[CANCER RESEARCH 59, 3627-3633, August 1, 1999]

Exposure of Sprague-Dawley Rats to a 50-Hertz, 10p-Tesla Magnetic Field for 27
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ABSTRACT and thereby perhaps increase the risk of breast cancer (1-3). This
electric power/breast cancer hypothesis, also known as “melatonin
hypothesis,” has attracted a great deal of interest, in part because it is
a plausible explanation for the increased tumor growth upon 50-Hz

enhance mammary gland tumor development and growth in the 7,12- MF* exposure preViOUSIy_Seen by two independent g_roups in ChF_‘\mical
dimethylbenz[alanthracene (DMBA) model of breast cancer in female models of breast cancer in rats (4—6). In a large series of e_xpenmgnts
Sprague Dawley rats. In these previous experiments, groups of rats were in female SD rats (cf. Ref. 6), we recently found that, consistent with
given 20 mg of DMBA (four weekly gavage doses of 5 mg each) and were the melatonin hypothesis, prolonged exposure to 50-Hz MFs at flux
MF- or sham-exposed for 13 weeks. The objective of the present study was densities in thewuT-range decreases nocturnal melatonin plasma lev-
to examine whether the use of a lower dose of DMBA (10 instead of 20 mg els, increases the activity of ODC in breast tissue, impairs immune
per rat), MF exposure of the rats before DMBA injection, and the increase  syrveillance, and enhances mammary tumor development and growth
of the MF exposure period after DMBA application to 26 weeks enhance response to the chemical carcinogen DMBA. However, our exper-
the effect of MF on tumor development and growth. A group 99 rats was  jents have been criticized because we did not use a conventional
exposed to a homogeneous, horizontally polarized 1Q@% MF of 50-Hz DMBA protocol with one application by gavage but administered

for 24 h/day for 7 days/week; another group of 99 rats was sham-exposed . . . .
under the same environmental conditions as the MF-exposed rats. The DMBA four times at single doses of 5 mg/rat at weekly intervals. This

exposure chambers were identical for MF-exposed and sham-exposed'€sulted in an incidence of grossly observed mammary tumors of
animals. The age of the rats was 45-49 days at the onset of exposure;abOUt 40-60% after 13 weeks of sham exposure. MF exposure at 100
duration of MF or sham exposure was 27 weeks. DMBA was administered nT significantly increased the incidence of mammary tumors ob-
p.o. at a dose of 10 mg/rat after 1 week of MF or sham exposure. The served grossly in female rats by 50% above sham control (5, 7). This
animals were palpated once weekly from week 6 onwards to assess thefinding was reproduced in a subsequent replicate experiment in our
development of mammary tumors. At the end of the exposure period, the |aboratory (8). For further evaluation of this acceleration of mammary
a'nimals. were I.<i'IIed' for the determination of number and vqlume and  tumor development and growth by MF exposure, we undertook the
hlstolqglcal \{erlflcatlon _of mammary tumqrs. All of the recordings were present study with a more conventional DMBA dosing prototel,

done in a blinded fashion;i.e., the investigators were not aware which one intragastric dosing with 10 mg/rat. To enhance the potential of

animals were MF- or sham-exposed. Mammary tumor development and . . . . .
growth was significantly enhanced by MF exposure, the most marked MF exposure to interact with DMBA-induced tumorigenesis, rats

effect on tumor incidence (190% above sham control) being observed 13 were MF-exposed for 1 week before DMBA application. Further-
weeks after DMBA administration. At the time of necropsy, i.e., 26 weeks More, the exposure period was increased to 26 weeks after DMBA
after DMBA administration, the incidence of histologically verified mam- ~ application. In addition to evaluating the total number of mammary
mary tumors was 50.5% in controls and 64.7% in MF-exposed rats, the tumors per animal, we examined whether MF exposure differentially
difference being statistically significant. More marked intergroup differ-  affects the carcinogenic response of glands in different topographic
ences were r(_ecorded when tumor incidence was separately evaluated for areas. This was prompted by the known differences in susceptibility of
each of the six mammary complexes, the most pronounced MF effect on gitferent parts of the rat mammary complex to the carcinogenic effect
tumor incidence being seen in the cranial thoracic complex. The data of DMBA (9) and the recent observation that MF exposure of female

substantiate that, at least under the experimental conditions used in our - . S .
laboratory, 50-Hz, 100uT MF exposure significantly facilitates the de- rats increases ODC primarily in the thoracic glands (10).

velopment and growth of mammary tumors in the DMBA rat model of
breast cancer. MATERIALS AND METHODS

