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As is evident, insulin was a significant stimulator of pes.

In comparisonthe PEMF-inducedeffect was of the same order of

magnitudeas insulin alone. The elevation in pes with the combina

tion of insulin and PEMF exceededthat of either treatmentalone,

although the increasewas not additive. The increasein collagen

synthesiswith combined insulin and PEMF may, however, be real.

COP levels in the combined treatmentgroup were significantly

higher than in the control group, while the elevation of NCP

levels tended to mask any statistical significance in pes in this

combined treatmentgroup.

The PEMF-inducedenhancementwas blocked by 10-8 M PTH, which

completely abolished the stimulatory potential of PEMF.



VI. Discussion

These findings demonstrate several points. Firstly, PEMF is

capable of eliciting a direct anabolic response in a bone forming

culture system by enhancing collagen synthesis.

The use of high flux density combined with an intermittent

PEMF exposure regimen resulted in a significant increase in percent

collagen synthesis.

Secondly, the effect mediated by these electrical signals was

quantitatively similar to the response of this system to hormonal

stimulation by insulin (JO-8 M). The combined use of PEMF and

insulin appeared to increase the response compared to each modality

alone, although this stimulation was less than additive.

Thirdly, the stimulatory effect of PEMF was completely

abolished in the presence of PTH (10-8 M). This would indicate

that PEMF acts upon the same population of cells which are respon

sive to PTH~ While no probing of the mechanistic process was

undertaken this finding would suggest that PEMF acts on one of

the events in the sequence of events involved in the transduction

of the hormonal effect of PTH. It has been previously demonstrated

that populations of cells enriched in osteoblasts show a predominant

response to PTH stimulation of cAMP (Luben et al, 1976). This

would tend to provide supportive evidence that the target cell of

PEMF may be the osteoblast.

Further evidence was obtained regarding several other points.

While no systematic experimentation was carried out to test the

importance of magnetic flux density, the data suggested that it

plays a role in modulating the response. Maximization of flux
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density resulted in highly significant stimulation of collagen synthe

sis and may indicate that a flux threshold must be reached in order

to elicit a response.

It also appears that the silent period following stimulation may

be an important factor in determining the potential success of the

electrical perturbation. This point was illustrated by the failure of

continuous PEMF stimulation to enhance collagen synthesis when compared

to shorter and intermittent exposure periods followed by silent

periods outside the field presence. The fact the PEMF effects are

observed subsequent to these pause periods suggests that in vivo PEMF

may affect an early event in the osteogenic process, such as prolifera-

tion or differentiation.

This correlates well with the in vivo situation. Empirically,

the most successful clinical treatment modality involves intermittent

stimulation via PEMF~ following precise spatial placement of the coils

in relation to the nonhealing fibrous defect. It should be noted that

this principle of threshold flux levels and intermittent application

providing for a maximum response is not unique to this system. An

evaluation of the biological response to orthodontic tooth movement

has indicated that minimum force levels are required for tooth move

ment to be initiated; in addition intermittent force application which

provides the tissue with rest periods results in the most physiologic

tooth movement with the minimum of undesired sequelae (Reitan in

Graber and Swa in, ed. 1976) ~

The biphasic natur·e of effects with, continuous exposure to PEMF

in that it mayor may not be stimulatory has precedence in pharmacology,

such as in cyclic AMP control of proliferation (and differentiation)



(Chlapowski et al ~ 1975; Deshpande and Siddiqui, 1976; Pastan et al,

1975).

An understanding of the electrical perturbations produced by

PEMF in the responding cells is relevant to the discussion of PEMF-

induced effects on collagen synthesis.

PEMF can generate a current in any conductive material exposed

to it. This would include the electrolytic extracellular environment

as well as any intracellular charged molecules.

Measurements of the current generated by the electromagnetic

fields used in this study have shown that in a saline environment,

they produce a range of current from 2-8 ~A/cm2 depending upon the

radius of the circle of the culture dish (Sechaud and Pilla, 1981).

It has also been calculated that the magnitude of the induced electric

field was approximately 1 mV/cm.

The effect of direct current on development and tissue repair

has been extensively reviewed by Jaffe and Nucitel1i (1977). They

indicated that the current affecting a biological system, such as the

cell membrane can be inferred from the current passing through the

extracellular medium.

Uninterrupted DC currents don1t penetrate the cell membrane, but

may act by translocating charged molecules on the cell surface {POD and

Robinson, 1977}.

PEMF produces pulsating currents in the medium, and based upon the

impedance properties of cell membranes, such currents penetrate the

cell membrane (Pilla and Margules, 1977). Oscillating DC currents were

Ishown to produce similar biological effects (alkaline phosphatase

rnhibitiOn) to PEMF (Facklam, personal communication).



