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ABSTRACT
It has been widely demonstrated that pulsed low-frequency electromagnetic
fields (PEMFs) positively affect bone repair. The aim of this study is to
highlight if PEMFs influence cell metabolic activity during the replacement
of the blood clot with granulation tissue in the inflammation phase of bone
repair. Four equal transcortical holes were made, at the same diaphyseal
level, in both metacarpals (McIII) of five male adult horses. The left McIII
were exposed to PEMFs 24 hr/day; the right untreated McIII were used as
controls. Eight days after surgery, the horses were sacrificed. We investigated
the effect of PEMFs on 1) histological aspects of the lesion, 2) histochemical
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detection of the bone marker alkaline phosphatase, and 3) molecular markers
as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and transforming
growth factor-b1 (TGF-b) by reverse transcriptase-polymerase chain reaction
amplification (RT-PCR).
The histological analysis indicates that the blood clot, in both PEMF treated
and control holes, is being replaced by granulation tissue extending from the
endosteal towards the periosteal side of the lesion. TALP positive areas do
not exactly correspond to the areas where fibroblasts are present, these being
wider than the former. The study of the expression of the mRNA of TGF-b1
shows no differences between treated holes and control ones. The expression
of TNF-a and IL-6 however, is not univocal, being sometimes more
expressed, sometimes less in treated or control holes. These data show that
PEMFs exposure affects the expression of inflammatory cytokines (TNF-a
and IL-6) during the very early stages of bone repair. On the contrary TFG b
expression and histological findings are not modified by PEMF exposure at
least in this experimental condition.
Key Words: PEMF; Gene expression; Inflammation phase; Bone repair

INTRODUCTION
The discovery of electromechanical properties and natural biopotentials in bone[1,2]
suggests that the adaptive remodeling of bone depends on an electrochemical transduction mechanism which influences bone cell activity by first generating an endogenous electrical field in the bone matrix.
It is well known that biophysical stimulation (either mechanical or electrical
extracellular stimulus converted into cell reaction) enhances the proliferation of cells
involved in the production of bone tissue, both in normal conditions, as defined by
Wolff’s law regarding bone remodeling, and in pathological situations, such as in the
repair of bone lesions.[3 – 9] Once the integrity of bone has been disrupted, a sequence of
biochemical and cellular events, which induces inflammatory reactions, commences.
Biochemical messengers (e.g., metabolites of the clotting or growth factors) are
released or activated. They control the migration, proliferation, and protein synthesis of
cells that are essential for angiogenesis, connective tissue formation, osteoblast
activation, and bone remodeling.[10 – 12]
Several studies have investigated the effects produced by electrical and/or
magnetic stimuli in reparative osteogenesis.[13,14] In particular, in a well established
model in the horse, it was demonstrated that 1) pulsed low-frequency electromagnetic
fields (PEMFs) affect the last (osteogenic) phase of bone repair,[15] 2) the mineral
apposition rate (MAR) is significantly greater in PEMF-treated lesions than in untreated
lesions,[16] and 3) PEMF can modulate the enzymatic activity of cells involved in the
early phases of bone repair.[17]
The aim of this study is to highlight if PEMFs are able to influence cell
metabolic activity also during the replacement of the blood clot with granulation tissue
in the inflammation phase of bone repair in transcortical holes drilled in long bones
of horse. We investigated the histological, histochemical and molecular aspects of
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the very early phases of bone repair processes. In particular, alkaline phosphatase (TALP)
marker of bone deposition[18] and mRNA expression of tumor necrosis factor a (TNF-a),
interleukin-6 (IL-6), and transforming growth factor-b1 (TGF-b) were evaluated.

