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ABSTRACT  Low-energy electromagnetic fields pulsed at fre-
quencies of 10-90 Hz significantly increase healing of chronic frac-
ture nonunions in man. These fields are effective at tissue current
levels several orders of magnitude lower than those required for
transmembrane depolarization of normal cells. We have examined
the effects of two clinically used pulsed electromagnetic fields on
cultures of the osteoblast-like mouse bone cell line MMB-1. Both
fields significantly reduced cellular production of cAMP in re-
sponse to parathyroid hormone and osteoclast activating factor.
Neither basal nor fluoride-activated levels of adenylate cyclase
were altered in membranes from cells cultured in the fields; how-
ever, the same membrane preparations exhibited markedly in-
hibited responses to parathyroid hormone. The fields blocked the
inhibitory effects of the hormone on collagen synthesis by MMB-
1 cells. However, there was no effect on the inhibition of collagen
synthesis by 1,25-dihydroxyvitamin D, which is believed to act
primarily by a nuclear, rather than by a membrane-dependent,
mechanism. No significant differences were noted between effects
of the two fields, one generating continuous pulse trains (72 Hz)
and the other generating recurrent bursts (15 Hz) of shorter
pulses. We hypothesize that these field effects are mediated pri-
marily at the plasma membrane of osteoblasts, either by inter-
ference with hormone-receptor interactions or by blocking of re-
ceptor—cyclase coupling in the membrane. These responses
occurred with induced extracellular fields of 1 mV/cm or less,
even though transmembrane potential gradients are typically
10°V/em.

Clinical studies (1-5) have demonstrated the usefulness of elec-
tromagnetic fields in stimulating healing of chronically ununited
fractures in humans. Devices generating such fields have been
approved for clinical use. However, the mechanisms of action
of these fields are not clear. Oscillating electromagnetic fields
proven effective in clinical use generate electrochemical gra-
dients in the tissue fluid surrounding cells (6), but these gra-
dients are considerably weaker than the levels required to de-
polarize cell membranes. Typically, the devices in question
impose =20-G pulsed magnetic fields, which induce current
densities of =1 wA/cm? and associated electric gradients of
1-10 mV/cm in extracellular fluids (2). Because of the high re-
sistance of cell membranes, any transmembrane electrical com-
ponents of imposed fields would be lower than the extracellular
gradients by two to three orders of magnitude (6) and thus as
much as six orders of magnitude less than the typical excitatory

threshold currents of 1 mA/cm? observed for axonal depolari-
zation (7).

It would therefore appear that the effectiveness of such weak
stimuli in generating cellular processes must depend on a series
of amplification mechanisms, either before or during the trans-
membrane coupling of the initial stimulus (8). Likely loci for
amplification and extension of weak electrochemical triggering
events at the cell membrane may involve glycoprotein mole-
cules on the external surface of the plasma membrane (9), es-
pecially those molecules that constitute specific receptor sites
for various extracellular molecules. In the present study, we
have cultured bone and bone cells in the presence of clinically
useful electromagnetic fields and have examined the responses
of the cells to hormones that either do or do not appear to act
primarily via plasma membrane receptors. The data are con-
sistent with substantial changes in the activity of membrane
processes as a result of exposure to the fields, suggesting that
the clinical effectiveness of the fields may be mediated by
changes in the sensitivity of cells in vivo to endogenous hor-
mones. In addition, the data appear to be consistent with pre-
viously propesed nonequilibrium models for the responses of
cells to weak electrochemical stimuli.

