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Abstract. Pulsed extremely low-frequency electromagnetic fields interact with rat liver regen- 
eration following partial hepatectomy when delivered to the rats immediately after the operation 
and every 12 hr thereafter. This interaction results first in an increased ornithine decarboxylase 
activity, an enzyme used as an early marker of cell growth. The rate of labeled thymidine 
incorporation into DNA is also increased by the treatments with magnetic fields during the early 
phases of liver regeneration. Glycogen depletion and lipid accumulation, two well-known early 
peculiar phenomena of liver regeneration following partial hepatectomy, are quantitatively de- 
creased by the treatments with electromagnetic fields. The recovery to normal glycogen and lipid 
contents is completed within 5 days afler surgery, instead of 7 days as found in control rats. 

It is known that extremely low-frequency 
(ELF, 1 - 1000 Hz) pulsed electromagnetic 
fields interact with the living organisms and 
are able to modify several metabolic param- 
eters of the cell ( 1-6). They are also being used 
to stimulate ligament (7) and bone healing (8) 
and to treat successfully several human bone 
diseases (9). However, very little is known not 
only of their mode of action but also of their 
precise effects on mammalian soft tissues. 

A potentially fruitful approach to gain some 
insights into this problem would be the study 
of the effects of ELF electromagnetic fields on 
rat liver regeneration after partial hepatec- 
tomy. In fact this is a model for the study of 
controlled growth in vivo and a useful 
comparative system to study uncontrolled 
growth (10). 

In this paper we report a remarkable in- 
crease of ornithine decarboxylase activity, an 
early marker of cell growth (1 I), induced in 
the regenerating rat liver by ELF pulsed elec- 
tromagnetic fields. We show further that the 
same treatment induces an increase of the rate 
of DNA synthesis. Other parameters, such as 
glycogen and lipid contents, studied by stereo- 
logical procedures performed on electron mi- 
crographs, show that treatment with pulsed 
electromagnetic fields determines a faster re- 
covery of liver toward a normal metabolism. 

Materials and Methods. Four-month-old 
male albino Wistar rats (350-370 g) were used 
in these experiments. Partial hepatectomy was 
performed under ether anesthesia with re- 

moval of the main lobes (68-70% of the liver) 
as described by Higgins and Anderson (12). 
All operations were performed at the same 
time of day (i.e., between 8:OO and 9:OO AM) 
after a fasting period of 12 hr. The portions 
of liver excised were employed to evaluate at 
zero time the parameters studied. 

At the time intervals indicated in the single 
experiments, groups of rats were killed by de- 
capitation, the livers were removed, rinsed in 
cold saline, blotted with absorbent tissue, and 
weighed. 

Treatment to the animals. A pulsing elec- 
tromagnetic field, homogeneous in a cylin- 
drical volume of 30-cm diameter X 20-cm 
length, and generated by an apparatus made 
by one of us (P.Z.) was used. The shape of 
the pulse was a major sinusoidal halfivave (50 
Hz, 6 mT) followed by few cycles of different 
frequency (400 Hz) and intensity (0.6 mT), 
as shown in Fig. 1. Thirty-minute treatments 
were delivered to the animals immediately af- 
ter surgery and thereafter every 12 hr or as 
indicated in the single experiments. Control 
rats were left for the same length of time in 
the apparatus after having switched it OK 

Ornithine decarboxylase activity. The livers 
were homogenized in 0.25 M sucrose with a 
Potter-Elvehjem homogenizer fitted with Tef- 
lon pestle. The homogenates (1 5% w/v) were 
centrifbged for 90 min at 105,OOOg. The re- 
sulting supernatant fmction was used for assay 
of ornithine decarboxylase activity. 

Ornithine decarboxylase activity was mea- 
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FIG. 1. Oscilloscopic traces of the pulsed electromagnetic field generated by the apparatus used in these 
experiments. Upper trace [B(t)] has been obtained by monitoring the pulsing electromagnetic field in air 
with a Hall probe connected to a Tektronic 466 oscilloscope (vert.: 20 G/div.; hor.: 5 msec/div.). Lower 

trace [%] has been obtained by monitoring the pulsing electromagnetic field in air with a coil probe 

made of 50 turns of copper wire, i.d. 5 mm, length 15 mm, connected to a Tektronic 466 oscilloscope 
(vert.: 1 mV/div.; hor.: 5 msec/div.). 

