bio
chemical intracell ular response in vitro. The paradox in the bone mechanosensing 
system is that the strains that activate the bone cells are two orders of magnitude 

larger than the s t rains to which the whole bone organ is subjected. Previously 

published in [67J. 

tu res [59 , 84]. Osteocytes (Fig. 2) arc believed to be the cri t ical mechanical 

sensor cells [20, 85], although the mechanism by which osteocytes perceive 

mechanical load is not known. One widely held idea is that cell membrane 

stretch occurs as a direc t result of surrounding t issue deformation. If this is 

the case, then strain on osteocyte membranes should be com parable to the 

bone tissue strain. However , in vitm studies show that in order to induce 

any cellular response by direct mechanical deformation of bone cells, defor

mations need to be one to two orders of magni t ude larger than t he bone 

tissue strains normally experienced by the whole bone in vivo [67, 6]. Simi

lar cell st rain magnitudes arc needed to activate fibroblasts and chondrocytes 

(""15%) [87, 8], suggesting that in their sensit ivity to mechanical strain, os

teocytes may not be different from other connective tissue cells. However , in 

bone the larger strains needed to stimulate osLeocytes cannot be derived di

r ctly from matrix deformations, as they would cause bone fracture. Thus, in 

bone there is an inherent contradiction between material and biological stim

ulation requirements . A hypothesis and model to deal with this cont radiction 

is given in [67]. 

The flow of bone flui d due to mechanical loading through the lacuno

canalicular system is an impor ant aspect of the model presented in [67] . Be

tween the osteocyte cell process membrane and canalicular vvall is the pericel

lular space t hrough which the bone fluid fl ows (Fig. 2, Fig. 3) . A pericellu lar 
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organic rnatrix appears to fill the space [89, 90]. This matrix is supported 

by transverse fibril s [91] that appear to anchor and center the cell process 

in its canaliculus. When a whole bone is deformed, the deformation-induced 

pressure gradient will cause bone fluid to flow in the pericellular space of the 

lacunar-canalicular system [64, 65, 66, 92 , 93,941 and induce a drag force on 

the matrix fibers 

The effect of fluid drag forces on the pericellular matrix and its coupling to 

the int racellular actin cytoskeleton and the strain amplification that results 

from this coupling, was examined in [67]. The fluid drag on an attached 

pericellular matrix causes a circumferent ial (hoop) strain in the membrane

cytoskeleton of the cell process. T he model in [67] shows that , for the loading 

range 1 to 20 l\ IPa and frequency range 1-20 Hz, it is, indeed, possible to 

produce cellular level strains in bone that are up to 100 fold greater than 

normal tissue level strains (0 .04% to 0.3%) . Thus, the strain in the cell process 

membra ne clue to the loading can be of the same order as the in vitro strains 

measured in cell culture studies where int racellular biochemical responses are 

observed fo r cells on stretched elast ic substrates. 

An idealized model for an individual cana liculus wi th i s central cell 

process is a tube containing a cent rally positioned osteocyte process and 

its surrounding fluid annulus filled with a mesh-like pericellular matrix i 

shown in Fig. G. For the pericellular component, only two structural ele

ments are cri tical for this mechanical model: 1) a space fi lli ng pericellular 

matrix with a fiber spacing 6 that is sufficiently small, a nd 2) t ransverse 

fibrils which tether the cell process to the canalicular wa ll. From a mecha

nics point of view, any matrix , wh ich has these two characteristics, shou ld 

function equ ivalently, although the degree of strain ampl ification will change 

with the fiber spacing 6. There is growing evidence to support th is basic 

structure. First, a space filling pericellular matrix surrounding osteocytes 

is well-established [ 9, 90, 91, 95 , 96]. Second, t ransverse tetheri ng elements 

were first clearly identified in Fig. 3 in [91 ]. The pericellular space surround

ing the osteocyte process varies from 14 nm to 100 nm [97, 9 , 99], depending 

on species, age, age of osteocyte, histological bone type, skeletal location etc. 

As yet unreported electron microscopy studies by Lidan You on adult mice 

indicate a pericellular space of 30- 50 nm. Lidan You also observed that the 

cell process is invariably located at the center of the canalicular cross-section 

suggesting that the transverse fibrils are tension elements that anchor and 

position the cell process within the canaliculus. 
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FIGURE G. Schematic model showing the st ructurr of the perice llular matrix 
(Pl\1), the intracell ular actin cytoskeleton inside the process and the connection 

between the Pl\1 a nd the 1,\C (intracell ular actin cy toskeleton). (a) transverse 

cross-sec t ion of canal iculus showing the fl u id a nnular shape of the region and 

transvcrsr (radia l) pericellular flbers. (b) longitudinal cross-section before and 

after the transverse el~?menls arc dcformrd by lhr flow. (c) schenwtic of the cell 
process cy toskclctal struct ure in longitudinal ax inl section used to estimate t he 

You ng's mod ulus in the radial (vertical) d irection . Since the le ngth of the cell 

process is 300 li mes its radius, it is considered infinite in the longitudinal (hor
izonta l) direction. The axial actin filaments s ho,,·n are modelcd as continuous 

infinite bea ms with t\\'o types of load ings depending on whether the acti n fila

ments arc peripheral or interior. The small vertical arrows indicate the direction 
of the loading. The (fi mbri n) li nks between these infinitely long beams arc consid

ered to be rigid . (d) Jcorcc balancr on a transverse clement. Previously published 

in ]67]. 