MATERIALS AND METHODS

For experiments in which isolated bones were cultured, the
cranial bones were dissected from 3-day-old mice and cultured -
as described (10). For monolayer osteoblast cultures, the bone
cells used were the MMB-1 osteoblast-like cell line developed
in this laboratory (11) from primary cultures of mouse cranial
bone cells. The cells were cultured in Eagle’s minimal essential
medium/10% fetal bovine serum (GIBCO) in 5% CO,/95% air
at 37°C. For experiments, cells were subcultured in multiwell
plates (Falcon) at 20,000/25-mm well. The cells were allowed
to attach for at least 18 hr before any further treatment. Dishes
containing cells to be exposed to electromagnetic fields were
placed in the central space of the 10 X 10 cm square coil of a
Bi-Osteogen clinical field generator (furnished by Electro-Bi-
ology, Fairfield, NJ). The coil was placed in a tissue culture in-
cubator, while the pulse generator unit was outside the incu-
bator at normal room temperature and humidity. Control
cultures were kept in a separate incubator under identical con-
ditions or were placed in the same incubator as the treated cul-
tures but isolated from the field by layers of Styrofoam and
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stainless steel. The isolation conditions produced at least 40-dB
attenuation of the field, as measured by inductive probes at
various locations in the incubator. No differences in activities
were noted between control cultures incubated in a separate
incubator and cultures incubated under the isolation conditions
described above.

After the specified times in the fields, control and treated
cultures were removed from the field and the tissue culture
medium was replaced with fresh medium containing 0.01 mM
theophylline. The cells were then incubated for 30 min to allow
temperature and gas equilibration before hormone treatment.
Hormones were added and assays—cAMP accumulation, ade-
nylate cyclase activity, and collagen synthesis—were carried out
as described (10). Hormones used for the studies were bovine
parathyroid hormone (1-34) (PTH) synthetic peptide (Bachem
Fine Chemicals, Torrance, CA), osteoclast-activating factor
(OAF) prepared in this laboratory (12), and 1,25-dihydroxyvi-
tamin D; (Hoffmann-La Roche).

The general characteristics of the electromagnetic fields in
these experiments have been described (13). The fields are gen-
erated by pulses of positive current applied to paired square
Helmbholtz coils 10 cm on a side, arranged coaxially and 6.3 cm
apart. In one configuration, a continuous train of single pulses
was produced at a frequency of 72 Hz (designated here
SPP—"single pulse, patient”). Each magnetic pulse had an ini-
tial component 325 usec long, with a drop of 20% between the
peak of the rising phase and the onset of the falling phase. The
falling phase had an overshoot of opposite polarity with a typical
peak amplitude 20% of the initial deflection. This overshoot
decayed nonlinearly to zero over 5 msec. In the second field-
exposure system (designated here PTP—"pulse train, patient”),
bursts of pulses were produced at a 4-kHz rate, each burst last-
ing 5 msec and being repeated at a 15-Hz rate. The initial pulse
was 200 usec long, and it was followed by a deflection of op-
posite polarity lasting 18.5 usec and limited in amplitude to 20%
of the initial deflection. We have determined the characteristics
of the magnetic field produced by this generator by a three-step
process: (i) calibration of a search coil by using a sinusoidal wave-
form to energize the Helmholtz coils, determining the magni-
tude of the magnetic field by using a Hall effect probe and as-
sociated gauss meter; (ii) measurement of the emf induced in
the search coil during excitation of the Helmholtz coil by the
pulsed current generator; and (iii) modeling of the emf wave-
form by a series of linear segments and calculation of the mag-
netic field with constants determined in steps i and ii.

Calculated from the search coil output, the rising phase of
the initial pulse changed at a rate of 0.92 G/usec and, when
measured from the emf across a resistance in series with the
search coil, varied at a rate of 1.02 G/ usec. These rates of flux
change indicated field components in the megahertz range of
the frequency domain. We have therefore measured these high-
frequency components for the 72-Hz generator by rf spectrom-
etry and by digital spectral analysis. Energy distribution was
essentially uniform (= 3 dB) over the range 0.8-9.5 MHz, with
a sharp cutoffat =11 MHz and no evidence of significant output
at higher frequencies. It should be emphasized that there is no
evidence linking electromagnetic fields at frequencies above
the extremely low frequency (ELF; <1.0 kHz) range with low-
level bioeffects of the type described here. To the contrary,
there is good evidence that, in the absence of low-frequency
modulation, radio and microwave fields are without effect on
binding and release of calcium in cerebral tissue (14) and in its
synaptosomal fractions (15) and are similarly ineffective in mod-
ulating cell-mediated cytotoxicity of T lymphocytes (16), phe-
nomena that are strongly responsive to radio and microwave
fields amplitude modulated at frequencies <100 Hz. We have
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confirmed that these fields produced an electrical gradient of
~1.0 mV/cm around a 1-cm loop in the spatially homogeneous
portion of the field between the coils and that the expected peak
extracellular current density in homogeneous conducting elec-
trolytes would be =~1.0 wA/cm? (13). By reason of higher cell
membrane impedance, transmembrane components of these
fields would be substantially less. In all experiments described
here, the cultures were exposed to the fields continuously for
the indicated times prior to testing for hormone responses. All
experiments were carried out on triplicate or quadruplicate cul-
tures, and significance of the results was analyzed by Student’s
t test.

