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Summary. We have previously demonstrated that puls
ed electromagnetic fields (PEMF) affect the functional
differentiation of rabbit growth plate chondrocytes in
culture by enhancing the response of the parathyroid
hormone (PTH). In this study, we examined whether
the PEMF affect the proliferation of cultured chondro
cytes as well as how their effect on the PTH response of
the chondrocytes is related to the calcium metabolism.
We cultured growth plate chondrocytes isolated from
the ribs of young rabbits and treated them with Vera
pamil, a calcium blocker, under exposure to PEMF
(pulsating recurrent burst, an average of 2 gauss). No
significant effect on [3H] -thymidine incorporation into
DNA synthesis in either the confluent or logarithmic
phase was observed under exposure to PEMF. Vera
pamil: 1) inhibited DNA synthesis dose-dependently,
whereas it did not change the level of glycosamino
glycan (GAG) synthesis; and 2) did not alter the level of
PTH-dependent GAG synthesis in the presence or
absence of PEMF. These findings indicated that PEMF
stimuli resulted in the functional differentiation of
growth plate chondrocytes by enhancing GAG synthesis
in response to PTH, and that this effect was not affected
by the change in the concentration of calcium ions.
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INTRODUCTION

There are many reports on the use of pulsed electro
magnetic fields (PEMF) for inducing osteogenesis or
stimulating the growth of skeletal tissues or repair
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in fractures. However, the effect and mechanism of
PEMF at the cellular level are unknown.

We have demonstrated that PEMF affects the dif
ferentiated phenotype of rabbit costal chondrocytes
in culture by enhancing the response of PTH (2.5IU/
mI). In a previous study we showed that: 1) intracel
lular cyclic adenosine 3',5'-monophosphate (cAMP)
accumulation in response to PTH was elevated
markedly by applying pulsed electromagnetic fields
in cultured rabbit chondrocytes; 2) induction of or
nithine decarboxylase (ODC) in response to PTH was
enhanced; and 3) GAG synthesis in response to PTH
was also significantly enhanced in the presence of
PEMF. 1

) These results suggested that PEMF
stimulated functional differentiation or the expres
sion of a differentiated phenotype of chondrocytes by
enhancing the hormonal action of PTH. Also, cAMP
appeared to play an important role as one of the
mediators of the actions of PEMF. On the other hand,
calcium (Ca2+) concentration has been postulated as a
modulator of mitotic activity.2-4)

In order to examine whether the effect of PEMF on
the enhancement of PTH action is mediated through
calcium ion, we investigated the effect of PEMF and
Verapamil, a calcium blocker, on DNA and GAG
synthesis treated with PTH in cultured rabbit chon
drocytes.

MATERIALS AND METHODS

Materials

Bovine PTH-active fragment (synthetic 1-34: 6000
IU/mg) was obtained from Beckman Instruments
Inc. (USA). Eagle's minimum essential medium
(MEM) and fetal calf serum (FCS) were acquired
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from Nissui Pharmaceutical Co., (Tokyo, Japan) and
GIBCO, (USA), respectively. [35S] -sulfic acid (carrier
free) came from the Japan Atomic Energy Research
Institute, Japan, and [3H] -thymidine from New Eng
land Nuclear, USA. Materials used in this study were
commercial products of the highest grade available
(Wako Pure Chemical Industries, Ltd., Osaka, Japan).

Cell culture and PEMF stimuli

Chondrocytes were isolated from growth plate carti
lage of the ribs of young male New Zealand rabbits,
weighing 300-600 g, as described previously. I) The
isolated cells were plated at a density of 8 X 10 4 cells
per 35-mm diameter dish and grown in 2 ml of MEM
supplemented with 10% FCS (previously heat-inac
tivated at 56 D C) at 3TC under 5%C02 in the open air.

PEMF was generated in Helmholz coils 35-mm
diameter, with pulsating recurrent currents of a 5 ms
burst of 210 msec and 25 msec opposite polarity
repeated at 15.4 Hz. Each 35-mm culture dish was
placed between each Helmholz coil placed vertically
in relation to the culture dish. The measured strength
of PEMF was an average of 2.4 gauss in the culture
dish at the center of the helmholtz coils.