Both a lbumin and proleoglycau exist rn the pericellular space [ 9. 100]. 
The effectiYe diameter of albumin is approximately 7 nm , si mi lar l o t he spac

ing of glycosaminoglycans (GAG) s ide chains along a prot coglyca n monomer 

[101]. T he model of \\'einbaum and Cowin [6..! , G5, GG] s uggcsLed that the value 

of pore ' ize leads to shear stresses of 0.5 to 3.0 Pa for mechanical load 111 

the physiological range and good agreement \\·ith the experimental data fo r 

the relaxat ion time of s tress generated potentials (SGP) in bone under fo ur 

point bendi ng [102, 103. JO-IJ. A pericellul a r matrix with a lliOsl likely pore 

size of 7 run m1s Cl!;Strmed for the llloclcl in [G7] . 
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Fin<11lv. t llt' matrix must be attached to the cell process and the canali

cular \\·all i11 orclcr for the drag, force lo be t ransmiltecl to the membrane and 

its underlying intracellular actin cytoskeleton. lf such linker molecules a re 

prc cnt. drag forces exerted on the matrix fibers will produce a tensile stress 

on these linker molecules that. in t urn. will produce radial (hoop) strai n in 

the intracellular act in cytoskeleton as schcmatical ly shown in Fig. G. Pos ible 

candidates for these attachment molecules are CD4L1. laminin , and various 

intcgrins. [105. JOG]. 

0 tcocylc proce ses contain a space filling actin bundle [99 , 107]. \Yhosc 

actin filaments arc cross-linked at regular intervals along the a.'<i. of the 

process by a linkcr molecule recently iclcnt ified as fimbrin [J 07] as shO\\·n 

in Fig. 6c. The axia l ac tin filaments arc approx. G 11111 in diameter. Fimbrin 

is also found in inte:;tinal microvilli [10 ] as well as non-intestinal cell mi

cro"illi [109]. The typical spacing of fimbri n cro>linked actin filaments in 

microvilli is approximately 25 nm [110]. This spacing is con istcnt with the 

El\1 observation in [99] and [J 07[ for an osteocyte process. 

The strain amplification ratio er is defined as the rat io of the hoop strain 

in the cell process membrane to the bone surface strain at the o tconallumcn. 

'f.hc effect of frequency on the strain amplification ratio at different load ing 

magnilucles is s hown in Pig, . 7, where the strain amplificatio n rat io is plotted 
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F'IGL' RE 7. Strain amplification: A plot of the strain amplification ratio er as 

a function of the load frequency for different load magnitudes. Strain amplification 

ratio is defined as the ratio of the hoop strain in the cell process membrane to 

the bone surface strain at the osteonal lumen . e is the strain on the whole bone; 

s is t he lond on the whole bone. PreYiously published in [67J. 
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against the loading frequ ency from 1 to 20 Hz. The hoop stra in is calculated 

at the position of maximum flow or pre sure gradient, which is located at the 

surface of the Haversian canal. Thus, the strain amplific:;ttion rat io shown in 
Fig. 7 can be considered as an upper bound. The curves show a monotonic 

increase in the amplification ratio as a function of frequency fo r a prescribed 

loading. One observes that the amplification ratio varies from 19 to 122 and 

depends significantly on the magni tude of the loading. When the loading 

magn itude is one MPa, correspond ing to 50 mstrain at t he osteonal lumen , 

the strain amplification ratio eT is 122 at 20Hz. For this loading the cell 

process strain is 0.68 percent . For a 20 NIPa load at 20 I-Iz, e7- = 44 and the 

cell process strain is 4.9 percent. T he corresponding values of eT at 1 Hz for 

a 1 and 20 MPa load are 51 and 19 and the corresponding strains are 0.29 and 

2.1 percent, respectively. Strains of the order of 0.3 percent or greater fall in 

the range where cellula r level biochemical responses have been observed m 

vitro in four point bend ing [74] . 

5 . Mechanosensat ion in Bone: R eception and Transduction 

The osteocyte has been suggested as the timulus sensor, the receptor of 

the stimulus signal [20]; histologic and physiologic data are consistent wi th 

this suggestion [90 , 96, 111J. The placement and dist ribution of osteocytes in 

the CC three-dimensional array is architecturally well suited to sense defor

mation of the mineralized tissue encasing them j112J Since only a popu lation 
of cells, and not an indi vidual receptor [113], can code unambiguously, the 

osteocytes in the CC I are potential mechanoreceptors by virtue of their 

network organization. 