sured as previously described (1 3). The stan- 
dard incubation mixture contained in a final 
volume of 0.5 ml: 25 pmole of Tris-HC1 
buffer, pH 7.1; 0.05 pmole of pyridoxal-5- 
phosphate; 1.25 pmole of dithiothreitol; 
0.3 pmole of L-ornithine; 0.25 pCi of 
DL-[ 1 - ‘‘C]ornithine (New England Nuclear 
(NEN) Chemicals, GmbH, Frankfurt, Main, 
Germany; sp act 47.2 mCi/mmole), and 0.2 
ml of liver extract. The incubations were car- 
ried out in vials fitted with a disposable poly- 
propylene center well attached to a rubber 
stopper for 60 min in a shaking water bath at 
37°C. The released 14C02 was trapped into 
0.2 ml of 1 M hyamine hydroxide in the center 
well. The reaction was stopped by injecting 1 
ml of 10% (w/v) trichloroacetic acid into the 
reaction mixture, and the vials were left for 
an additional 15 min at 37°C to ensure the 
release of all 14C02 from the acidified medium. 
The center well and its contents were put di- 
rectly into a scintillation vial containing 10 
ml of toluene-base scintillation fluid and 

counted in a Packard Tri-Carb liquid scintil- 
lation spectrometer. Protein was assayed by 
the method of Lowry et al. (14). 

Incorporation of thymidine into DNA and 
measurement of haploid genomes. To evaluate 
DNA synthesis, the rats of each group were 
injected intraperitoneally with 50 pCi/ 100 g 
body wt of meth~l[~H]thymidine (NEN; sp 
act 16.2 Ci/mmole) in 1 ml of saline and killed 
by decapitation exactly 1 hr after the injection 
(15). The livers were quickly removed, 
dropped into cold saline, and blotted with filter 
paper, and then homogenized in 9 vol of dis- 
tilled water. Perchloric acid was added to an 
aliquot of the homogenate to a final molarity 
of 0.5. After centrifugation the supernatant 
was saved and the residue was washed once 
with cold 0.2 M perchloric acid. The super- 
natants were combined and designated as the 
“acid-soluble fraction.” The DNA in the pellet 
was separated from the RNA (16) and was 
assayed for radioactivity. 

The DNA extracted as described was quan- 
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titatively assayed ( 17). The number of haploid 
genomes was calculated considering 3.25 
X g of DNA the weight of one rat liver 
haploid genome. 

Electron microscopy and stereological pro- 
cedure. Perfusion via the hepatic portal vein 
( 18), as well as immersion fixation were carried 
out for every single experiment using 2% glu- 
taraldehyde in 0.1 it4 phosphate buffer, pH 
7.4. In both fixations, segments from the tip 
of the lobus caudatus of unoperated animals 
and from regenerating lobes of hepatectomized 
rats, either treated or untreated, were removed. 
The segments were cut into 1 -mm3 blocks and 
immersed for 2 hr in 2% glutaraldehyde. After 
a rapid washing in phosphate buffer, the spec- 
imens were postfixed in 1% Os04 in 0.1 M 
phosphate buffer, pH 7.4, and then dehydrated 
in graded ethanols and embedded in Araldite. 
Thin sections were examined at the electron 
microscope and photographed at a primary 
magnification of 4000. Pictures to be used for 
stereological analysis were randomly selected 
from specimens either fixed in glutaraldehyde 
or in Os04. Areas to be analyzed by stereo- 
logical analysis ( 19) were randomly selected 
choosing the upper left corner of the grid 
square and photographically enlarged to 
1200X. Two square lattice systems were su- 
perimposed on the electron micrographs: the 
first, 11  X 11  cm, having a total number of 
256 test points with a point spacing of 0.7 cm; 
the second, a double lattice 1 1 X 1 1 cm, having 
a total number of 1024 test points with a point 
spacing of 0.3 cm. 

