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Abstract Endochondral ossification is a basic physiological process in limb development and is central to bone 
repair and linear growth. Factors which regulate endochondral ossification include several biophysical and biochemical 
agents and are of interest from clinical and biological perspectives. One of these agents, electric stimulation, has been 
shown to result in enhanced synthesis of extracellular matrix, calcification, and bone formation in a number of 
experimental systems and is the subject of this review. The  effects of electric stimulation have been studied in 
embryonic limb rudiments, growth plates, and experimental endochondral ossification induced with decalcified bone 
matrix and, in all these models, endochondral ossification has been enhanced. It is not known definitively whether 
electric fields stimulate cell differentiation or modulate an increased number of molecules synthesized by committed 
cell population and this is a fertile area of current study. , 1993 WiIey-Liss, Inc 
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Endochondral ossification is the basic develop- 
mental process in skeletal embryogenesis, 
growth, and fracture repair. Although spatially 
and morphologically distinct, endochondral ossi- 
fication in these physiological events bears simi- 
larities from the cellular point of view. The 
process consists of cell replication followed by 
sequential gene expression for, and synthesis of, 
characteristic extracellular matrix molecules cul- 
minating in bone formation [9]. Chondrogenic 
precursor cells are characterized by the expres- 
sion of type I collagen and proteoglycan with 
long chondroitin sulfate chains (30,000 D) and 
little to  no keratan sulfate. Mature chondro- 
cytes express and synthesize type I1 collagen 
and proteoglycan containing keratan sulfate 
chains and chondroitin sulfate chains of shorter 
length. Terminally differentiated (hypertrophic) 
chondrocytes synthesize proteoglycan with even 
shorter chondroitin sulfate chains (15,000 D) 
and larger keratan sulfate chains (10,000 D) and 
type X collagen. Hypertrophic cartilage under- 
goes calcification, vascularization, and, ulti- 
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mately, removal by chondroclasts and replace- 
ment by trabecular bone. 

The synthesis of extracellular matrix in endo- 
chondral ossification has been shown to be regu- 
lated by a variety of biochemical and biophysical 
factors including cytokines and growth factors, 
hormones, oxygen tension, mechanical strain, 
and electric fields. Understanding regulatory 
events offers the opportunity for therapeutic 
modulation of skeletal morphogenesis, growth, 
and repair. This review discusses the ability of 
one biophysical factor, electromagnetic fields, to  
regulate endochondral ossification. 

TECHNIQUES FOR ELECTRIC STIMULATION 
OF BIOLOGICAL TISSUE 

Electric and magnetic stimulation of biologi- 
cal tissue can be accomplished by three meth- 
ods. Each has its unique biophysical characteris- 
tics and is applicable, to varying degrees, to  
organs, tissues, and cells, in vivo and in vitro. 
Stimulation with direct electric current (DC) is 
achieved by the placement of electrodes into the 
experimental system with the cathode at the 
desired site of bone deposition. General signal 
parameters include a voltage of 1.0-1.5 V and 
current of 5-20 FA. The electric field is highly 
localized and rapidly falls off as a function of the 
distance from the electrode [61. Biochemical re- 
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actions occur at the cathode which may be detri- 
mental to biological systems under some circum- 
stances. These reactions include decreased local 
oxygen tension, hydroxyl radical production, cor- 
rosion, and electrolysis. Electric fields can be 
produced in biological systems without the intro- 
duction of electrodes by two techniques, capaci- 
tive or inductive coupling. Capacitive coupling 
(CC) requires that opposing electrodes be placed 
in contact with a conducting medium apposed to 
the biological system. Similar electric potentials 
are applied as with DC stimulation with frequen- 
cies of 20-200 kHz resulting in the induction of 
electric fields of 1-10 mV/cm. Electric stimula- 
tion by the CC technique distributes the induced 
current over the relatively large volume of tis- 
sue between the electrodes and avoids high local 
potentials. Electric fields can also be induced in 
biological systems by inductive coupling (IC) 
with a time-varying magnetic field. Since this 
technique does not require physical contact with 
the biological system it is quite useful for in 
vitro work. This technique employs a current- 
carrying coil or coils which elaborate a time- 
varying magnetic field and which induce an elec- 
tric field in the biological system. The induced 
electric field is related to the characteristics of 
the applied magnetic field and the properties of 
the biological system. A variety of signal config- 
urations have been utilized in experimental stud- 
ies, including sine waves, single pulse, and pulse- 
train or burst wave forms. Configurations can 
be designed to produce voltage gradients of 1-10 
mV in an inductive search coil. 