Osteocytic mechanotransduction may involve a number of different pro

cesses or cell ular systems. These processes include stretch- and voltage-acti

vated ion chan nels, cyto-matrix sensation-t ransduction processes, cyto-sensa

tion by fluid shear stresses, cy to-sensation by streaming potcntials and ex

ogenous electric field strength. Each of these processes or cellula r systems is 

discussed below. 

5.1. Stretch- and Voltage-Activate d Ion C h a nne ls 

The osteocytic plasma membrane contains stretch-activated ion channels 

[11 , 114, 115,116, 117, 118, 119] that a re also found in many other cell types 

[120, 121]. When activated in strained osteocytes, they permi t passage of 
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certain ion ]120, 121], including r<+, Ca2+, Na+ and C + Such ionic flow 

may. in turn, initiate cellular electrical events; e.g., bone cell stretch-activated 

channels may mod ulate membrane potential as well as Ca2+ ion Aux ]11 , 122]. 

Rough estimates of o teocytic mechanoreceptor strain ensitivi ty have been 

made [20], and the calculated values cover t he morphogenetically significant 

strain range of 0.1% to 0.3% in the literature [57,84, 123]. T h is appears to 

be too low a strain to open a stretch-activated ion channel. 

As in mo t cells, the osteocytic plasma membrane contains voltage-ac

tivated ion channels. and transmembrane ion flow may be a significant os

seous mechanotransd uctive p rocess ]40, J 24, J 25, 126] It is also possible that 

such ionic Aow generates osteocytic action potentia.ls, capable of transmission 

through gap junctions [44]. 

5 .2. Cyto- l\llatrix Se n sation-Tra n sduction Processes 

T he miueral ized matrix of bone tissue is strained when loaded . IVIacro

molecula r mechanical connections between the extracellular matrix and the 

osteocytic cell membrane exist and these con nections may be capable of 

transmitting iuformaLion from Lhe strained extracellular matrix to the bone 

cell nuclear memb rane. The basis of t l1i ·mechanism is the physical continuity 

of the trans1nembrane integrin molecule, which is connected extracellularly 

with the macromolecular collagen of the organic matrix and intracellularly 

with the cytoskeletal actin. The latter. in turn, is co nnected to the nuclear 

membrane [91 , 127, 128, 129, 130, 13], 132, 133, 134, 135, 136, J 37, 13 , 139]. It 

is suggested that such a cytoskeletal lever chain, connecting to the nuclear 

membrane, can provide a physical stimu lus able to activate t he osteocytic 

genome ]26], possibly by first stimulat ing the activity of such components as 

the c-fos genes ]26, 12 , 135., 1-10,142,143, 144,145, 146,147,14 ]. 

5.3 . Cyto-Scnsation by Fluid S h ear Stresses 

An hypothesis concerning Lhe mechanism by which t he osteocyLes housed 

111 the lacunae of mechanically loaded bone sense the load applied to the 

bone by the detection of dynam ic strains was suggested in [64, 65, 66]. It was 

proposed Lhat the os teocytes are stimu lated by relatively smal l fluid shear 

stresses acting on the membranes of their osteocytic proce ses. A hierarchi

cal model of bone tissue structure that related the cyclic mechanical loading 

applied to the whole bone to the flu id shear stress at the surface of the osteo-
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cytic cell process wa presented in [64, 65, G6[ . In this model t he sensitivity 

of strain detection is a funct ion of frequ ency; in the physio logical frequency 

range (1- 20Hz), associated with either locomotion (1 2 Hz) or the mainte

nance of posture (15- 30 Hz), the fluid shear stress is nearly proportional to 

the product of frequency and stra in. Thus if bone cells respond to strains on 

the order of 0.1% at frequencies of one or two Hz, they will also respond to 

strains on the order of 0.01% at frequ encies of 20 J I ;~, . The A uicl shear strcs ·cs 

would also st rain the macro molcc:ula r mechanical connect ions between the 

cell and the extracellular bone matrix mentioned in the section above; t h us 

fluid shear s t ress is a l ·o potentially cap8blc of transmitting information from 

t he strained matrix to the bone cell nuclear membran e, where it can effec

tively regulate its genomic functions . 

Several investigators [92, 147, 1-19] have examined ot her Aspects of the 

1<1Cttnar-ca nalicu lar porosity using s imple c ircular pore models a nd have at

tempLed to analyze its possible physiological importnncc. These studies have 

primarily emphasized the importAnce of the ·onvcc:tivc fl ow in the canaliculi 

be tween the lacunae as a way of enhan ·ing the supply of nu t ri ents between 

neighboring ostcocytes. P rc,·ious stud ies on t he relaxation of the excess pore 

pressure have been closely tied lo the strnin generated potcntials (SGP ) as

sociated w ith bone Au id motion. The SG P studies arc bricfiy reviewed below. 