MATERIALS AND METHODS
Five male horses 8 –10 years of age were used. In accordance with the
methodology used in previous investigations[16] under general anesthesia by gas
(fluothane 1 –2%, O2 30% and N2O 68 –69%), four transcortical holes were made, 3
cm apart and at the same level, in the lateral margin of the right and left metacarpus
(McIII) in the mid-diaphyseal region. The holes were orthogonally drilled to the
longitudinal axis of the bone, with a helicoidal tip (4.5 mm diameter) working at low
speed and cooled with a jet of sterile physiological solution of Gentalyn (gentamycin C
complex sulphate; Schering-Plough, Comazzo-Milan, Italy).
The McIII of both sides were surrounded by a pair of Helmholtz coils, mediallaterally oriented to the sagittal plane of the bone. The coils surrounding the left
metacarpal were powered by a pulse generator (Biostim, IGEA, Carpi, Italy) for 24 hr/

Figure 1.

Waveforms of the magnetic (above) and electric (below) fields used in the investigation.
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day. The magnetic field peak amplitude was 2.8 mT, a rise time of 1.3 msec, and a
repetition rate of 75 Hz. Right metacarpals were used as controls and were also
surrounded by inactive Helmholtz coils. The peak value of the electric field induced in
a standard coil probe was 3.25 ± 0.25 mV in the left metacarpal (Figure 1), whereas in
the right metacarpal, the induced electric field measured by means of a probe with a
sensitivity level of 0.01 mV was undetectable. Eight days after the surgery, the horses
were sacrificed. Immediately after sacrifice, the soft tissue (core) present in two
diaphyseal holes of each McIII was collected, flash-frozen in liquid nitrogen, stored at
80°C, and subsequently used for mRNA extraction.

Histology and Histochemistry
The diaphyseal portion of each McIII containing the two remaining holes was
fragmented in 15  15  20 mm pieces. These bone segments were fixed in 4%
paraformaldehyde. The specimens were then washed for 1 hr at 4°C in 0.1 M
phosphate buffer pH 7.2, then dehydrated at 4°C in 60%, 70%, 80%, 2  95% and
2  100% ethyl alcohol; the specimens were first impregnated at 4°C with equal parts
of methyl methacrylate monomer (MMA) and 100% ethyl alcohol, 2  pure MMA and
finally 2  pre-embedding solution. The time of procedure for each step was 12 hr.
The pre-embedding solution was a mixture (85:15) of MMA and Triton1 N-101
(Fluka-Switzerland) added with 3% benzoyl peroxide (BPO) as catalyst. The specimens
were transferred into airtight plastic vessels filled with the embedding solution obtained
by adding 2 mL of a mixture of N,N-dimethyl-aniline, as accelerator of the redox
system, and polyethylene 200 (1:15) to 100 mL of pre-embedding solution.
To prevent temperature from becoming too high and thus inactivating the whole
enzymatic system or denaturing protein antigenic structures, vessels were maintained in
a water bath at 4°C during the MMA polymerization process. Polymerization was
complete within 24– 36 hr.
Five-micron-thick undecalcified sections were obtained by means of a bone
microtome (Autocut 1150-Reichert-Jung) with a tungsten carbide knife and using a
solution of 30% ethyl alcohol as softener. The sections were laid on glycerinated
albumin-coated slides by gentle brushing after moistening with 100% ethyl alcohol.
The slides were dried overnight or longer at 4°C (55°C for routine histology) to ensure
adhesion throughout the entire histochemical procedures. All specimen sections were
routinely stained with 1% toluidine blue in 1% borax. A suitable coupling azo-method
was used to visualize the activity of total alkaline phosphatase (TALP). Sections were
incubated at 37°C for 30 min in a solution of 0.02% naphtol AS-MX-phosphate as
substrate, 0.07% fast blue BB salt (Fluka) as coupling agent, in 0.1 M Tris at pH 9.
After rinsing with distilled water, sections were mounted in Aquamount (BDH-UK).