Determination of DNA synthesis

Cultured cells were labeled at 3TC with 1.0 uCi/m
[6-3H] thymidine for 2 h. The cells were washed
three times with cold phosphate buffered saline (PBS)
and precipitated with 5% trichloroacetic acid (TCA),
then solubilized with 0.3 N NaOH and neutralized
with 6 N HCl. The radioactivity was measured to
evaluate DNA synthesis using a liquid scintillater
(Aloka LSC-3050).

Determination of GAG synthesis

After each experiment, the cultured cells were rinsed
with Gey's solution containing 10% (vIv) Hanks
solution, and then labeled with the same solution
containing [35S] sulfate (2 uCi/ml) for 4 h. The cell
layers were dissolved with ice-cold 0.1 M NaOH and
collected with a rubber policeman. Glycosamino
glycans in the labeling medium and in the cell layer
were precipitated with cetylpyridinium chloride,
separately. The radioactivity in the precipitates was
measured with a liquid scintillater (Aloka LSC-3050).
A portion of the neutralized-cell lysate was used for
protein assay by the Lowry method.5)

Effect of PEMF on DNA synthesis

When the chondrocytes were cultured at an initial
density of 1x 105cells in the 35 mm dishes to reach a
confluent phase or logarithmic phase, PEMF was
applied to the culture dish, followed by incubation for
48 h. The rate of DNA synthesis of cultured chon
drocytes was then measured by labeling with 1.0 uCi/
ml of [3H] thymidine for the last 2 h.

The effect of PEMF and Verapamil on the PTH
induced GAG synthesis

When chondrocytes reached a subconfluent phase, the
cells were incubated under PEMF exposure for 48 h.
Glycosaminoglycan synthesis was measured to evalu
ate the effect of PEMF on the differentiation of
chondrocytes. Verapamil (10- 7 -10-3M) was added in
the medium, and then [3H] thymidine incorporation
and [35S] sulfate incorporation were measured to
evaluate DNA and GAG synthesis, respectively.

Statistical analysis

Results were expressed as mean± ISD and compared
using the ANOVA test. A significance was deter
mined at p<0.05.

RESULTS

Effect of PEMF on DNA synthesis

In order to examine the effect of PEMF on cell
proliferation, cells were grown for 48 h under con
stant exposure to PEMF. Fig. 1 shows that no diffe
rence in thymidine incorporation was observed in
either the logarithmic growth states or the confluent
states.

Effect of Verapamil on GAG and DNA synthesis

We examined the effect of calcium ion (Ca2+) on GAG
and DNA synthesis in rabbit costal chondrocytes
using Verapamil, a calcium blocker. Fig. 2 shows the
effects of Verapamil on GAG and DNA synthesis in
the absence of PEMF. No significant change in the
GAG synthesis of cultured chondrocytes treated with
Verapamil (10- 7 -10-3 M) was observed, whereas
DNA synthesis was inhibited with the addition of
Verapamil (10- 4 -10-3 M).
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Fig. 1. The effect of a 48-hour exposure to PEMF on the
[3H] -thymidine incorporation into DNA in cultured chon
drocytes. When the chondrocytes were cultured at an initial
density of 1x 105 cells in 35 mm dishes to reach a logarithmic
or confluent state, they were continuously exposed to PEMF
for 48 h. The open column shows the control group with no
exposure to PEMF, and the hatched column shows the treat
ed group with exposure to PEMF for 48 h. NS, difference is
not statistically significant. (n =3)

DISCUSSION

Electric fields have been used to stimulate the frac
ture repair and growth of skeletal tissues. 2

,6) The
growth plate chondrocytes play an important role in
the growth by humoral and mechanical stimuli, in
cluding electrical stimuli. We have previously report
ed that PEMF exposure enhanced cAMP accumula
tion, ornithine decarboxylase activity and GAG syn-

Effect of Verapamil on PTH induced GAG synthesis
in the presence or absence of PEMF