5.4 . T h e C y t o-Sensation Is A ctua lly Caused by F luid D rag R a t h er 

T h a n F luid S hear 

The model of You cl nl. [G7[ discu ·secl in the previous secl iou was used 

to make A sccond in terest ing pred iction. Il den10nstratcd that in any celln

lar system where cells a rc :;ubject Lo fluid fl ow and tethered to ntore r ig id 

s upporting structures, the tensile force's on the ccll due to tho drag forces 0 11 

t he tethering fibers may be many times greater than the fluid shear fo rce on 

the cell m cm lm lllC. As proposed in [6LJ, 65 , GG] t he fluid Aow will a lso induce 

shear stress on th e cell process m mbranc. These stresses ha\·e been shown 

to mechanically s timulate bone cells [71 , 72[ . Jn the case of the extension [G 7[ 

or the model proposed in [6LJ, 65 . 66] for fiuicl Aow in t he canaliculus. 1 he drng 

force on the maLrix is la rger th<lll the fiuicl shear force. The matrix must be 

attached to lhe cell process a nd the cana licu la r \\'i:lll in order for the drag 

force to be transmitted to the membrane a nd its underly ing intracellular 

nctin cytos keleton . 
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F IGUitE '. The relationship bel\\'een force ralio F,. a nd average fiber spaci ng 

~- :'\ole lhe force ratio aL 6. = 7 nm is 19.6 nm is typical of Lhe average spac ing 

of C:AC: side cha in · along a co re pro te in and Lhe efTecl i1·e diameter of the <:1l bu

min molecule wh ich is knm1·n lo be s ieved by a n eq ui valent matrix in capil lary 

endothelium. This varies bet\\'een 5 a nd 12 nm. T he force ratio Fr is defi ned as 

the ratio of Lhe drag force o n the fibers Lo the shear force o n Lhe cell process 

membrane per uniL length of cell process. Previous ly published in 1671. 
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The force ra tio F, is defined as the ra tio of the drag force on t he fibe rs to 

Lhc shear force on t he cell process membrane per unit length of cell process . 

The relationsh ip between th force ratio FT and t he average fib er. pacing 6. 

is plot tecl in Fig . 8 . J'\ote the force ratio aL 6. = 7 nm is 19.6. 6. = 7 nm is 

typical of the average spacing of GAG side chains along a core protein a nd 

thr effective diameter of the a lbumin molecule t hat is known to be ieved 

by <l ll cq u i valenL !llatrix in capilla ry cnclothcli um. This vari es between 5 and 

] 211111. 

5.5. Cyto-Sensation by Streaming Potentia ls 

The fact that the extracellular bone matrix is negat iwly charged due 

to its prot ci ns means that a fluid elect rolytc bou ndecl by the extracellular 

Ill at rix \\'ill have a diffuse double layer of positi\·e cha rge . . \\'h en the nuicl 

moves. the excess positive ch a rge is convecLed, t hereby developing stream

ing currents and streaming potentials (Fig. 9) . The eau e of the fluid motion 

is the deformation of the extracellula r matrix due to whole b one mechanical 

loading,. Pollack ancl CO\\'Orkcrs [J 02, J 03, 1501 ha\·e laid an important founda

tion for <'xpla i ni ng the origin of slrai n-genera Led potcntials (SG P ) . J-Io\\'ever 

Lhe anatomical site in bone t issue that is the source of the experimental ly 

observed SGPs is not agreed upon . l t was concluded in [1031 that this site 
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FtCUH.E 9. Strain-generated potentials ( CP's) in bone fluid channels. The source 
of SC P's stems from the fact that the extracellular bone matrix is negatively 

charged due to negative fixed charges on carbohydrates and protein ; thu. a fluid 
e]ecLroJyte bounded by the extracellular matrix wi]] have a difl\1se double layer of 
positive barges. When the fluid moves, the excess positive charge is convected, 
thereby developing streaming CUlT nts and streaming potential . A conduction 
cu rrent is thought to balance the convection current. The bulk electrolyte is neu
tral with respect to charge. The fluid motion is caused by the pore fluid pressure 
gradients induced by the deformation of the extracellular matrix due to \\·hole 
bone mechanical loading. 

was the collagen-hydroxyapatite porosity of t he bone mineral, because small 

pores of approximately 16 nm radius were consistent with their experimental 

data if a poroelastic-electrokinetic model with unobstructed and connected 

circular pore::; was a-sumed [102[. However in [661 it was shown that the data 

prc::;entecl in [1 03, 104, 151[ arc also consistent \Yith t he larger pore space 