We have shown previously (W. Lscheret al., Cancer Lett., 71: 75-81,
1993; M. Mevissenet al,, Carcinogenesis (Lond.)17: 903-910, 1996) that
50-Hz magnetic fields (MFs) of low [50 or 100uTesla (T)] flux density

Female SD outbred rats, 39—42 days of age, were obtained from Charles
INTRODUCTION River (Hagemann, Extertal, Germany) and were acclimatized for 6-10 days

Two products of electric power, light-at-night and electromagnetn?fore used for the experiments. Care of the animals was in accordance with

fields, can decrease the production of melatonin by the pineal g|a|Hatitutional guidelines. After acclimatization, groups of 9 rats/cage were
' placed into the exposure chambers (for details see Refs. 7, 8) and MF or sham

exposure was started for 24 h/day (minus time for weighing, tumor palpation,
e e ) cage cleaning, cage rotation) 7 days/week for a total duration of 27 weeks. For
The costs of publication of this article were defrayed in part by the payment of Pae MF-exposed rats, field characteristics were 50-Hz, horizontal linear polar-
charges. This article must therefore be hereby magdartisemenin accordance with =™ | p ’ Y p
18 U.S.C. Section 1734 solely to indicate this fact. ization, 100uT root-mean-square (1Q0T = 1 Gauss). The size of groups was
* Supported by a grant from the United States Department of Energy, Office of Utili§9 for MF exposure and 99 for sham exposure. After 1 week of exposure, when
Technologies, through Oak Ridge National Laboratory under subcontract 19X-SU44§Y{ of the rats were at the age of 52—59 days, each rat received an administration
and by equipment from the Forschungsverbund Elektromagnetische dliettkeit Bi- f 10 mg DMBA by gavage, dissolved in sesame oil (1 mi/rat). The two groups
ologischer Systeme (Department of High Voltage Engineering, Technical Universif?/, 9 Y9 ge, : group
Braunschweig, Germany). of rats {.e., sham-exposed and MF-exposed) were housed in the same room

2 Present address: Institute of Veterinary Pharmacology, University of Bern, 30tidder controlled conditions of temperature (23—24°C), humidity (about 50%),
Bern, Switzerland.
3To whom requests for reprints should be addressed, at Department of Pharmacology;

Received 1/29/99; accepted 5/21/99.

Toxicology and Pharmacy, School of Veterinary Medicinéniweg 17 p-30559 Han- “The abbreviations used are: MF, magnetic field; DMBA, 7,12-dimethyltadnz[
nover, Germany. Phone: 49-511-953-8720; Fax: 49-511-953-8581; E-mail: wloschea@hracene; ODC, ornithine decarboxylase; SD, Sprague-Dawley; TEB, terminal end bud;
pharma.tiho-hannover.de. T, Tesla.
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and light (12-h dark/light cycle; light off at 5 p.m.); food (Altromin standardMlann-WhitneyU test. Volume of tumors was calculated as median with range
rat diet) and water were availabéel libitum Light intensity produced by the from the first to the third quartile (interquartile range); differences were
artificial white light in the room with the exposure system varied between 3falculated by th&J test. Differences in the cumulative proportions of animals
and 38 lux (measured by a luxmeter in the exposure and sham chambersvith tumors (incidence curves) were calculated by the product-limit method, in
the dark period, the room was weakly illuminated by a dim red light (using fowvhich animals that died or were killed without tumors were included as
Phillips 15-W darkroom lamps), which produced a light intensity below 1 lugensored, and the difference between groups was tested for statistical signifi-
in the exposure and sham chambers. In this respect, it is important to note treatce by product-limit-survival analysis [generalized savage (Mantel-Cox)
dim red light exposure at night, which itself does not inhibit pineal melatonitest]. Differences between groups in body weight and organ weights were
production, seems to be a necessary predisposing factor for MF to inhibit tredculated by Studentstest. For all of the calculations, the SAS and BMDP
melatonin-forming ability of the mammalian pineal gland (11, 12) and haprograms were used. All of the statistical tests were used as two-sided tests; a
thus, been used in all of our experiments on the melatonin hypothesis. P < 0.05 was considered significant.