RESULTS

Isolated bone and bone cells treated in culture with PTH show
markedly increased levels of cAMP (17). When the MMB-1
osteoblast-like cell line was cultured in the electromagnetic
fields, the PTH-stimulated accumulation of cAMP was mark-
edly reduced (Table 1). At doses normally found to produce
maximal stimulation of cAMP accumulation, inhibition was
~90%. Inspection of the dose-response curves for cAMP re-
sponse suggested that the PTH dose required for half-maximal
response was increased 50- to 100-fold. The fields also inhibited
accumulation of cAMP stimulated by OAF (Table 1).

The inhibited accumulation of cAMP observed in the cells
was not due to increased export of cAMP into the medium or
to activation of phosphodiesterase (data not shown) but appar-
ently was caused by decreased activation by PTH of adenylate
cyclase in the cell membranes (Fig. 1). These data show that
inhibition of PTH and OAF responsiveness persisted after the
cells were removed from the fields; the experiments were car-
ried out 30-60 min after removal of the cultures from exposure
to the fields. Interestingly, however, the total adenylate cyclase
catalytic activity in the membranes, as measured by activation
with fluoride (Table 2), was not altered by culture of cells in the
fields. These data suggest that the inhibition of responsiveness
may be due to effects of the fields on cell surface receptors for
PTH and OAF rather than on the cyclase itself.

To further test the hypothesis that the effects of the fields
might be localized to cell surface receptors, we examined other
intracellular responses to PTH that are believed to be mediated
by the increased cAMP concentrations produced by PTH treat-

Table 1. Effects of fields on cAMP accumulation in bone
cell monolayers

Dose cAMP, pmol per 106 cells
Agent ng/ml No field SPP field PTP field
None 21+03 31*06 2305
PTH 10 5.7 £ 0.8* 3304 26 04
PTH 30 8.3 = 1.0* 41+08 3506
PTH 100 11.6 + 1.8* 5.3 = 0.5* 4.9 + 0.8*
OAF 1 9.3 = 0.9* 4.2 + 0.6 33+05
OAF 10 13.8 £ 2.1* 5.6 0.7 43 = 0.8*

Dose-response relationship for effects of PTH and OAF on accu-
mulation of cAMP in MMB-1 cell monolayers with and without culture
in electromagnetic fields. MMB-1 cells were plated in multiwell cul-
ture dishes (Falcon 2.5-cm 12-well dishes) at 20,000/well and then cul-
tured in either SPP or PTP fields for 72 hr. At the end of culture, cells
were removed from the fields and the medium was replaced with me-
dium containing 0.01 mM theophylline. After 30 min of incubation,
PTH or OAF was added at various doses for 5 min and then the cells
were disrupted and cAMP was measured by radioimmunoassay. Re-
sults are mean + SEM of quadruplicate cultures.

