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MOLECULAR CHANGES IN HARD TISSUE CELLS 
IN RESPONSE TO BIOELECTRIC 

PROLIFERATIVE SIGNALS * 

Louis A. ORTON, L1zE1:1ET H A. B o u RRET, AND GrnEoN A. ROD AN 

Introdu ction 

E LE CTR I CAL ST IM ULATION is incr eas ingl y used clinica lly to promote hard 
tissue repair or regeneration. The therapeutic objective is to promote 

osteogenesis in areas where fibrous tissue seems to rep lace or preclude 
bone development. To initiate bone formation, the elect ric perturbation 
(EP) should promote either one or all of the following cellular pro cesses: 
ce ll migration, prolifer at ion , and u ltimately differentiat ion. The mech a
nism by which this is accomp lished is not well understood. One of these 
events , cellu lar proliferation, has been exte nsivel y stud ied in bone and 

• other tissues. The rate and extent of pr olifer ation , is controll ed by growth 
factors , hormones, nutri ents, pH, temperature, densit y dependent inhib i
tion , and the influence of other regulatory cells acting thro ugh these or 
othe r mechanisms. Many of these regulatory effects are mediated by the 
cell membrane. It is our hypothesis that the cell membrane is th e site at 
which EP regu lates cell function in hard tissues promoting proliferation 
and other responses that ultimately lead to osteoge nesis. The EP effects 
may involve alterations in membrane permeabil ity and membrane poten
tial, or modulation of membrane enzymes such as adenylate cyclase of 
Na +, K +, A TPase. T hese sensitive regulatory mechanisms, once per
turbed , initiate a host of biochemica l and morpholog ica l changes that can 
be assa yed , timed , qu ant itated, and manipu lated by pharmaco logica l 
promoters or inhibitors . We have developed an in vitro mode l to study the 
effect of capacitative coupled EP on embryonic calcified tissues. This 
chapter is a review of previous data and tentat ive conclu sions from pr e
limin ary data. From this overv iew, we hope to const ruct a crud e model for 
part of the mechanism of how EP may affect hard tissue cells. 

Methods and Materials 
Instrumentation 

The electri c perturbation for our expe rim enta l system was ge nerated by 
a capac itati ve coupled device consist ing of two curved copper electrode 

• Supp orted by PHS Grant #OE-04 327. 
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plates (15 mm x 27 mm ) facing eac h other , l. 5 cm apart in their inn er 
diameter, to the inner su rfa ce of a Plexiglas® well (Norto n, 1975, 1977 , 
1979). The electrodes were connected by 26-gauge Teflo n®-insu lated 
leads to a Hewlett Packard 65 16A D.C. power sup ply. The square wave 
pulse was regulated by a Grass (54GR) physiologic stimul ator. The peak 
electr ic field was 1750 V or 1166 V/cm delivered at 5 H z, 0.1 seconds on 
and 0.1 second s off. The measured rise time for the voltage was 1850 µsec 
(Fig. 10-1). -

Tissue Preparation 

In th ese expe riment s bot h freshl y isolated and cultured cells were em
ployed. Where cart ilage cells were used, the epiph yseal plate of sixteen 
day-old chick emb ryo tibiae were dissected free of m uscle. They were then 
immersed in a Krebs-Ringer-Tris buffer soluti on (p H 7.4) conta inin g 2 

ELECTRICAL PERTURBATION 
OF CELLS IN CULTURE 

0 
Figure I 0-1. Schematic diagram of electr ical perturbat ion apparatus. A well dri lled in 
Plexiglas secures the curved copper capacitors to an inne r diamet er of 15 mm. The outer 
surface of th e cu lture tubes comes in cont act with th e capacitor plates. 
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mg/ml of glucose at 4°C. Th e prolif erative layer s were separated, collected , 
and enz ymatically di gested in a collagen ase -hyaluro nid ase solution con
sisting of calcium-m ag nesium-fr ee Hank 's solution , 2 mg/ml collage nase, 
and 1 mg/ml hyaluronid ase (Rodan , 1974). Ce ll viability was teste d with 
tr ypan . blue for dye exclu sion and cells were count ed in a Neubauer 
cham ber. T he cell suspension was divided into ex perim enta l and cont ro l 
sample s o f at leas t 105 cells eac h. Ce llular cyclic AMP determin ations were 
made by radioimmun oassay (Rod an, 1975). 