No difference between exposure and sham coils regarding noise, vibrations,
temperature, or light was evident. The MF in the exposure chambers WRESULTS
measured once a week with an EMDEXC instrument (Electric Field Measure-

ment Co; West Stockbridge, MA) to ensure homogeneity of the field during the Development and Growth of Mammary Tumors. The cumula-
course of the experiment. Tr_me 50-Hz stray fields in the sham-exposure cj{se proportion of DMBA-treated animals that developed mammary
were around 0.uT. The static earth MF, measured with a Bell 610 Gaussymors during the period of MF or sham exposure is shown in Fig. 1.

meter (F.W. Bell, Inc., Orlando, FL), was about 40, with the generated The fi -
- ; : e first mammary tumors could be palpated in the MF-exposed
50-Hz MF being horizontal and parallel to the horizontal component of the y paip b

earth’s north/south MF (see Ref. 8). Measurement of the electric field in ﬂgéo.up at7 _Weeks of MF exposuree., 6 weeks after DMBA appll- .
exposure and sham-exposure chambers with the EMDEXC together witﬁ:%lt'on' During the subsequent weeks of exposure, tumor incidence ".1
M115EB handle did not disclose any significant differences between expod¥dr-exposed rats was always above that of sham-exposed rats. Indi-
and sham-exposed locations, the electric field varying from 20—60 V/m. All #fidual differences in incidence of palpable tumors between the two
the field measurements were performed by a person not involved in the ani§gpups were statistically significant at 13P (= 0.029), 14
experiments. In other words, the scientists and technicians involved in h§R-= 0.003), 15 P = 0.012), 17 P = 0.035), and 18R = 0.021)

dling and treatment of animals and subsequent necropsy and pathologigekeks of exposure. In terms of the magnitude of differences between
examination of rats were not aware of which group of animals was exposed@bups, the largest percent difference was seen after 14 weeks of
sham-exposed, to ensure “blind” conditions during the experiment until all @fxposure i(e., 13 weeks after DMBA application), at which time

the resuits were in. tumor incidence in the MF group was 190% higher than that in the

The exposure parameters described above and several additional param heé?n roup. The percent differences became less marked durin
important for the exposure conditions were validated and verified at regular group. P 9

intervals by a physicist from another institution (Niedetssisches Landesamt
fir Okologie, Hildesheim, Germany) not involved in the present study. In
addition to the verification of the values given above by the use of other - MF ‘4-Sham
instruments, 24-h measurements showed that, under the conditions of the
experiment, the MF exposure system produced a stable flux density fTL00

and stable frequency of 50-Hz with negligible harmonics and no power spikes.

Animals were weighed once a week; cage cleaning was done three times a
week; and cage rotation in the exposure chambers was done once a week. Five
weeks after the application of DMBA, the animals were palpated once weekly
to assess the development of mammary tumors. Each rat was palpated by two
observers (S. T. B., M. M.) and only those tumors that were recorded by both
observers were used in the final data analysis. The size of palpable tumors was
estimated by a rating scale as recently described (13). Furthermore, the
location of each tumor among the six mammary complexes of the rat was
recorded. Specific mammary glands were identified by site as L(left)1 through
L6 and R(right)1 through R6, with 1 being the most cranial and 6 the most
caudal gland.

After 27 weeks of MF- or sham-exposure, all of the rats were killed for
necropsy. One rat died and four rats had to be necropsied before the end of the
exposure period because of large bleeding tumors. These rats were included in
the pathological examination. The weight of liver and spleen was recorded in
all of the animals before fixation. For preparation of the mammary glands, the
skin was opened by a midline incision to expose the six pairs of mammary
glands extending from the salivary glands to the perianal region. All of the
grossly observedi.g., macroscopically visible) mammary tumors were re-
corded, excised, trimmed, and saved for further histopathological analysis. The 0
size of macroscopically visible mammary tumors was measured by a caliper
after dissection, and tumor volume was calculated from the length, width, and
depth of tumors on the basis of an ellipse. The mammary tumors were then
fixed in 4% phosphate-buffered formalin (pH 7.3). The fixative was changed Magnetic field exposure (weeks)
after 24 h. Small tumors were fixed in total or cut in two halves. For large

tumors, one to two sections were cut vertically to the surface and to thF'g' 1. The cumulative praportion of rats with mammary tumors as a function of
— ) 4 . uration of MF exposure (incidence curves). DMBA was administered p.o. at 10 mg/rat
midline. The§e tissue §amp|e§ were embeddedlln Pa‘raplast, sectioned atadsf week of MF exposure. Group size was 99 rats/group. In addition to the data from
um, and stained routinely with H&E. Neoplastic lesions of the mammanyalpation (weeks 6-27), the percentage of rats with macroscopically visible (and histo-
glands were classified according to Badeal. (14) and Russet al. (15). The  logically verified) mammary tumors at necropsiye(, after 27 weeks of exposure) is
histopathological evaluation was done “blind.” shown. With respect to the tumors palpated before necropsy, only the neoplasms that were

. X L X . subsequently histologically verified as mammary tumors are shown. Statistical evaluation
Differences between groups in tumor incidence were determined using Hi€jata from the palpation period by the product-limit-survival analysis gaw ai