RNA Extraction
Before RNA extraction each frozen core was weighted. Two homolateral cores of
each animal were pooled to obtain enough RNA. Total cellular RNA was extracted
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from diaphysis pulverized fracture calluses by a modification[19] of the guanidinium
isothiocyanate-phenol-chloroform procedure.[20] The contaminating genomic DNA was
removed by digestion with RQ1 DNAase for 30 min at 37°C by adding 10 U RQ1
(Promega, Madison, WI), 40 U RNAsin (Promega), 1  RQ1 buffer (40 mM Tris, pH
7.9; 10 mM NaCl; 0.6 mM MgCl2; 0.01 mM CaCl2) to a final volume of 100 mL. The
samples were then extracted once with 0.5 vol. phenol and 0.5 vol. chloroform/
isoamylalcohol (49:1); they were precipitated by adding 0.1 vol. 3M sodium acetate,
pH 5.2 and 2.5 vol. absolute ethanol, followed by an overnight incubation at 20°C.
The purified RNA samples were centrifuged and resuspended in sterile, distilled H2O.
RNA concentrations were then evaluated by reading the optical density at 260 nm and
by loading the samples on 1% denaturing-agarose gel. These quantitative controls are
crucial to ensure that the same amount of RNA is reverse-transcribed from the different
samples studied.

Oligonucleotide Primers and Probes
Oligonucleotide primers and probes were synthesized with an automated, solidphase DNA synthesizer (Model 381 A, Applied Biosystem, Foster City, CA) with the
standard phosphoramidite chemistry, purified by several extractions with NH4OH,
incubated at 56°C for 16 hr, and ethanol-precipitated.
As the horse b2 microglobulin, TGF-b and IL-6 genes were not yet cloned at the
start of the study, we synthesized the same corresponding human oligomers. A careful
phylogenetic analysis showed that these genes were preserved. The horse TNF-a gene
had, instead, been cloned. All the synthesized oligomers (Table 1) were previously
compared with the National Institute of Health gene bank by DNAsis software (Hitachi,
Brisbane, CA) to avoid homologies with other gene sequences.
Table 1.
Oligomer

Oligodeoxynucleotides Used in the RT-PCR Reaction
Nucleotide Sequence (5’-3’)

Reference

b2 microglobulin
direct primer
b2 microglobulin
reverse primer
b2 microglobulin probe

CAGGTTTACTCACGTCATCCAGCAGAGAAT

IL-6 direct primer
IL-6 reverse primer
IL-6 probe

ATGAACTCCTTCTCCACAAGCGC
CATAAGTTCTGTGCCCAGTGG
CCTGCAGTCCAGCCTGAGGGCTCTTCGGCA

[32,33]

TNF-a direct primer
TNF-a reverse primer
TNF-a reverse probe

ATGAGCACTGAAAGCATGATCCGA
GCAATGATCCCAAAGTAGACCTGCCC
GGCATTGGCCCGGCGGTTCAGCCACTGGAGCTG

[34]

TGF-b1 direct primer
TGF-b1 reverse primer
TGF-b1 reverse probe

TGCTGCTACCGCTGCTGTGG
ATGGCCTCGATGCGCTTCCG
AGCTCCATGTCGATAGTCTTGCAGGTGGAT

[35]

CTCGCGCTACTCTCTCTTTCT
TCCATTCTTCAGTAAGTCAACT

[31]
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RT-PCR and Southern Blotting
TNF-a, TGF-b, and IL-6 mRNA expression was evaluated by reverse transcriptase-polymerase chain reaction amplification (RT-PCR) and Southern blot analysis.
Coupling of reverse transcription with the PCR has become a powerful tool for
analyzing RNA, especially in cases where the starting material is available in minute
amounts. The RT-PCR reactions were performed using a modification of a previously
described technique.[21,22]
The cDNA template for RT-PCR was synthesized from 1 mg of total RNA by
priming with 1 mg oligodT 15 primer (Roche Diagnostics) and using 400 U of
Moloney-murine leukemia virus (M-MLV) reverse transcriptase (Gibco-BRL, Gaithersburg, MD) for 1 hr at 42°C in 1  RT buffer (50 mM Tris– HCl, pH 8.3, 60 mM KCl,
1.5 mM MgCl2, 10 mM DTT, 1 mM dATP, dCTP, dGTP, dTTP, 20 U RNAsin and 0.1
mg/mL BSA) in a final volume of 30 mL.
The cDNA was then heated to 95°C for 3 min and stored at 4°C. Two gene-specific
PCR primers, direct (DP) and reverse (RP) (for TGF-b1, TNF-a, IL-6, and b2