(100 nm) of the lacunar-canalicular porosity bei ng the anatomical somce s ite 

of the SG P s if the hydraulic cl rag <:1lld !eel rokinetic contribution as::;ociatcd 

with the passage of bone fluid through the surface matrix (glycocalyx) of the 

ostcocyLic process a re accounLcd for. The mathematical model::; prcsC'nLcd in 

[1021 and [6.J , 65. 66, 67[ arc s imil a r in that they combine porocla::;Lic and elcc

trokinclic theory lo describe the phase and magnitude of the 'G P . The t"·o 

t heories differ in the description of the interstitial Auid flow and streaming 

cu rrcnts at the microst ructural level and in the anatomical structures that 

determine the Aow. In [G4, 65, GG[ this hydraulic resistance rc::;idcs in the fluid 

annu lu t hat surrounds the osteocytic processes, i.e. t he cell membrane of the 

osteocytic process, the walls of the canaliculi and the glycocalyx (al.·o called 
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the surface matrix or capsu le) that exists in this annular region . In [66] the 

presence of the glycocalyx increases th e SGPs and the hydraulic resistance to 

the s t rain-driven flow. The increased SGP matches the phase and amplitude 

of Lhe measured SGPs. l n the [102] model this fluid resistance and SGP are 

achie,·ed by assuming that an open, continuous small pore structure ( ~1 6 nm 

radius) exist. in the mineralized matrix. The poroclastic model of [64. 65, 66] 

fo r bone flu id flow has been developed furth er [152, 153, 154, 155, 156] and 

a review of the related poroelastic literature has appeared [93] 

Experimental evidence ind icat ing that the col lagen-hydroxyapat ite po

rosity of the bone mineral is unlikely to serve as the primary source of the 

SGP is obtained from several sources, including the est imates of the pore size 

in the collagen-hydroxyapati te porosity and permeability studies with differ

ent size la beled t racers in both mineral ized and unmineralized bone. Such 

permeability studies clearly show time-dependent changes in the interstit ial 

pathways as bone matures . At the earl iest times, t he unmineralized coll agen

proteoglycan bone matrix is porous to large solutes. The studie with ferritin 

(10 nm in d iameter) in two-day old chick embryo [157] show a continuous halo 

around primary osteons five minutes after the injection of this tracer. The 

halo passes right through the lacunar-canalicular system suggesting that, be

fore mineralization, pores of the size p redicted in ]103] ( rad ii ~16nm) can 

exist throughout the bone matrix. In contrast a report of an experiment [15 J 

us ing this sa me t racer in adult dogs a lso found a fluorescent halo surround

ing the Haversian canals; however this halo was not continuous but formed 

by clisneLc lines suggesting that the pa thways were limited to discrete pores 

whose spacing was sim ilar to that observed for canaliculi. This conclusion is 

supported by the studies [159] in the alveolar bone of five-day-old ra ts using 

the much smaller tracer, micropcroxidase ( 1IP) (2 nm). These studies clearly 

showed that the l\ IP only penetrated the unmineralized ma trix surrounding 

the lacu nae and the borders of the canaliculi (see Fig. 13 of this study) and 

was absent from the mineralized matrix . Using more mature rats, the study 

of [1 GO] confirm ed the failure of the small (2 nm) l\ IP tracer to penetrate the 

mineralized matrix tissue from t he bone fluid compartments . 

5.6. Exogen o us E lectric F ie ld Strength 

Bone responds to exogenous electrical fields [161 J. While the extrinsic 

electrical parameters arc unclear , field strength may play an important role 



http://rcin.org.pl

66 S. COWI N 

j161.162j. A significant parallelism exist· between the parameters of exoge

nous electrical fi elds and t he endogenous fields produced by muscle acti

vity. Bone responds to exogenous fields in a n effective range of 1- J 0 m V / cm , 

strength that a rc on the order of those endogcnously produ ced in bone t issue 

during normal (muscle) activity jJ63j . 

6 . Mcchanosensation in Bone : Signal Transmission 

From a commu nicat ions v iewpoint the CCN i mult iply noded (each os

teocyte is a node) and mult iply connected (Fig . ..J ). Each osteocytic process 

is a connection between two osteocytcs, and each osteocyte is multiply con

nected o a number of osteocyt('S that are Hear ncighbors . Cell-to-cell com

munication is cons idered fi rst below , then some speculat ive consid erations 

of the abili ty of the CC 1 Lo compute as ''-ell as s igna l arc desc ribed . Jt is 

u cful to note the p ossibili ty Lhat bone cells, like neurons, may communicate 

intercellular info rmatio n by voltt i! IC transmis ion. a process that does not re

quire d irect cytological contact, but rather u t ilizes charges in t he environment 

[16.J , 165, JGGj. 

6 .1. Cell-to-Cell Communication 

J 11 orde r lO t Uln. m it a signal Over the CC~ OllC OSteocyte must b e able 

to signa l a neighboring osteocyte that will t hen ]Xlss the s ig nal on unt il it 

reaches an osteoblast on the bone surface. There arc ,·arieties of cl 1emical 

a nd electrical cell-to-cell com munication methods [1 G7j The pass<:1gc of che

m ical s ignals . such as Ca:.~+ . from cell to cell appems to occur at a rate tha t 

,,·o tdcl be loo slow to respo nd to the a pproximately 30 Hz signa l associated 

with mu. c lc firin g. The focus here is on electrical cell-to-cell communication 

A cable model fo r cell-to-cell co mmunication in an osteon has been fo rmu

lated jl 52, 1 53j. The spn t ial cl ist ri but ion of i nt racellula r elect ric poten tial and 

current fron1 the cement line to lhc lumen of an osteon was estimated as the 

frcq t1 cncy of the loading and conductance of t he gap JUnction ,,·ere altered. 