X* test and in the mean number, size, and latency-to-onset of tumors by th&873, which indicated that the two incidence curves differ significantly.
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MFS AND MAMMARY TUMORS

subsequent exposure. At time of necrops, 26 weeks after DMBA 200 - —_—
application, 64 MF-exposed and 50 sham-exposed rats had developed - MF -4-Sham
macroscopically visible (and histologically verified) mammary tu-
mors, the difference being statistically significaft £ 0.044). Sta-
tistical evaluation of the cumulative proportions of animals with -
tumors in MF- and sham-exposed groups over the whole period ofMF ¢ __ |
exposure yielded B of 0.0373 (Fig. 1), which indicated that the two 1507
groups differed significantly.

During the 26 weeks after the application of DMBA, palpable
mammary tumors were not equally distributed among the six pairs of
mammary glands, but most tumors occurred in the thoracic (L/R1-
L/R3) glands. The thoracic glands, particularly L/R1 and L/R2 were
also those glands in which in most rats the first tumor developed.
When the incidence of the first palpable tumor was compared between
groups (Table 1), significantly more MF rats (23 of 99) developed
their first tumor in the cranial thoracic complexes (L/R1) than sham-
exposed rats (7 of 99), the difference being highly significant. Sig-
nificant intergroup differences were also found in terms of mammary
tumor incidence in L/R1 in that more rats of the MF-exposed group
than of the sham group developed tumors in that mammary complex,
which was significant (P at least 0.05) at weeks 14-19, week 21,
and weeks 24-27 of the exposure period (not illustrated). A similar
trend was seen for L/R2, with significantly higher incidence in the 0
MF-exposed group at weeks 11-15 (not illustrated).

Fig. 2 illustrates the cumulative humber of mammary tumors in the
two group of rats during the 27 weeks of exposure. As could be
expected from the incidence curves (Fig. 1), a higher number of
mammary tumors was observed in the MF-exposed groups throughoutig. 2. The cumulative number of mammary tumors as a function of duration of MF
the period of tumor development and growth. At the time of necropsygposure. DMBA was administered at 10 mg/rat after 1 week of MF exposure. Data from

. eks 6-27 are from palpation, whereas data shown for necropsy relate to numbers of
a total of 116 mammary tumors appeared in the group eXposednf&roscopically visible (and histologically verified) mammary tumors at the time of
DMBA only, compared with 166 grossly recorded mammary tumorgcropsy i(e., after 27 weeks of exposure). With respect to the tumors palpated before
in the MF-exposed group. Again, the most marked intergroup diffepecropsy, only those neoplasms that were subsequently histologically verified as mam-

. . A ary tumors are shown.

ence in numbers of tumors during MF exposure was seen in the
cranial thoracic glands (L/R1), which is illustrated in Fig. 3. During
the first 20 weeks of exposure, there were also many more tumord.iiR2 was a complex in which many of the first tumors developed in
L/R2 in the exposedersussham-exposed group, but the differencesham controls, the delay in tumor appearance in L/R2 in sham controls
became smaller during subsequent exposure (not illustrated). may be involved in the differences between incidence curves (Fig. 1),

The data on both the incidence (Fig. 1) and the cumulative numladthough the higher incidence of tumor development in L/R1 of MF
(Fig. 2 and 3) of mammary tumors may suggest that MF exposuggposed rats (Fig. 3; Table 1) is certainly more important in this
decreased the latency to tumor onset. Thus, after the delay of tumespect.
appearance in the sham exposure controls, tumors developed at viFumor multiplicity, i.e., mean number of tumors per tumor-bearing
tually the same rate as the MF-exposed group. Calculation of the meat) is shown in Fig. 4. MF-exposed rats tended to develop more
latency-to-onset of the first palpable mammary tumor in each rat farmors than sham-exposed rats, the difference being significantly
the MF and sham exposure groups resulted in the following finding#ferent (P < 0.05) for 16, 17, 19, and 20 weeks of exposure. At the
(Table 2). When latency was calculated independently of the matime of necropsy, no significant difference in tumor multiplicity was
mary complex in which the first tumor appeared, no significargeen.
difference between groups was determined. However, when latencyVith respect to the size of tumors as estimated by palpation,
was calculated separately for each of the six mammary complexesvMi-exposed rats tended to have larger tumors until the 16th week of
which the first tumor appeared, the tumor latency in rats with firgxposure (Fig. 5), but the difference to sham-exposed rats was only
tumor in L/R2 was significantly shorter in MF-exposed rats. Becausggnificant at 12 weeksR = 0.0427). After the dissection of tumors,

tumor volume tended to be higher in MF-exposed rats (Fig. 5), but the
difference was not statistically significant.
Table 1 Incidence of the first palpable mammary tumor in the six mammary complexes Histopathology. The incidence of histologically verified DMBA-
after the application of DMBA in sham- and MF-exposed rats induced mammary tumors was 50.5% in sham-exposed and 64.7% in
timgffnffrég)sr;_ mammary tumors that were subsequently verified histologically at tige oy nosed rats, the difference being statistically significant (Table
3). The predominant type of tumors was invasive adenocarcinomas,