Since fracture repair has been achieved with both DC and oscilla

ting AC currents, it raises the question as to whether they both act

as similar modalities on the target cell or tissue. The projected

hypothesis is that while continuous DC currents don1t penetrate the

cell membranes, they may be capable of causing electrochemical changes

in the cell membrane due to ionic redistribution. This type of

response would be similar to the changes in membrane permeability

subsequent to hormonal binding to surface receptors, and may involve

a second messenger such as cyclic AMP or cytoskeletal rearrangement

for stimulus transduction (Rodan in Banner et al, 1981). Pulsating

DC currents and PEMF induced oscillating electrical fields are capable

of penetrating cell membranes~ Therefore these stimuli could act

either at the level of the cell membrane or could directly affect

intracellular organelles.

A very brief and general discussion of how PEMF might modulate

proliferation and/or phenotypic expression in skeletal tissue may

help put the results obtained in this study into the broader context

of the in vivo situation.

In terms of initiating normal fracture repair, PEMF could

exercise control at several levels.

a) by promoting proliferation of osteogenically competent cells.

b) by increasing the probability for expressing differentiated

properties in a precursor cell population.

c) by controlling the expression of the differentiated function

with respect to matrix formation and calcification through

activation of osteogenically committed cells.

Several of these concepts have been addressed by Owen (1978),



with regard to skeletal tissue possessing osteogenic precursor cells

whose only option is bone formation, and inducible osteogenic pre

cursor cells which require the presence of an inducing agent to

trigger the differentiated state. It is possible for PEMF to be

involved at several of these levels. For example, PEMF has also

been shown to significantly increase lysozyme levels in chick carti

lage cells and this step precedes matrix calcification (Norton,

unpublished data).

PEMF may thus be a general stimulus whose specificity is deter

mined by the responsive cell and its threshold to this stimulus.

It should be noted that no attempts were made in this study to

address the question of the mechanism involved in PEMF~mediated

effects; rather the objective was to determine whether PEMF is

ble of inducing an anabolic effect on an organ culture model. With

the demonstration that PEMF can indeed modulate collagen synthesis,

future experimentation can be designed to further characterize the

effect upon collagen synthesis and to investigate the mechanistic

steps involved.



VII. Summary

This study on the effects of PEMF in organ culture has

demonstrated the following:

1) PEMF has the ability to induce an anabolic effect

in a bone forming system, specifically it can enhance

the production of collagen.

2) The nature of this potentiation mimics hormonal action

since its effects are equal and not additive to those

of insulin (10-8 M) and are blocked by PTH (10-8 M).

3) The data suggest that intermittent exposure to electri

cal perturbation followed by a silent period is superior

to other regimens of treatment and that effectiveness

may be related to the flux density of the PEMF.
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VIII. Tables and Figures

TABLE I. GENETICALLY AND STRUCTURALLY DISTINCT COLLAGEN

~10 1ecu1ar Chemical
Type Tissue Distribution Fonn Characteristics

Bone, tendon, intervertebral Hybrid composed
I disc, liver, kidney, cornea, [al(I)]2a2 of 2 chains low

visceral endoderm, tooth, in hydroxylysine
gingiva and glycosylated

hydroxylysine

Itrimer Embryonic tendon, dentin, Cal (I )J3
ski n tumor

II

III

IV

v

Cartilage, bone growth
plate, lung: tracheal and
bronchial cartilage,
intervertebral disc

Skin, arteries, uterus,
tooth, gingiva

Basement membranes:
alveolar, capillary,
glomerular, placenta
tumor, lens capsule,
liver, skin

Basement membranes,
alveolar, capillary
cartilage bone, nerve
dura, liver, placenta,
tendon, gingiva,
muscle
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[as and aAa.C]
or

[al,a.2,a.3J

Relatively high
in hydroxylysine
and glycosylated
hydroxylysine

High in hydroxy
proline and low
in hydroxylysine
contains inter
chain disulfate
bonds

High in hydrox..y
lysine and glyco
sylated hydroxy
lysine, may con
tain large
globular regions

Similar to
Type IV



?7

TABLE I I. EFFECT OF 48 H PEr~F ON THE INCORPORATION OF [3H] PROLINE
INTO COLLAGENASE DIGESTIBLE (COP) AND NON-COLLAGEN PROTEIN
(NCP) IN FETAL RAT CALVARIA: PERCENT COLLAGEN SYNTHESIS
(PCS) IS CORRECTED FOR THE RELATIVE ABUNDANCE OF PROLINE COP
AND NCP.

Treatment COP NCP PCS
dpm/~g dry weight

Experiment A
Control 40.3 ± 6.5 84.5 ± 9.7 7.9 ± 0.5

PEMF 25.4 ± 3.8 56 .. 7 ± 5.2* 7.5 ± 0.7

Experiment B
Control 33.0 ± 6.5 84.9 ± 6.8 6.6 ± 1 .0

PEMF 32. 1 ± 6~4 92.5 ± 7.2 5.9 ± 0.8

Values are means ±SE for 5-6 half calvaria incubated for 48 hand

pulsed for the last 2 h with [3H] proline.