Results and Discussion. When partially he- 
patectomized rats are exposed, immediately 
after the operation, for 30 min to the electro- 
magnetic field described, liver ornithine de- 
carboxylase (ODC) activity shows a striking 
increase compared with the control rats (Fig. 
2). In fact 3 and 6 hr after the operation the 
enzyme activity is, respectively, 234 and 250% 
of the corresponding values obtained from the 
untreated rats. This effect appears to be tran- 
sient in nature as 9 and 12 hr after the op- 
eration no difference in the enzyme activity 
was observed between control and treated rats. 
However, if the same treatment is repeated 
8.5 hr after the operation, a second increase 
of liver ODC activity is observed 3 hr later. 
This increase is of a smaller magnitude, i.e., 
139% of the values observed either in un- 
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FIG. 2. Effect of ELF pulsing electromagnetic fields on 
ornithine decarboxylase activity of rat liver during early 
phases of regeneration following partial hepatectomy. Rats 
were treated with the electromagnetic field described in 
the text for 30 min, and treatment repeated 8.5 hr after 
surgery. Control rats (0); rats treated only once after sur- 
gery (a); rats treated twice (e). Each point is the average 
of at least 9 rats and vertical bars represent the SEM. 

treated rats or rats treated only once imme- 
diately after the operation (Fig 2). Exposure 
to the same electromagnetic field did not have 
any effect on liver enzyme activity in intact 
or sham-operated rats (data not reported). 

ODC activity is induced by many hormones 
in their target tissues, the highest ODC levels 
paralleling the period of most rapid cellular 
growth and replication in a number of animal 
tissues. Direct evidence for the correlation of 
ODC activity and neoplastic growth has been 
obtained by comparing enzyme activity in 
normal and virus-transformed cells (for a re- 
cent review see Ref. (1  1)). Therefore it has 
been suggested that the mechanisms that reg- 
ulate the ODC activity are an integral part of 
growth-control machinery. Furthermore, the 
extremely short half-life of ODC has suggested 
that this enzyme also plays a role in the reg- 
ulation of growth. In this light our present 
results indicate that ELF pulsed electromag- 
netic fields are able either to amplify the re- 
generation of liver or to cause completion of 
regeneration to be reached in a shorter time. 

To test these possibilities, we have studied 
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TABLE I. EFFECT OF PULSED ELF ELECTROMAGNETIC FIELDS ON THE INCORPORATION OF LABELED THYMIDINE 
INTO LIVER DNA DURING REGENERATION FOLLOWING PARTIAL HEPATECTOMY 

- 
P 

- 

Time after Total uptake Radioactivity in DNA 
partial (dpm/l00 mg liver X (W of total uptake) 

(days) Control Treated Control Treated 
hepatectomy 

40 f 1.2 - ND - 
132 f 2.9 289 f 7.8 8.1 k 0.3 18.3 f 0.8 
143 f 3.5 324 f 1 1 . 1  20.5 f 1 . 1  31.6 f 1.3 
186 f 6.0 263 f 7.3 18.7 f 0.8 21.4 f 0.9 
80 f 2.9 180 k 5.1 5.6 f 0.2 ND 

Note. Rats were injected ip with [3H]thymidine and pulsed for 60 min. Rats were treated with the electromagnetic 
field described in the text for 30 min every 12 hr, beginning immediately after surgery. Control rats were put, for the 
same length of time, into the apparatus which was switched off. Data are expressed as percentage of total uptake, 
defined as the sum of the radioactivities in DNA and in acid-soluble fraction at 1 hr after injection (1 5). Figures 
represent the average of at least six determinations performed on different occasions f SEM (ND = not detectable). 

the later phases of regeneration by measuring 
the rate of DNA synthesis and the number of 
haploid genomes from Day 1 to Day 7 after 
partial hepatectomy. Rats have been treated 
with the same pulsed electromagnetic field for 
30 min every 12 hr, receiving the first treat- 
ment immediately after surgery. 

The rate of DNA synthesis has been mea- 
sured by the incorporation of labeled thy- 
midine into DNA, and data are expressed as 
percentage of total uptake, defined as the sum 
of the radioactivities in DNA and in acid- 
soluble fraction at 1 hr after injection (1 5). 
This minimizes the changes in uptake of la- 
beled thymidine due to permeability of cellular 
membrane which in turn would alter the spe- 
cific activity of the TTP precursor pool 
for DNA. 