Bone ce lls wer e obtain ed fr om nin eteen day ra t e mbr yo calvaria, 
scraped free of perio steum . Th e calvari a were min ced in Krebs-Rin ger 
solution and di gested in th e collage nase-hyaluronid ase mixtur e at 37°C for 
twent y-minu te sequ ential period s. Th e cells wer e collected by centrifu ga
tion , res uspend ed , and count ed in a Coul te r coun te r. A trypan blue exclu
sion test for viability was do ne on an aliqu ot of th e suspension . Th e ce lls 
were attached on the inn er surfa ce of 1 7 x 100 mm glass o r polypr opylene 
cultu re tub es by placing 0.5 ml of th e ce ll suspension in eac h tub e and 
ro tatin g them almost hori zont ally in a roller drum app aratu s turnin g at 6 
cycles/hour. T he cells were then cultur ed for fort y-eight hour s at 37°C in 
ambi ent air using MCDB medium suppl emented with 10% feta l calf serum 
(FCS) and 1 % antibi ot ic-antim ycotic soluti on to approximat e conflu ency. 
T he cell cultur e hei ght on th e sides of th e tube corr espond s to a standin g 
leve l of 3 ml of media . In a typical ex perim ent , 3 ml of new tissue cul tur e 
con tainin g medium (MCDB) with antibi otics but with out FCS plu s 3 H
thymidin e, 3.3 x I 06 CPM/ml ( 1.0 m d 0.0044 mg thymidine ) was add ed to 
eac h of sixtee n tub es . Thi s dosage of 3H should have little e ffect on the 
pro liferat ive p roces s (Pollack, 1979) . The ent ire app aratu s includin g con
tr ols and exp erim ent al sampl es were placed on a shaking platform (95 
RPH) in a 37°C incub ator at ambi ent air and vapour press ur e . Seve n tub es 
were ex posed to th e electr ical perturb ation , seven serve as control s placed 
out side th e electro des, and two tub es wer e placed on ice as a time zero for 
cell grow th changes . Du ring th e expe rim ent s, the cells were ge ntl y ag itate d 
and incub ate d at 37°C with ambient air with 25 percent humidit y. In 
anoth er experim ent , designed to det ermin e wheth er an anode or ca thode 
produ ced greate r biolog ical activity, the cells were grow n on one side of th e 
cul tur e tub e in a nonr otatin g drum produ cing a conflu ent cell "strip " for 
exp osur e to onl y on e electro de. 

DNA Bioassay 

T he prim ary bioassay for evalua tion of the EP effect used in these 
ex per iment s was the measu rement of DNA synth esis as described by 
Burt on ( 1968) or by Ash and Francis ( 1977). Cells were recove red from th e 
cultu re tub es by tryps in (0.25 %) a t 37°C, resuspe nded in medium (or the 
start ing point o f a ce ll suspension expe rim ent), and centrifu ged to a pellet 
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at 2000 RPM for five m inutes . T he collected cells were lysed by sonication 
and the DNA precipitated with 2 ml of 5% tr ichloroacetic acid (TCA) plus 
200 µ,g of bov ine serum album in. The solut ion was left overni ght at 4°C, 
centrifuged, washed twice with tCA, and red issolved in 250 µl of 23M 
formic acid. Th is solu tion was counted in 10 ml of scinti llation cock tail 
(ACS) in a liqu id scint illat ion counter. 