*Significantly different from control P <.05
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TABLE III EFFECT OF AN INITIAL 24 H PULSE OF PEMF ON THE
INCORPORATION OF [3H] PROLINE INTO COLLAGENASE
DIGESTIBLE (COP) AND NON-COLLAGEN PROTEIN (NCP)
IN FETAL RAT CALVARIA: PERCENT COLLAGEN SYNTHESIS
(PCS) IS CORRECTED FOR THE RELATIVE ABUNDANCE OF
PROLINE IN COP AND NCP.

Treatment

Experiment A

COP NCP
dpm/~g dry weight

PCS

Control
PEMF

Experiment B

Control
PEMF

34.1 ± 5.7
40.3 ± 7.8

25.3 ± 4.8
28.8 ± 4.9

73.8 ± 7.6
74.4 ± 5.7

58.2 ± 3.6
57.2 ± 7.4

7.8 ± 0.6
8.9 ± 1.0

7.4 ± 1.0
8.4 ± 0.8

Values are means ± SE for 4 half calvaria incubated for 48 h and pulsed

for the last 2 h with [3H] proline.



TABLE IV. EFFECT OF AN INITIAL 24 H INTERMITTENT PEMF (12 H ON,
12 HOFF, 12 H ON, 12 H OFF) ON THE INCORPORATION OF
[3H] PROLINE INTO COLLAGENASE-DIGESTIBLE (COP) AND
NON-COLLAGEN PROTEIN (NCP) IN FETAL RAT CALVARIA:
PERCENT COLLAGEN SYNTHESIS (PCS) IS CORRECTED FOR THE
RELATIVE ABUNDANCE OF PROLINE IN COP AND NCP.

Treatment

Experiment A

COP NCP
dpm/~g dry weight

pes

Control
PEMF

52.2 ± 11.0
50.2 ± 5.0

88.7 ± 6.0
93.4 ± 6.9

9.4 ± 1.2
9.0 ± 0.3

Values are means ± SE for 6 half calvaria incubated for 48 hand

pulsed for the last 2 h with [3H] proline.



TABLE V.
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EFFECT OF AN INITIAL 12 H PULSE OF PEMF ON THE INCORPORA
TION OF [3H] PROLINE INTO COLLAGENASE-DIGESTIBLE (COP)
AND NON-COLLAGEN PROTEIN (NCP) IN FETAL RAT CALVARIA:
PERCENT COLLAGEN SYNTHESIS (pes) IS CORRECTED FOR THE
RELATIVE ABUNDANCE OF PROLINE IN COP AND NCP.

Treatment cOP NCP
dpm/~g dry weight

pes

Experiment A

Control
PEMF

Experiment B

Control
PEMF

11~4 ± 1.5
16.8 ± 3.0

7.7 0.4
11 . 9 1. 2*

42.1 ± 2,0
52.9 ± 4.9

42.3 1.8
38.3 3.6

4,7 ± 0.4
5.4 ± 0.4

3.3 0.2
5.4 0.4*

Values are means ± SE for 4-6 half calvaria incubated for 48 hand

pulsed for the last 2 h with [3H] proline.

*Significantly different from control P < .02

:fSignificantly different from control P < .002
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TABLE VI~ EFFECT OF MAGNETIC FLUX DENSITY, INTERMITTENT (12 H ON,
12 HOFF, 12 H ON, 12 HOFF) PEMF, INSULIN (10-8 M) AND
PARATHYROID HORMONE (10-8 M) ON THE INCORPORATION OF
[3HJ PROLINE INTO COLLAGENASE DIGESTIBLE (COP) AND NON
COLLAGEN PROTEIN (NCP) IN FETAL RAT CALVARIA: PERCENT
COLLAGEN SYNTHESIS IS CORRECTED FOR THE RELATIVE ABUNDANCE
OF PROLINE IN COP AND NCP.

COP NCP PCS
Treatment dpm/lJ9 dry weight

Control 40.0 ± 10.4 57.9 ± 14. 1 10.6 ± 0.6

PEt~F 64, 1 ± 13,2 67.8 ± 13.8 14.7 ± 0.5*

Insulin (.1 0-8 M) 58.1 ± 2.4 65.5 ± 1 .8 13.9 ± 0.6

PTH (1 O~8 M) 29.3 ± 4 ~ 1 61.7 ± 4.3 81\0 ± 0.7

PEMF + Insulin (10-8 M) 79.7 ± 12.8~ 75.6 ± 8.0 16.3 ± 1.7*

PEMF + PTH (10-.8 M) 34.7 ± 2.7 65.4 ± 3.6 9.0 ± 0.6"

Values are means ± SE for 4 half calvaria incubated for 48 hand

pulsed for the last 2 h with [3H] proline.

*Significantly different than control P < .001

*Significantly different than control P < .02

o'Significantly different than control P < .05

ASignificantly different than PEMF P < .001
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