Indeed, the pulsed electromagnetic fields 
used in these experiments have a positive effect 
on the rate of DNA synthesis. In fact, 1 day 
after the operation the labeled thymidine in- 
corporated into DNA is 18.3% of total uptake 
in treated rats, while control rats had only an 
8.1% label in the DNA (Table I). A smaller 
difference is found 3 days after the operation, 
and at the 5th day the rate of DNA synthesis 
is almost the same in both control and treated 
rats. Seven days after the operation the control 
animals are still synthesizing DNA, while the 
treated ones do not show any detectable label 
in DNA. These different patterns of the rate 
of DNA synthesis find direct confirmation 
from the accumulation patterns of total liver 
genomes (Fig. 3). In fact control rats show a 
constant increase of liver total genomes from 

the operation to Day 7, while in treated rats 
the accumulation is faster during the first 
postoperative days. The largest difference is 

// ' - CONTROL f 14 

0 2 4 6  
POSTOPERAT I VE 
DAYS 

I l I 1 1 I 1 1 1  

0 2 4 6 8 
D A Y S  A F T E R  PARTIAL 
HE PAT ECTO M Y 

FIG. 3. Effect of pulsed ELF electromagnetic fields on 
the number of liver haploid genomes during regeneration 
following partial hepatectomy . For experimental details 
and treatments see legend to Table I and Materials and 
Methods. One liver haploid genome is considered 3.25 
X lo-'' g of DNA. Each point represents the average of 
at least six determinations performed on different occa- 
sions, Vertical bars represent the SEM. The number of 
haploid genomes in the liver of intact rats was 13.1 -+ 0.4 
X (average of eight determinations). The insert shows 
the rate of change during regeneration. 
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FlG. 4. Regenerating rat liver 1 day after partial hepatectomy. (A) Untreated controls; (B) rats treated 
with pulsed electromagnetic fields. 

observed at the 4th day after surgery, and 3 
days later the difference between the two 
groups is very small, if any. The total amount 
of labeled TdR (acid-soluble plus acid-insol- 
uble counts) taken up by the cell during the 
pulse is remarkably increased by the treat- 
ments (Table I). This shows that magnetic 

fields used in these experiments have an in- 
fluence on the accumulation of this molecule 
into the cell and hence possibly on its transport 
across cell membrane. 

From a metabolic point of view the most 
striking and peculiar features of liver regen- 
eration after partial hepatectomy are the gly- 

FIG. 5. Regenerating rat liver 5 days after partial hepatectomy. (A) Untreated controls; (B) rats treated 
with pulsed magnetic fields. 
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TABLE 11. EFFECT OF PULSED ELF ELECTROMAGNETIC FIELDS ON GLYCOGEN AND LIPID CONTENTS 
OF RAT LIVER DURING REGENERATION FOLLOWING PARTIAL HEPATECTOMY 

Time after 

hepatectom y 
partial Glycogen volume density (cm3/cm3) Lipid volume density (cm3/cm3) 

(days) Control Treated Control Treated 

0 0.201 f 0.32 - 0.004 f 0.05 - 
1 0.044 f 0.05 0.082 f 0.07 0.084 k 0.01 0.043 f 0.05 
5 0.149 f 0.17 0.195 f 0.10 0.021 f 0.04 0.006 f 0.02 

Note. Rats were treated with electromagnetic fields as described in the legend to Table I and under Materials and 
Methods. Glycogen and lipid contents were determined by stereological analysis carried out on electron photomicrographs 
and are expressed as volume density. Figures represent the average of at least six determinations f SEM. 

cogen depletion during the first 24 hr after the 
operation and the almost parallel accumula- 
tion of lipid droplets within the same time 
(20-22). In order to ascertain whether the 
pulsed electromagnetic fields used in these ex- 
periments are able to influence also these met- 
abolic parameters, we have studied liver gly- 
cogen and lipid contents by means of stereo- 
logical analysis performed on electron 
micrographs. Examples of ultrastructural pic- 
tures used to perform these measurements are 
reproduced in Figs. 4 and 5 and data are re- 
ported in Table 11. 

One day after the operation both phenom- 
ena, i.e., glycogen depletion and lipid accu- 
mulation, are present in a more limited extent 
in the liver of rats treated with pulsed elec- 
tromagnetic fields. Furthermore, the treated 
rats at the 5th day after surgery have already 
reached the zero time values, whereas control 
rat livers still have a lower glycogen and a 
higher lipid content. 

Electromagnetic fields have been shown to 
have different and often contradictory effects 
on the living organisms including acceleration 
(23) of growth and its inhibition (24). How- 
ever, it is important to stress that all results 
must be interpreted in strict relation to the 
particular intensity, frequency and wave form 
of the magnetic field and the treating protocol 
used. 

In our experimental conditions the electro- 
magnetic fields used have been shown to be 
able to increase the rate of liver regeneration 
following partial hepatectomy, apparently 
without interfering with the control mecha- 
nisms which regulate the end-point of regen- 
eration. 
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