* Significantly different from control (no field), P < 0.05. Paired ¢ tests
indicated no significant differences between effects of SPP and PTP
fields at any dose.
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Fic. 1. Dose-response relationships for effects of PTH on ade-
nylate cyclase activity of bone cells in culture. MMB-1 cells were grown
in the presence (®) or absence (O) of the SPP field for 90 hr without
hormone treatment. The cells were then disrupted and a membrane
preparation was isolated for adenylate cyclase assay as described (6).
The membranes were treated for 10 min with the indicated concentra-
tions of PTH without exposure to the field, and then the production
of cAMP was determined. Results are mean. = SEM.

ment. The specific inhibition of collagen synthesis by PTH (18)
was blocked by treatment of cells with the fields (Fig. 2). How-
ever, the fields did not block the effects on collagen synthesis
of 1,25-dihydroxyvitamin D;, a hormone that apparently acts
via a cytoplasmic rather than a membrane receptor (19).

As with cell cultures, isolated mouse cranial bones exhibited
significantly decreased accumulation of cAMP when treated
with PTH or OAF after culture in the fields (Table 3).

DISCUSSION

It is reasonable to postulate that the osteoblast, the bone form-
ing cell, is specifically sensitive to electromagnetic fluxes of

Table 2. Effects of fluoride on adenylate cyclase activity with
and without fields

Cyclase activity,
Treatment pmol of cAMP/mg protein

None (no field) 985+ 1838
None (SPP field) 1124 + 226
PTH (30 ng/ml) 1,024 =+ 246
PTH (30 ng/ml), SPP field 2135 + 435
NaF (10 mM) 1,144 =231
NaF (10 mM), SPP field 1,379 =+ 306

MMB-1 cells were grown in the presence or absence of the SPP field
for 72 hr and then removed, and the cell layers were disrupted to pre-
pare membranes for adenylate cyclase assay (6). The membranes were
treated in the absence of fields for 10 min with either PTH or 1 mM
NaF, and then the amount of cAMP formed was determined by ra-
dioimmunoassay. Results are mean = SEM.

Proc. Natl. Acad. Sci. USA 79 (1982)

120

110

100 -

50

% control

120 -

110 -

100 -

70 -

50 1 1 | J
C 0.1 1 10

1,25-Dihydroxyvitamin D3, nM -

Fic. 2. Effects of fields on synthesis of collagen by bone cells.
MMB-1 cells were grown in the presence (®) or absence (O) of the SPP
field for 12 hr, and then various concentrations of PTH (A) or 1,25-
dihydroxyvitamin Dy (B) were added in fresh culture medium. Culture
was continued in or out of the field for 48 hr, with the final 4 hr being
in the presence of [*Hl]proline at 1 uCi/ml (1 Ci = 3.7 X 10 becque-
rels). Cells were disrupted and collagen synthesis was measured by a
collagenase digestion technique (11). C, control.

* Significantly different from control (no field), P < 0.05.

both exogenous and endogenous origin. Electromagnetic fields
are effective in stimulating healing of bones in vivo (1-3). Treat-
ment schedules (field time on vs. time off) have varied consid-
erably. The present studies were carried out with continuous
field exposure; future studies should evaluate variations in
treatment schedule. Low-energy electric currents produced by
piezoelectric responses to stress on bone appear to play a role
both in normal bone remodeling and in healing of fractures un-
der normal treatment regimens (5). The present data suggest
that the effects of fields on bone involve subtle changes in the.
response of bone cells to their surroundings. The ability of the
bone cells to respond to added PTH or OAF with increased
cAMP formation was inhibited dramatically by the fields; the
same result was observed for isolated mouse cranial bones cul-
tured under similar conditions. Since the effects of short-term
treatment with PTH are osteolytic, blocking of the effects of
PTH in vivo should lead to net increases in the rate of bone for-
mation. In a case in which only small localized areas of bone are
rendered resistant to PTH action, there would likely be no sig-
nificant changes in the overall circulating concentrations of cal-
cium or PTH, leading to increased bone density in the affected
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Table 3. Effects of fields on cAMP accumulation in cultured
mouse calvariae

cAMP, pmol per half calvaria

Agent  Dose, ng/ml No field SSP field PTP field
None 42x0.7 3.7x01 33+0.2
PTH 10 43x03 4603 3.0=x0.2
PTH 30 79+08* 30x04 6.6 = 0.3*
PTH 100 222+32% 80x23 65+1.8
OAF 1 131 +22* 36=*04 38+03
OAF 10 244+ 33 76+13* 83=*11*

cAMP accumulation was assayed in neonatal mouse calvariae cul-
tured for 72 hr in the presence or absence of fields and then treated
for 5 min with various doses of PTH or OAF. Culture and assay con-
ditions were as described in Table 1. Results are mean + SEM of trip-
licate cultures.
* Significantly different from control (no field), P < 0.05.

areas without systemic effects on mineral balance. This in fact
has been observed clinically (1, 2).