Re su lts and Interpre tations 

As stated above we hypothesized that the tra nsduct ion of the electr ical 
perturbat ion (EP) is like ly to involve changes in the activ ity of membrane 
bound enzymes, in the distribution of membrane -associated ions, and in 
ion fluxes across the me m branes. In our ea rliest experiments with electric 
perturbat ions , using pro liferative- layer isolate d carti lage cells, we ex
amined the dose and response depende ncy of cAMP production on ap 
plied voltage. Resu lts are shown in figures 10-2 and 10-3 (Norton , 1976). 
Cellular cAMP content decreased with increas ing voltage. The se data gave 
a clear indication that a capac itative coup led signal altered the biologi c 
activity of carti lage cells, which is consiste n t with the resu lts of other 
workers us ing a similar system (Hekk elman, 1975; Br ighton , 1976). More 
rece ntl y, Davidovitch (1980) using a D.C. in v ivo mode l showed histochem
ical evidence of thi s phenomenon . Decreased cAMP has been associated 
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Figure I 0-2. Thi s graph indic a ted tha t the cellular cAMP con centration in carti lage de
crease d with tim e when expo sed to an EP of IOOOV access o n 15 mm di ameter capa citor . 
(From Clin. Or/hop., 124:59-68, 1977.) 
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with cell prolifer a tion. Ther efor e, usin g what we regarded as an optim al 
signa l from our cAMP dose respo nse data , 1166 volts/cm at 5 Hz, we 
measur ed 3H-th ymidin e incorpor ation in carti lage cells after exposur e to 
EP. Our data show ed that th ere was an increase o f 53 :±: 13 percent after 
six hours of ex posur e . This was a re liable and rep ea tabl e observation (72 
expe rim e n ts, 2 16 sa mpl es) (Rod a n , 197 8). The difference in 3 H
th ymidin e was observed in materi al that was dioxy ribonucl ease diges tible 
and was absent in TCA extracta ble mater ial. Thu s, the increased 3 H
th ymidine was in the DNA. By expos ing cells grow n on on ly one side of a 
culture tube , we dete rmin ed that the act ive electrode stimu lating this 
e ffect was th e cathode (Norton , 1979) (Fig. I 0-4). In other experiment s 
using a different system , Bassett ( 1968) and Herrmann showed similar 
results when they assaye d for 3H-th ymidin e uptak e. 

We assum ed th at the rapid rise and fa ll of pot enti a l diff erences across 
the electrod es tr ansmitted through th e culture glass to the cells brie fly 
perturb ed the cell membran e. Thi s may be th e re sult of (a) electr ic fie ld 
effec t acting on po lar molecules in or aro und the cell membrane , (b) a 
transient curr ent ge nerated in th e electro lyte culture media adjacent to th e 
cells, o r (c) changes in th e surface char ge of th e glass dir ectly influ encing 
the adhering cell membran e . In all of th ese cases , ionic movement in and 
around the cell must be affected. T herefo re, we hypothe sized th at ion 
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Figur e 10-3 . T his grap h illu str ates the decrease of cAMP content in carti lage ce lls over 
increme nta l carti lage voltages. Th e vertica l ex tension of th e points ar e one stand ard 
deviation. (From Clin . Orthop .. 124 :59-68, 1977 .) 
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Figure l 0-4. T he bar gr aph shows that the biolog ica lly act ive electrode for increa se in 
3
H-thymidin e up take is the cathode. The quant ita tive date fo r this graph are seen in 

No n on (1979). 

flu xes may be an ea rly event assoc iated with the EP effec ts. It has been 
postu la ted that th e flu x of calcium in to the cell is a potent ial prolifer at ive 
signal. Using 45 Ca p re labeled cells, we observed an increased Ca + + efflu x 
into th e medi a during exposure to EP (Fig. l 0-5). To investigate the ro le of 
extrace llular Ca ++ in EP eve nt s, we in vestigate d the effect o f two concen
tra tions of Ca + + in the media on 3 H-thym id ine incorpor ation in contro l 
and EP cells. 3 H-T hymidine inco rpora tion decr ease d with a de creased 
Ca+ + concentr ation , but EP stimul at ion over its corr espond ing control 
re tained app rox imate ly th e same ratio a t these conce ntr at ions (Tab le 
I 0-I). Th e effect of a numb er of ion flu x blocker s or promoter s on EP 
stimu lat ion was exa min ed. Verapamil , a Ca ++ and to some exte nt Na + 
flux inhibi tor , blocked the EP e ffect at 10-6 M (Roda n , l 978). In similar 

TABLE 10-1 

EFFECT OF CA LCIUM CONCENT RAT ION ON ELECT RIC FIELD STIM ULAT ION OF 
' H -T H YM IDI NE INC ORPORAT I ON 

CA Co ne. (M) 
Cont ro l 
ElecLr ic Field ( I 166 V cm- ,, 5 Hz) 

* p < .05. 