Jn this nwdel the inlrnc:el lulnr potPIIlial a11cl current me dri ven by the mc

clta niu dly induced strai n generated st reaming potentials (SG P s) produced by 

t he cyclic mechanical load ing of bone. The model difrcrs from earlier studies 

jJG I in that it pursues a more physiological approach in which t he micro

a natomical dimen. ion of the conncxon pores, osteocytic processes and t he 

distribution of cellula r membrane area and capacitance a re used to quant ita-
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t i vcly rst imate the lea kage of current through the osteoblast me111branr . l he 

Lime delay in s ignal t ra nsmission along th e cable and the relative res istance 

of the osteocylic processes a nd the conncxons in their ope~ a nd closed states. 

The m odel predicts that the cable d emons trates a st rong resonant response 

,,·he n the cable coupling length a pproaches t he osteonal rad ius. The t heory 

a lso predicts t hat the pore pressure relaxa tion lime for the !raining of th 

bone fluid into the osteonal canal is of the same order Rs the characteris tic 

diffus ion t ime fo r the spread of cmrc nt Rlong the membrane of the ostco

cytic proce>;ses . This coincidence of charactNistic times produced a s pectra l 

r sonance in the cable at 30 Hz. These two resonance lead to a IRrge a mpli

fication of the intracellular potentia l and curre nt in the surface ostcoblasts. 

which cou ld setTe as the initiating signal for osteoblasts to conduct remod

eling . 

6. 2 . S ig n a l P r ocess in g a nd I ntegrat io n 

When a physical representation of a CCN, such as Fig . 1, is viewed by 

someone familia r with comtnunications t here i often an intu itive response 

thnl the CC.l"\ n1ay funcLio n as a neura l network for processing t he nJecha ni

calloading stimulu ·signal be ing felt owr the network. That iclra is cxplorccl 

here with no justification other than s hare I int ui t ion. A CC:'\ is operationally 

a nalogous to an a r t ificia l neura l network in which massiYcly parallel. or paral

lel cli Lribut ed. s igna l processing occurs [1 13, 169, 170]. Fortunately the bases 

of connrctionist theory a rc sufficie ntly secure to permi t a biologically realistic 

'CN mod '1 [1 71 , 172, 173, 174,1 75[. 

A CC)!" consi ·t::; of a number of r lati vcly s imple, d nscly interconnected , 

proccssi ng elements (bone cells) , with many more i ntcrco n ncctions tha n cells. 

Operationally t hese cells arc organized into layers: a n initia l inpu t, a final 

ou l put a n cl one or more in termed ia tc o r hidde n layers . Ho\\·cver such networks 

need not be numerically complex to be operationally com plcx [ J 76]. 

The opera! ional processes a rc ide ntical, in p rinciple, for all bon cells in 

all layers. E ach cell in any layer may si mu!Laneo usly receive seYc ra l weighted 

(i.e. , some quamitat i,·c mcasu r ) inputs . Jn the ini t ia l layer these a rc t he 

loading s timuli ( mechano reception). Within each cell independently," ... a ll 

t he weighted inpu ts a rc the n summed ... " [1 77] . This net sum is then com

pared. within t ltc cell , against some thresho ld value. If t his limina l value is 

exceeded, a s ignal is generated (mechanoLransduction in input layer cells) 
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that is then t ransmit ted identically to all the hidden layer cells (adjacent 

ostcocytes) to which each init ial layer cell is connected. Similar processes 

of weighted signal summation, comparison and transmission occur in these 

layers u nti I final layer cells ( osteoblasts) arc reached. The outputs of these 

surface situated cells regulate the specific adaptation process of each group of 

osteoblasts [17 ]. Al l neighboring osteoblasts that carry out an identical bone 

adaptational process form a communication compartment, a cohort of struc

turally and operationally similar cells, since all these cells are interconnected 

by open , functional gap junct ions . At the boundary between such compart

ments that a re carry ing out different adaptational processes, the intervening 

gap junctions are closed and are incapable of transmitting info rmation. These 

boundaries arc probably changing continuously as some of the cells have some 

down time [35 , 43]. 

Information is not stored discretely in a CCN, as is the case in conven

tional computers. Rather it is distributed across all or part of t he network, 

and several types of information may be stored s imultaneously. The instanta

neous state of a CCN is a property of all of its cells and of their connections . 

Accordingly its informational representa tion is redundant, assuring that the 

network is fault, or error , tolerant; i.e., one or several inoperative cells causes 

little or no noticeable loss in network operations [177[ 

CCl s exhibit oscillation; i e., iterative reciprocal (feedback) signaling be

tween layers enables them to adjustivcly self-organize. This is related to the 

fact that CCNs are not preprogrammed, rather t hey lea rn by unsupervised 

t raining [1 79], a proces involving the adaptation of t he CCNs to the re

sponses of the cytoskeleton to physical activi ty [141]. In this way the CC ad

ju ts to the customary mechanical loading of the whole bone [57] . In a CCN, 

structurally more complex att ribu tes and behavior gradually self-organize 

and emerge during operation. These are not reducible; they are neither ap

parent nor predictable from a prior knowledge of the behavior of individual 

cells . 