Figure 2. Endosteal end of PEMF-treated hole (A) and control hole (B). Arrows indicate the limit
between the blood clot and the granulation tissue. Toluidine blue stain.
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microglobulin) were then used for amplification. Briefly, 2 mL of cDNA were amplified
by adding 2.5 U Taq polymerase (Roche Diagnostics) and 0.5 mg of each specific DP and
RP in a total volume of 50 mL in 10 mM Tris – HCl pH 8.3, 50 mM KCl, 1.5 mM MgCL2,
and 200 mM dNTPs. The amplification was carried out using 25– 50 cycles to find the
conditions for a semi-quantitative amplification since a low number of cycles result in no
amplification and a high number of cycles results in overamplification. The amplification
conditions were initial denaturation step at 95°C for 3 min, 45 sec at 95°C, annealing at
55°C for 2 min and extension at 72°C for 3 min. As a control for the amount of cDNA
used as substrate, specific oligomers for b2 microglobulin were used in a parallel
amplification reaction. A previous investigation[23] has shown that housekeeping genes
are not influenced by PEMF exposure in vivo. As a negative control, we used a sample
without cDNA to exclude contamination. As a positive control, we used a sample of
human cDNA previously tested for these genes. Finally, 10 mL of PCR reaction products
were separated on a 2% agarose gel, denatured in 0.2 M NaOH and 0.4 M NaCl for 45
min, neutralized in 25 mM phosphate buffer pH 6.5 for 45 min and electroblotted onto a

Figure 3. Endosteal end of the same PEMF-treated hole (A) and control hole (B) of Figure 2.
Arrows indicate the limit of the TALP positive area (dark stained) within the granulation tissue.
Alkaline phosphatase histochemical reaction.
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nylon membrane (Roche Diagnostics). Blots were hybridized with the appropriate
radiolabeled oligodeoxynucleotide probes to confirm the specificity of the amplification
under conditions described by Albretsen et al.[24] Oligonucleotides (200 –400 ng) were
added to 5  kinase buffer (0.25M Tris – HCl, pH 7.5, 0.1 M MgCl2, 50 mM dithiothreitol, 1 mM spermidine, and 1 mM EDTA), [g-32P] ATP (50 mCi; specific activity,
3000 Ci/mM) and 10 U of T4 polynucleotide kinase (Promega) to a final volume of 20
mL. The mixture was incubated at 37°C for 30 min followed by enzyme inactivation at
90°C for 2 min. Radiolabeled oligonucleotides were separated from unincorporated
[g-32P] ATP by Sephadex G-50 fine chromatography. Specific radioactivity ranged from
1 to 3  108 cpm DNA. Autoradiograms were made by exposing membranes to Kodak
film at 80°C. Exposure time ranged from a few hours to 1 week. Autoradiograms were
then quantitated by digitization (Agfa Arcus II Image Proplus) and the ratio of the
digitized areas between control and PEMFs treated lesions was calculated.