10--,_; 
1557 ± 114 
2046 ± 154* 

10-01 

1849 ± 102 
2408 ± 128* 
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ex perim ents, tetrodoto xin , a specific inhibi tor of Na + chann els in nerve 
tissue, was ad ded to th e media in varying con centr ations. Tet rodotox in 
produ ced a do se-dep endent inhibition o f 3 H-th ymidin e incor por ation in 
contro l cells and a larger inhibition in EP cells. At 10-6M, the EP effect was 
com ple_tely abo lished. In oth er ion flu x exper iments, 5 x 10-8 valinomy
cin , a K + ionophor e, neg ated the 58 percent incre ase in 3 H-th ymidin e 
upt ake stimul ated by EP over contro ls (Fig. I 0-6). 

Th e relation betwee n Na + and K + fluxes and their dependence on 
Ca ++ is well known. Changes in th e distribution of th ese ions, in or on the 
cell membr ane , app ea r to be necessary for th e prolif erative event to take 
place. Th ese ion flux alte rations occur very earl y in the series of cellular 
metaboli c eve nt s leadi ng to proliferation. The y may be the primar y 
mechanism of electri cal pert urb at ion transdu ction or , as see n in ser um 
growth stimul ato ry syste ms, exp ressed in the modulation of the Na +, K +, 
ATPase (Elligse n, I 974; Tupper , I 977; Smith , 1978). Pre liminary data , 
using 86 Rb to monitor K + flux , suggest that th e la tte r enzyme ax is is also 
affe cted by E P. The dir ect evidence accumul ated so far does not single out 
a parti cular cation as th e tr igge rin g age nt for the EP effect but indi cates 
th at the var ious cat ion and the membr ane are invo lved in the act ion of EP. 

The capac itative coup led perturb ation incre ased th e ce ll diameter of th e 
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Figure I 0-6 . This graph indicates that 0.05 µM valinomyc in abolishes the ability of the cell 
to increa se 3H-thym idine uptake in the pres ence of- EP. 

exposed cells by approx imately l .5 times (Fig. l 0-7). Th is ma y be ind ica
tive of cells enter ing the M ph ase of the cell cycle. EP also increase d the 
adhes ivity of bone cells to the glass tub es. T he rate of ad here nce rose from 
t112 = 39 minu tes to t112 = 17 minut es (Fig. l 0-8) and th e release of ce lls by 
collage n digestion was substantia lly slowe r after twe nty-fo ur hou r ex po
sure to EP (Norto n , 1979). Th e ad hesivity findin gs stro ngly indi cate cell 
membr ane involvement in the EP effect. 

We have a lso exam ined the effect of EP on cell cycle paramet ers. Pr e
liminar y data ind icate that if sync h ron ized cells are ex posed to EP about 50 
percent more cells are recruited from G 1 to S than in the respective contro l 
popu lat ions. T here is no effect o n the appare nt length of the G 1 per iod, 
the pea k DNA synth esis occ ur r ing in both gro u ps at abo ut twent y hour s. 
Similarly, more cells already in th e G2 phase enter mitos is (M phase) in the 
pre sence of EP. T hose highly selective co nditi ons diff er fro m the in vivo 
situ atio n , where ce lls are heterogeneous , in all ph ases o f the cell cycle and 
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CELL DIAMETER (,Am) 
Figure I 0-7. T his is a Coult er cou nter chann elyzer plot of the freque ncy di stri butio n of cell 
size for a samp le of cont ro l ce lls. Th e EP cells(- - -- - ) have a bimodal distrib ution in 
cell diame ter . (Fro m Bri ghton , C. T. , Black, J ., an d Pollack, S. R. (Eds.), El ectrical Prop erties 
of Bone and Cartilage, 1979. Courte sy of Gru ne and Stratton, New York.) 

subj ect to homeosta tic influ ences . Th e pr esence of growth facto rs or 
ho rm ones, cellular age or deg ree of diff e rentiation , and pos ition in th e cell 
cycle all play a role in deter minin g whet her EP stimul ation occur s and 
influ ences th e mag nitud e of th e EP effect. 