It is not clear whether the biological effects of 
these three techniques are due to common prop- 
erties such as the induced electric field. How- 
ever, because all three modalities induce bone 
formation in tissue with an electric field of ap- 
proximately 1-10 mV/cm it is often assumed 
that this range is stimulatory to osteogenesis. It 
is important to note, however, that other vari- 
ables related to  the signal such as amplitude, 
frequency, and exposure duration are probably 
of equal importance in producing a biological 
response. 

STIMULATION OF ENDOCHONDRAL 
OSSIFICATION IN SKELETAL EMBRYOGENESIS 

Early attention has been focused on the ef- 
fects of electric and magnetic stimulation of 
endochondral ossification in limb development 
perhaps, in part, because of the observations of 
endogenous electric currents in developing and 

regenerating amphibian limbs [7,18]. Endoge- 
nous electric currents may be one factor influenc- 
ing pattern formation of skeletal elements in 
limb buds. In regenerating amphibian limbs, 
current density of 20-100 mA/cm2 are observed 
to flow from the intact to the severed portion of 
the limb. Inhibition of this current interferes 
with normal limb regeneration in lower amphib- 
ians. Amplification of the current flow results in 
augmentation of repair in amphibians which do 
not normally mount a regenerative process. Blas- 
tomas produced by the exogenous application of 
electric fields, while not normally organized, 
consist of multiple differentiated tissue types 
including muscle, cartilage, and bone. 

The earliest studies of electrical effects on 
endochondral ossification examined skeletal mor- 
phogenesis in embryonic limb rudiments under 
IC or time-varying electromagnetic fields. These 
studies employed very low frequency fields (1-10 
Hz) and demonstrated no increase in cartilage 
matrix synthesis. Inhibition of collagen synthe- 
sis was shown in 7-day-old embryonic chick tib- 
ial explants [41. Explants of more advanced em- 
bryonic stages exhibited increases in protein 
synthesis, calcification, and growth. Other stud- 
ies of chick tibia1 explants demonstrated the 
absence of sulfate incorporation into cartilage 
macromolecules and suppressed protein synthe- 
sis 151. In another laboratory, an enhancement 
of calcium incorporation and calcification of car- 
tilage matrix has been reported in the same 
experimental system [lo]. The extent of calcifi- 
cation was found to be related to frequency and 
exposure time in a dose-dependent manner. In- 
creases in CAMP levels were observed in calcify- 
ing cartilage after IC stimulation [141. These 
studies were interpreted as indicating that the 
fields employed stimulated calcification of carti- 
lage matrix rather than enhancing matrix pro- 
tein synthesis. 

Studies with other stimulation techniques or 
biological systems have demonstrated changes 
in proliferation or extracellular matrix synthe- 
sis induced by the electric field. In chick embry- 
onic tibia, cartilage synthesis has been shown to 
be increased in a dose-related fashion under CC 
electrical stimulation [ 111. Exposure to a volt- 
age of 0.1 mV for 30 min per day for 72 h 
increased hydroxyproline incorporation 83- 
125% of control while continuous exposure for 
72 h increased hydroxyproline incorporation by 
29%. Evidence of increased proliferation and 
incorporation of thymidine of 0-150% was ob- 
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served in cultures treated for 30 min per day. A 
study was carried out to examine proliferation 
in a predominant chondroblast cell culture de- 
rived from chick embryo sterna under condi- 
tions of IC electrical stimulation. Under condi- 
tions promoting rapid growth to confluency, 
DNA content was increased in cultures treated 
with electric fields. The turnover of gly- 
cosaminoglycans, both synthesis and degrada- 
tion, also appeared to be increased with a net 
loss of tissue glycosaminoglycans [171. Studies 
with DC fields in 21-day-old fetal rat tibia dem- 
onstrated stimulation of osteogenesis related to 
field configurations [ 15,161. Enhanced calcifica- 
tion was demonstrated by electron microscopy, 
energy dispersive X-ray micro analysis, micro 
auto radiography, calcium incorporation, and 
light microscopic morphology. Thicker trabecu- 
lae with proliferative periosteum and a greater 
number of osteoblasts were observed in limbs 
treated with DC fields. 