RESULTS
The analysis of both treated and control holes shows the presence of a soft
tissue inside without any trace of newly formed calcified material. Small parts of

Figure 4. Autoradiograms showing the detection by RT-PCR of IL-6, TNF-a, and TGF-b
mRNAs in control and PEMF treated holes. b2 microglobulin is a loading control.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016
©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

LOW-FREQUENCY PEMFs EFFECTS ON GENE EXPRESSION

205

residual preexisting bone are found only in the medullary tissue neighboring the
endosteal opening of the hole. The soft tissue filling the hole appears to be mainly
formed by a blood clot and only at the endosteal side a granulation tissue may be
observed which extends in PEMFs treated and control holes to about 1/10 of the
whole space (Figure 2). TALP positive areas extended about 1/3 to 1/2 of the
amount of the granulation tissue, with the exclusion of blood vessels, without any
significant difference between treated and control holes (Figure 3). No osteoblasts
active in bone formation were found inside these TALP positive tissues.
The amount of total RNA recovered was 0.36 ± 0.26 mg/mg tissue (mean ± SD) for
control holes and 0.39 ± 0.2 mg/mg tissue for PEMFs exposed ones. TGF-b was
expressed to the same level in both control and treated holes. Among control limbs,
two animals (#1 and #2) showed an increased expression of TNF-a and two others (#4
and #5) showed a decrease. IL-6 expression was increased in control limbs for animal
#3 and animal #4, while for animal #2 and animal #5, it was decreased. Figure 4 shows
the autoradiograms concerning animal #1.
No correlation was found between histological/histochemical and the molecular results.

DISCUSSION
Previous investigations showed that the soft callus formation phase and the
osteogenic phase of bone repair are positively influenced by exposure to PEMFs.[15–17]
These phases are accomplished in a shorter time with respect to the natural behavior.
The aim of this study was to investigate if the very early stages of bone repair,
preceding soft callus formation, are also affected by PEMFs stimulation, paying
particular attention to the molecular aspects of the healing process. Since previous
investigation showed that the soft callus is present inside transcortical holes around
day 12 and that newly formed bone trabeculae are detectable from days 15 to 60 after
the surgery, we choose day 8 presuming that the above-mentioned aspects of the
healing process would not have been in progress yet. We actually tried to use 10 –12
days old lesions, but the presence of mineralized material completely prevented the
collection of the core. In the present study, at day 8 the lesion shows the characteristics of the inflammatory phase, being mostly filled with the blood clot, but
from the endosteal border fibroblasts are progressing towards the center of the hole,
prelude of soft callus formation. Only the cells closer to the endosteal portion of the
hole stain positive for TALP, marker of osteogenic activity, thus indicating that the
repair process follows a direction from the endosteum toward the periosteum. In order
to verify if the presence of PEMFs modulates the expression of inflammatory and
fibrogenic cytokines involved in the bone repair process, we decided to study the
expression of TGF-b, TNF-a, and IL-6. Specifically, IL-6 is expressed during fracture
healing and is involved in osteoblast and osteoclast progenitors differentiation,[10,25]
TNF-a besides being a fibrogenic cytokine,[26] strongly promotes osteoclast activation
and bone resorption,[27–29] while TGF-b is the most powerful fibrogenic cytokine
involved in tissue repair.[30]
The results show that, after 8 days of treatment, there is no difference in the
histological/histochemical appearance between PEMFs treated and control holes.
Similarly, we could not detect any difference in the expression of TGF-b. This data
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is consistent with the finding that TGF-b is expressed by all cell types present in the
blood clot and in new forming granulation tissue. As for TNF-a and IL-6, we observed
that the expression was different in treated and control holes, although no clear trend
was evident. This result might be explained by the fact that at this very stage, a great
number of different kind of active cells (inflammatory cells, fibroblasts, etc.) is present
in the hole therefore making the system highly variable. Moreover the role of these
cytokines in fracture healing is complex and not completely understood. Altogether the
results indicates that while we observe a symmetry in the histological/histochemical
appearance of the lesion and expression of TGF-b in both treated and control holes,
TNF-a and IL-6 expression is not symmetrical, suggesting that PEMFs exposure
modifies the expression of these genes at least in this experimental condition. Being
unable to find a trend might be due to the extremely early stage of the repair process
analyzed, nevertheless in the same experimental model but during subsequent stages of
bone repair, PEMFs effect becomes evident.
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