The current results do not directly indicate the electrochem-
ical mechanism by which osteoblasts respond to electromag-
netic fields. However, the evidence points to the cell mem-
brane as a primary site of interaction. Although the fields
inhibited the activities of the peptide agents PTH and OAF, we
did not observe changes in the activity of 1,25-dihydroxyvi-
tamin D3, a hormone that does not appear to act via plasma
membrane receptors (19). In addition, the earliest enzyme in-
volved in PTH action, PTH-activated plasma membrane ade-
nylate cyclase, was substantially inhibited by the fields. In con-
trast, the total amount of adenylate cyclase catalytic units in the
membrane (as assessed by activation with fluoride) was not de-
creased, nor was the basal cyclase activity altered by exposure
of cells to the field. This finding argues against long-term direct
effects of the fields on the cyclase itself and suggests that the
fields may be interfering with the binding of hormone to re-
ceptor, the ability of the hormone-receptor complex to activate
cyclase, or both.

Another possible locus for the effects of electromagnetic
fields is the coupling of the hormone-receptor complex to ade-
nylate cyclase in the membrane. Such an effect could be me-
diated either directly, by effects on the intrinsic membrane cou-
pling protein(s) (20), or indirectly, by modification of other
membrane functions. It is of particular interest in this regard
that many investigators have postulated a role for membrane
transport of Ca%* in the mechanism of PTH action of bone cells.
Activation of adenylate cyclase by PTH is accompanied by influx
of calcium ions (21) and, conversely, some of the hormonal ac-
tions of PTH may be mimicked by calcium ionophores (22).
Recent findings (23) indicate that calcium influx in bone cells
may be linked with a Na*~Ca®* exchange mechanism and thus
with the transmembrane gradients of Na* and K* maintained
by the Na*/K* ATPase pump. These findings are supported
by previous studies of the effects of electromagnetic fields on
the binding and release of Ca?* in isolated cerebral tissue (13,
24, 25), in cerebral synaptosome fractions (14), in pancreatic
islets (26), and in modification of cytotoxity of T lymphocytes
exposed to low-frequency modulated microwave fields (15).
There is evidence that initial events in coupling of weak oscil-
lating electromagnetic fields to cell membranes occur on mem-
brane surface polyanionic glycoproteins, producing transient
coherent states of nearest-neighbor fixed-charge sites (27).
These coherent states may exist for considerable distances along
the membrane surface (28), and thus would appear likely sites
for the first steps in transductive coupling. Binding and release
of Ca®* at these membrane surface sites correlate closely with
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exposure to certain weak electromagnetic fields. Sensitivity to
these fields in narrow frequency and amplitude “windows” (14,
29-31) supports a series of models based on cooperative or dis-
sipative interactions at cell membrane surface glycoproteins.
Evidence from Ca?*~H"* interactions in the presence of these
fields raised the possibility of proton tunneling, perhaps at the
margins between coherent and incoherent fixed-charge zones
(25). Dispersive (reaction—diffusion) interactions may also occur
at cell membrane surfaces between linear macromolecules and
electromagnetic fields (32-34) in the form of soliton waves and
act as a substrate for coupling extracellular events to the intra-
cellular domain (35). It seems reasonable that future studies of
the effects of electromagnetic fields on bone cells should focus
on the fluxes of cations across the cell membrane as well as on
the effects on intracellular metabolic activities. It will be im-
portant to demonstrate not only that the effects on hormone
responsiveness that we have observed in vitro can also be ob-
served in vivo but also that there is consistency between re-
sponses of isolated cells and living tissues.
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