These studies, taken as a group, have demon- 
strated a promotion of endochondral ossifica- 
tion and osteogenesis in embryonic long bone 
rudiments under conditions of IC and DC electri- 
cal stimulation. Some studies have demon- 
strated an increase in cell proliferation and extra- 
cellular matrix synthesis as well. In all likelihood, 
the precise effects observed reflect the in vitro 
culture conditions, stage of development of the 
tissues, and configuration of the electrical stim- 
ulation used in each laboratory. 

STIMULATION OF GROWTH PLATE AND 
PHYSEAL CHONDROCMES 

The effects of CC electric fields upon growth 
plate elongation has been studied in vivo [8]. 
Only a brief, 48 h, stimulation was utilized and 
linear growth was measured by double tetracy- 
cline labeling. A 60 kHz sine wave stimulated 
growth plate elongation in a dose-dependent 
manner with the optimum voltages for stimula- 
tion being 5-10 V. Further studies of the effects 
of electric stimulation on growth plate have 
been done using IC, or time-varying, electric 
fields in vitro. No effects were observed with a 
specific pulse configuration applied at varying 
amplitudes of 6.3-50 Gauss and calculated in- 
duced fields of 0.57-6.11 mVlcm alone. How- 
ever, significant elongation and linear growth 
was observed under conditions of IC stimulation 
of 37.5 and 50 Gauss applied for 48 h in the 
presence of thermal effects [131. 

STIMULATION OF EXPERIMENTAL 
ENDOCHONDRAL OSSIFICATION 

The introduction of decalcified bone matrix 
(DBM) particles into the subcutaneous space of 
immature rats has been shown to produce an 
ossicle comprised of trabecular bone at 3 weeks 
after DBM implantation [19]. The process fol- 
lows the developmental sequences of endochon- 
dral ossification and is analogous to other forms 
of endochondral bone formation in cellular dif- 
ferentiation, elaboration of extracellular matrix, 
and trabecular formation. The system has been 
temporally well characterized both biochemi- 
cally and morphologically and serves, therefore, 
as an excellent test system for factors which 
affect the rate and quality of endochondral ossi- 
fication. In this system, proliferation of mesen- 
chymal cells occurs on days 2-4. Differentiation 
of chondrocytes is apparent on day 6, with chon- 
drogenesis becoming maximal on days 8-10. 
Endochondral calcification is observed on day 
10. Progressive calcification occurs, with trabec- 
ulae appearing on days 12-14, maturing by days 
18-20. This experimental system has been uti- 
lized to test the effects of IC electrical fields on 
endochondral ossification [ 11. Significant in- 
creases in indices of chondrogenesis and bone 
formation have been observed. Twofold in- 
creases in sulfate incorporation into cartilage 
macromolecules and glycosaminoglycan content 
have been noted on day 8 of ossicle development. 
The volume of cartilage, measured histomorpho- 
metrically, was also elevated by a similar magni- 
tude. Calcium content was significantly in- 
creased in ossicles exposed to electric fields on 
day 12 of development and these elevations per- 
sisted until the conclusion of ossicle develop- 
ment. The formation of trabecular bone, mea- 
sured with quantitative histomorphometry, was 
markedly accelerated by day 12 of development. 
The rate of trabecular development in day 12 
ossicles exposed to electric fields was equivalent 
to that of 16 day control ossicles, indicating a 
20% acceleration of trabecular formation. At 
day 20 of ossicle development the amount of 
trabecular bone in ossicles exposed to electric 
stimulation was nearly double that in control 
ossicles. Indices of trabecular and ossicle matu- 
ration also demonstrated an acceleration in 
treated ossicles. This study demonstrated un- 
equivocally that the IC field applied increased 
extracellular matrix formation and organiza- 
tion. It showed that the effects of the field were 
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not, as some supposed, solely to  increase calcifi- 
cation of previously synthesized matrix. These 
studies were extended by exposing ossicles to 
electric stimulation during selected stages of 
their development: mesenchymal, chondrogene- 
sis, calcification, and trabecular formation 121. 
This study demonstrated that stimulation dur- 
ing days 1-8 of development (mesenchymal and 
chondrogenic stages) or days 1-3 of develop- 
ment (mesenchymal stage) produced trabecular 
bone of equivalent maturation and quantity to 
that in ossicles exposed to electric stimulation 
for the full 20 days of development. Stimulation 
during cell recruitment and proliferation (mes- 
enchymal stage), therefore, apparently provided 
stimulation of the precursor cell pool sufficient 
to  accelerate all subsequent stages of develop- 
ment. Both the synthesis of cartilage matrix and 
subsequent calcification and trabeculation were 
accelerated. Cell proliferation itself, as mea- 
sured by thymidine incorporation, and overall 
cellularity, measured by DNA content, were not 
increased in stimulated ossicles. These studies 
suggested a stimulatory effect of the electric 
fields on cell differentiation. 