As noted above, gap junctions as electrica l sy napses permi t bi-directional 

flow of information. This is the cytological basis for the oscillatory behavior 

of a CC .. The presence of sharp discontinuitics between groups of pheno

typically different ostcoblasts is related also to an associated pro perty of gap 

junctions, i.e., their abili ty to close and so prevent the flow of information 

[180, 1 lj Sign ificantly, informa tional networks can a lso transmit inhibitory 

signals, a matter beyond our present scope [182] . 



http://rcin.org.pl

.\ I ECJI ,\. OSE:'-ISORY :\ I EC' II AJ\:JS:-.15 1:'\ 801\:E 69 

lt is suggested that a CC:\ clispiRys the foll owing att ributes: develop

mentally it is self-organized and self-adapting and, in t he sense that it is 

epigctwl ically regulated, it is untrained ; opera tionally. it is a stable, dy namic 

system, whose oscillatory bchavior permits feedback; in this regard , it is 

not eel that a CC. operates in a noisy. non-stationary environment, a nd that 

it a lso employs useful and necessary inhibi tory inputs. 

The CCN permits a t riad of histological responses to a (seemingly) uni

tary loadin g event. Although in t his chapter, as in almost all the related 

literature. t he organization of bone cells is t reated a if it existed only in two 

dimensions. and as if bouc tissue loaclings occurred only at certain discrete 

loci, Rncl that \\'ithout consideration of loading gradients, the b iological s i

tuation is o therwise. Given such a loading event, a three-dimensional bone 

volume. gradients of d eformation must exi t, and each osteocyte may sense 

correspondingly difFerent stra in properties . l\ Ioreover , it is probable that each 

osteocyte potent ially is able to t ransmit three d ifFerent signals in three dif

ferent directions, some stimulatory and some inhibitory: such states have not 

yet been modeled [183 , 184]. 

6.3 . A Tentat ive M echanotransductio n Synthesis 

The molecular lever m echa nisms that permit muscle function to directly 

regulate the genomic act ivity of strained bone cells, including t heir pheno

typi< expression , when combined together ,,·ith electric field efFect a nd con

traction frequency encrgctics. provides a biophysical basis for an earlie r hypo

thesis of r pigcnctic regulation of skeletal t issue adaptation [1 5, 1 6, 1 7, 1 ]. 

l t is probable [189, 190] that electrical a nd mechanical t ranscl uctivc pro

ccssrs arc neither exhaust ive nor mu t ua lly exclusive. vVh ilc ut il izing clifl'cr ing 

in tcrmrcl iatc membrane mechan isms and/ or processes, they share a common 

fin a l pathway IJ 91]: i.e ., both mechanical and electrical t ranscluctions result 

in transplasma membra ne ionic f!ow (s), c reating a signal (s) capa ble of in ter

cellula r transmission to neigh boring bone cells via gap junctions [64 , 65, 66, 

152. 153.1921. These signals a rc inputs to a CCN, whose ou tputs regulate the 

bone aclaptat ional p rocesses. 

The primacy of e lectrical signals is suggested here, s ince while bone 

cri! transduction may a lso produce small biochemical molecu les that can 

pass through gap junctions . the time-course of mechanoscnsory processes 

is believed to be too rapid for the involvement of secondary messengers 

[11 , J 7,1931. As noted above, the passage of chemical signals, such as Ca2+, 
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from cell to cell appears to occur at a rate that \Yould be too slow to rC's pond 

to the app roximately 30 Hz signal associated ,,·ith muscle firing. 

7. Mecha nosensation in the A uditory System 

Hearing works by the car detecting sound waves, converting th cll i in to 

neural signa ls and then sending t he s ignal · to the brain1l . The ear has three 

divisions: the external ear , the Illiddlc car, a nd the inner car (Fig. 10) . The 

external car collects sound waves and funnels them down t he ca r ca iiHL where 

they vibra te the eardrum. \\ iLhin the niidc.llc car. the eardrum is connected 

to the middle ear bones. These arc the srna lle L bones in t he body, ami they 

mechanically carry the sound \nn·cs to the inner car. The eusti:lchia11 tube 

connects the middle ear to the upper pmt of the throat, equal izing the ai r 

pressure within the middle car to that of tl1c surroundi ng environment . The 

inner car contains t he cochlea. This organ con ver ts souiid "·avcs iuto neura l 

signals. These signals arc passed to t he brain v ia t he aud itory nerve. 

Inner M~<ldfc 

$<>11nd 
y','a l' t:S 

FIGURE I 0. AnaLomy o f the car. This figure is adapted from one on t hC' \\'C'b
sitc http: I / www. bcm. t mc . edu/oto/research/ cochlea/Hearing/index . html as

sociated with .John S. Oghalai, :\1.0. in Otolaryngology at the Baylor College of 

:\ledici ne. 