T ime Scale 

M Sec 

Minutes 

6-20 ho urs 

20-24 ho u rs 

TA BLE 10-11 

Effect 

a + . K + Oux 

cAMP • 
Ca ++ (int race llular) 
Ca + + Efflux 
Cell ad hesivity • 
G1 to M • 
3 H-th ymid ine uptake • 
Mobilize cells in G0 to G 1 

n umber of ce lls in S phase • 
ce ll size • 
Cell ad hesion /p robabl e cell 
matr ix out put • 
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Figur e I 0-8. Thi s plot sho ws that EP a ffec ts th e ..ate of adh esivity of bone cells to cultu re 
tub es. T he upp er line sh ows th e rate of att achm ent o f th e cont ro ls as comp ared to th e EP 
cells seen in the lowe r line . (From Brighton , C. T. , Black, J., and Po llack, S. R. (Ed s.), 
Electrical Properties of Bone and Cartilage, I 979 . Co urtes y of Gru ne and St ratton , New Yor k.) 

Conclusions 

Th e da ta collecte d so far allow us to speculate about th e sequ ence of 
event s th at may take p lace when hard tissue cells are ex posed to a capacita
tive coup led electri c perturb ation . A bri ef summ ary is seen in Ta ble I 0-II. 
Ce lls ar e affected by exposur e to the cath ode only. Prob ably within mil
liseconds , th e Na +, K +, and AT Pase p rodu ce changes detectable within 
minut es . Intr ace llular cAMP and Ca ++ flux changes occur within the 
same time frame. Free ce lls adh ere more readi ly when they strik e a 
charged sur face . Some evide nce suggests th at ce lls in G2 may be recrui ted 
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int o the M ph ase of the cell cycle. Af te r six hour s of pertur ba tion , the 
up ta ke o f 3H-th ymidine in to DNA is statistica lly d etecta ble, and unpµb
lished d ata indi ca te th at th e peak is at twe nt y hour s. Durin g thi s time , cells 
are being mobilized from G0 to G 1. Finally, a fter twe nty hour s, th e nu mber 
of cells i~ S ph ase is grea tly incre ased. Some cells a re enla rged and have 
altere d adh esivity characteri stics, possibly from incr ease d produ ction o f 
matri x comp onent s or bindin g o f fib ro nectin. 

T he ph ysical bas is for the EP eff ects observed in these studi es is still 
subj ect to spec ula tion. T wo kinds of electri cal changes occur in this system , 
depe ndin g on voltage, pul se fr equ ency, capacitance, and th e inte rn al 
resistance of the power sour ce: (a) charg ing of th e test tub e su rface and (b) 
short -lived (µ,secs) curr ent s th ro ugh the electro lyte soluti o n. Surfa ce 
cha rge is known to a ffect cell attachm ent and shape, which in turn were 
shown to modul ate p ro life ration. Elect ric curr ent s th ro ugh the med ium 
were shown to p rodu ce e lectro ph ore tic move ment of molecules in th e cell 
membr ane, simila r to patchin g, also known to modul ate cell act ivity. Eith er 
could produ ce some or all o f th e chan ges obse rved. 

On e ca nn ot assum e th at all eve nts descr ibed in a h ighly cont ro lled in 
vitro system repr ese n t a rea l portr aya l o f in vivo clini cal eve nt s. H oweve r , 
th e sequ ence and eve nt s outlined in this chapt er are consiste nt with eve nts 
observe d in ot he r cell popul ations wh en given prolifera tive stimuli. It is 
likely that e lectri cal pertur ba tio ns wor k in a similar ma nn er. A grea t d ea l 
of stu d y mu st be d on e to elu cidate the mechanism of act ion of this unu sual 
stimul ato r y signal on ske letal ce lls. 
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