Another study has been carried out to  indicate 
that exposure of ossicles during chondrogenesis 
results in the increased synthesis of extracellu- 
lar matrix molecules which are of normal size 
distribution and chemical composition [3]. Pro- 
teoglycans extracted from cartilage treated with 
electric stimulation eluted on Sepharose 2B in 
an identical position to  those of control ossicles. 
However, a significantly greater fraction of the 
proteoglycan synthesized under conditions of 
electric stimulation eluted in the position char- 
acteristic of cartilage-specific molecules. Diges- 
tion of the pooled cartilage-specific peak and 
chromatography on Sepharose 6B revealed that 
glycosaminoglycans synthesized under condi- 
tions of electric stimulation were also of normal 
size distribution. Enzyme analysis of the chemi- 
cal composition of glycosaminoglycans in treated 
ossicles reveal them to be similar to that of 
control ossicles and to be comprised largely of 
chondroitin sulfate. Finally, the increase in chon- 
drogenesis seen under electric stimulation was 
accompanied by an earlier expression of mRNA 
for proteoglycan core protein and type I1 colla- 
gen. 

Confirmation of these studies was provided by 
a study of the response of osteoprogenitor (mar- 
row) cells to DBM stimulation under conditions 
of DC stimulation [12]. Marrow cells and DBM 

were placed into diffusion chambers implanted 
in rabbit muscle pockets and the amount of 
cartilage and subsequent calcification assessed 
histologically. To some chambers was added DC 
electrical stimulation with implanted cathodes 
delivering 5 pA current and approximately 1 V. 
Both chondrogenesis and calcification were accel- 
erated in chambers with electrical stimulation. 

CONCLUSIONS 

Evidence from many experiments with t,hree 
systems of endochondral ossification indicates 
that extracellular matrix synthesis and/or calci- 
fication can be increased by exposure to appropri- 
ately configured electric fields. The multiplicity 
of models and stimulation techniques and wave 
forms makes direct comparisons among the stud- 
ies difficult. However, this difficulty should not 
obscure the generally observed enhancement of 
endochondral ossification by electric stimula- 
tion. Both chondrogenesis and osteogenesis can 
be enhanced. Differing sensitivities to electrical 
stimulation of the various phases of endochon- 
dral ossification are apparent with stimulation 
of the stem cell population being most sensitive. 
These studies, as a group, form the scientific 
basis for the clinically observed acceleration of 
endochondral ossification in the repair of frac- 
tures and non-unions. 

While it is clear that the synthesis and organi- 
zation of extracellular matrix molecules can be 
accelerated by exposure to  electric fields, the 
mechanism by which cells respond is not so 
clear. Although certain systems do indicate the 
ability of some fields to stimulate cell prolifera- 
tion, this does not appear to  be a major mecha- 
nism of stimulation of organ cultures of endo- 
chondral ossification. Experimental data suggest 
that the fields may promote differentiation of 
precursor stem cells to chondrocytes, although 
the open-ended cell pool in in vivo models makes 
this difficult to establish with certainty. In vitro 
models are now being explored to test this hy- 
pothesis. Whether subsequent bone formation 
results simply from the increase in chondroid 
matrix or whether a separate bone precursor 
cell pool is being stimulated remains to be stud- 
ied. 
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