1lThe simple explanation of the process of heari ng that follows is aclaptC'd fro111 

the website http: I /www. bcm. tmc. edu/ eta/r esearch/ cochlea/Hearing/index . html asso

c iated with .John S. Og ha lai , tll.D. in Otolary ngology a t the Baylor College' o f ~IC'dicine. 
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f'I C: URE ll. An exposed cross-secLion of t,he coch lea illust ra ting 

its three ch ambers . /\clapted fro m an illusLration on t,he websit,e 
http : //www .finchcms .edu/ anat omy/ hist ohome/ lectures/ear/sldOO l . htm. 
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::-lechanosensation occurs in the cochl ea (Fig. 10) . A section through the 

cochlea is shown in Fig. 11 . Coil ing around Lhc inside of the cochlea, the 

organ of Corti (F ig. 12) contains the cells responsible for hear ing, the hair 

cells (Fig . 13) . T here arc t,,.o ty pe of hair cells: inner hai r cells and outer 

lmir cells . These cells have stereocilia or "hai rs" t hat s t ick ou t . The bottom 

of these cells is a ttached to the basilar membrane, and the stereocilia arc in 

contact with the tectorial membrane. Inside the cochlea , ouncl wave cause 

the basila r membrane to vibrate up and clown . This create a . hea ring force 

rectorwl 
Mombrona 

/()I)!Jf 

.;JJr 

C.:\''i 

Sneanag ¥"" 
Force \ ~ .....,., 

Aud.rory 
1\'(!(11 (} 

Ou:cr 

F IGU RE 12. T he o rgan o f Cort i. The organ of CorLi is t he struc

t.mc that pa rt it ions the chambers of the cochlea illustra t ed in f'ig . 11. 

This fig ure is ada pted fro m one on the wcbsitc associa ted with .John 
S . Oghalai, !I I. D. in O tolary ngology at the 8 ay lo r College of !lledicine: 

http ://uuu .bcm . tmc . edu/ oto/ r esearch/ cochl ea/ Hearing/ i ndex . ht ml 
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F IGURE 13. t\n array of hair cel ls. 

(Fig. 12) between t he bas ila r membrane and the tector ia l membrane, causing 

the hair cell stereocili a to bend back and forth (Fig. 14). The movement of 

a hair cell 's cilia bundle opens ion channels aL the tips of t he cilia (F ig . 14) . 

When the bundle t il ts to the right (middle panel of F ig. 14), tip links from 

the higher cilia pull up the gates of the ion cha nnels on adjoining, shorter 

cilia. A close-up shows how a t ip link between two cilia opens an ion chann l 

on the shorter cilium. Even more highly magnified at the right of Fig 14, the 

open channel a llows ions into t he cell. This leads to internal changes within 

t he hair cells tha t create electrical signals. Audi tory nerve fibcrs rest below 

the hair cells a nd pass these signals on to the bra in . Therefore, the bending 

of the stereocilia is how hair cells sense sounds. 

Ou ter hai r cells have a specia l function within the coch lea. They a re 

shaped cylindrically, like a can, and have stereocilia at the top of the cell 

(Fig . 13), and a nucleus at the bottom. When the stereocili a a rc bent in 

response to a sound wave, a n electromotile respo nse occurs. This means t he 

cell changes in length. Therefore, with every sound wave, the cell shor tens 

and t hen elongates. This pushes against the tectorial membrane, selectively 

amplifying the vibration of the basilar membrane. This a llows us to hear very 

quiet sounds. 

The similaritie be tween t he cy Lopla mic proces es of bone cells and the 

stereocil ia of hair cells a re t hat they both (1) measure mechan ical cleform a-
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FIGUIU': 14 . The movement of a hair cell's cil ia bundle (left panel) opens ion 

channels at Lhe Lips of the i lia. When t he bundle Lilts to Lhe r ighL (middle panel) , 

tip l inks from the higher cilia pull up the gates of the ion channels on adjoining, 

shorter cil ia. T his (stil l midd le panel) close-up shows how a Lip link between two 

cilia opens an ion channel on Lhc shorLcr cili um. Even more highly magnified in 

the right panel, the open channel allow ion in to t he cell. This illustrat ion is by 

.J cnnifcr .J ordan, llC\V Communications, Inc. (adapted from a skeLch by .J ames 

!Judsp th , l l lli\l l , University of Texas Southwestern 1\ledical Center aL Dallas). 
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t ions (vibrations of a fluid domain) , (2) com municate t heir measurement to 

a network , (3) do this wit h dend ritic structures, (4) the dend ri tes of both 

ells a rc constructed of s imila r materials (e.g., act in and fimbrin) and (5) t he 

in itial signaling in both cases con ists of openi ng ion cha nnels . W hile the hair 

cells communicate thei r inform ation to a network that feeds to t he bra in , t he 

bones cells connect to a lower level network (CCN) with (potentia lly) local 

decision-making software. 
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