As previously reported, 1) PEMF increased GAG syn
thesis by chondrocytes treated with PTH. Consistent
with previous findings, 1) GAG synthesis increased in
response to PTH, and this GAG synthesis in response
to PTH with exposure of PEMF was enhanced. We
examined the effect of PTH and Verapamil (10- 4 M)
on GAG synthesis in the presence or absence of
PEMF. As shown in Fig. 3, GAG synthesis increased
significantly with PTH treatment compared with the
control (PBS treated), and further increased in the
presence of PEMF. However, PTH-induced GAG
synthesis was not affected by Verapamil treatment
during exposure to PEMF for 48 h.
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Fig. 2. DNA synthesis. (left) GAG synthesis. (right) The effect of Verapamil on the GAG synthesis and
[3H] -thymidine incorporation into DNA in cultured chondrocytes. When the chondrocytes were cultured at an
initial density of 1x 105 cells in 35 mm dishes to reach subconfluency, they were treated with Verapamil. Each
value is the average ± lSD in the three studies. *, a significance is reported at p <0.05.
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Fig. 3. The effect of a 48-hour exposure to PEMF on
GAG synthesis in cultured chondrocytes. When the
chondrocytes were cultured at an initial density of 1x
105 ceIIs in 35 mm dishes to reach subconfluency, they
were continuously exposed to PEMF for 48 h. After
treatment with PTH (2.5 IU/m!) alone, or Verapamil
00- 4 M) and PTH (2.5 IU/m!), they were exposed to
PEMF for 24 h. Each value is the average 1SD (per
cent of control) in the three studies. The open column
shows the control (treatment with PBS: phosphate
buffered saline) group with no exposure to PEMF, the
hatched column shows the treated group with PTH
alone with exposure to PEMF for 48 h, and the dotted
column shows PTH and Verapamil treatment with
PEMF exposure. NS, the difference is not statisticaIIy
significant. *, a significance is reported at p<0.05.
(n=3)

thesis, and that these inductions in response to PTH
are good markers of the differentiated phenotype of
chondrocyte, suggesting that PEMF stimulates the
functional differentiation of growth plate chondro
cytes in culture. I) However, the effect of PEMF on
their proliferation and the effect of PEMF on calcium
flux are unknown.

In this study, we found that: 1) the pulsed electro
magnetic fields have no influence on DNA synthesis in
logarithmic growth states or confluent states; 2)
Verapamil, a calcium blocker, inhibited [3H] -thy
midine incorporation into DNA synthesis; and 3)
Verapamil did not alter the level of PTH-induced
GAG synthesis in the presence of PEMF. These
findings show that the exposure of cultured rabbit
chondrocytes to PEMF did not induce mitotic activ
ity. Furthermore, PTH-dependent GAG synthesis in
the presence of PEMF was not affected by the cal-

cium blocker, Verapami1. In this study, we did not
measure intracellular calcium levels; however, the
results shown here indicate that the change in the
calcium flux is not involved in PTH dependent GAG
synthesis by PEMF. CAMP appears to be a secon
dary intracellular mediator in applying PEMF to
cultured chondrocytes, and at least 48 hours' expo
sure of chondrocytes to PEMF was necessary for the
enhancement of PTH responsiveness. I) These find
ings suggest that PTH affect primarily adenylate
cyclase and the PTH receptor by the change in
PTH-sensitization at the cell membrane level, though
the exact mechanism remains to be determined.
Using Verapamil, Rodan et a1. found that: 1) electri
cal fields induce membrane depolarization; 2)
intracellular Ca 2+ rises; 3) cAMP declines; and 4)
DNA synthesis is initiated shortly after exposure.3)
We do not know whether the discrepancy between
this report and our results is due to a difference in the
cells used or a difference in electrical stimulation. 2,3,7)

Luben et a1. reported the inhibition of PTH
stimulated cAMP following PEMF exposure in
MMB-1 osteoblast-like cells "in vitro".8) Brighton et
a1. reported that a small capacitively coupled electri
cal stimulation significantly decreases bone cell pro
duction of cAMP in response to PTH. 2,9,IO) Further
more, this decrease in cAMP response to PTH was
greater after a 30-min delay between the cessation of
the electrical field and application of PTH,9,IO,1l)
These results indicated that PEMF has varying
effects on cAMP accumulation in response to PTH.
Our studies and the above reports suggest that elec
trically induced osteogenesis may be mediated by
changing the sensitization to hormonal action as
sociated with the interaction of cells and electrical
stimulation.

The present findings showed that PTH-dependent
GAG synthesis by PEMF was not affected by the
change in calcium fluxes.
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