100

50

Cumulative number of mammary tumors

Magnetic field exposure (weeks)

Number of rats with first Sham-exposed controls ~ MF-exposed animals

mammary tumor in (n = 99) (n = 99) which were observed in 42.4% of sham-exposed and 52.5% of MF-
URL . o7 exposed rats. In both groups, comparable incidences of benign lesions
L/IR2 15 19 (adenomas or fibroadenomas) were determined. In terms of total
Hgi 13 g numbers of grossly recorded mammary tumors, again the predominant
L/RS 9 1 type of neoplasm was adenocarcinoma in both groups of rats (Table
L/R6 3 2 4). All of the types of mammary lesions occurred more frequently in
a significantly different from control R = 0.0382). MF-exposed rats (Table 4). Hyperplasia were only found in sham-
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5O - —_— mammary tumors were evaluated according to the location in the six
= MF "4 Sham mammary complexes (Table 6). Thus, significantly more (30 of 99)
R rats of the MF group had tumors in the cranial thoracic (L/R1)
complex compared with sham controls (18 of 99 rats). Tumor multi-
DO plicity and tumor volume did not differ between groups in the six
mammary complexes.

Other Findings. No differences between groups were seen in body
weight gain or general behavior during the period of exposure. Av-
erage body weight% SD) in MF- and sham-exposed groups was
161+ 6.7 g and 160+ 6.4 g, respectively, at the onset of exposure
and 300+ 30 g and 307+ 36 g, respectively, after 27 weeks of
exposure. Furthermore, weights of liver and spleen at the time of
necropsy did not differ significantly. Liver weights in MF- and sham-
exposed rats (mean SD) were 9.99+ 1.45 g and 10.1+ 1.75 g,
respectively. Spleen weights in MF- and sham-exposed groups
(mean= SD) were 0.52+ 0.12 and 0.56+ 0.28 g, respectively.

DISCUSSION

Cumulative number of mammary tumors in L/R 1

The present study substantiates that, at least under the experimental
conditions used in our laboratory, 50-Hz, 1Q0-MF exposure sig-
nificantly facilitates development and growth of mammary tumors in
the DMBA rat model of breast cancer. Compared with sham controls,
the incidence of histologically verified mammary gland tumors ob-
served grossly in female SD rats after 27 weeks of MF exposure was
significantly increased by 28%. Previous experiments of our group
with 20 mg DMBA/rat (four weekly gavage doses of 5 mg) and 13

Fig. 3. The cumulative number of mammary tumors in the cranial thoracic mammary
complexesl(/R1) as a function of duration of MF exposure. DMBA was administered at
10 mg/rat after 1 week of MF exposure. Data from weeks 6-27 are from palpation,
whereas data shown for necropsy relate to the numbers of macroscopically visible (and
histologically verified) mammary tumors at the time of necropsy. (after 27 weeks of

Magnetic field exposure (weeks)

Number of tumors per tumor-bearing rat

exposure). With respect to the tumors palpated before necropsy, only those neoplasms that e
were subsequently histologically verified as mammary tumors are shown. =+ MF "4-Sham
Table 2 Latency-to-onset of the first palpable mammary tumor after the application of 25 .
DMBA in sham- and MF-exposed rats .
Data are from mammary tumors that were subsequently verified histologically at the A

time of necropsy. Two types of calculations were done. Latency-to-first tumor in each rat
(independently of the mammary complex in which the first tumor appeared) was used for
calculation of the mean#(SD) tumor latency (shown as “overall” latency). In addition,

the mammary complex in which the first tumor appeared in each rat was used to calculate
tumor latency ¢ SD) separately for each of the six mammary complexes. The number of
rats is given in brackets after each figure. The statistical significance between groups is
shown byP values, indicating a significant difference between groups of rats in which the
first tumor was palpated in L/R2. For group siz€4, no statistical comparisons were
done (nd, not determined). Because some rats developed more than one tumor at the same
time, the sum of the number of rats with first tumor in one of the six mammary complexes
is not identical to the number of rats shown for overall tumor latency.

Latency-to-onset of first tumor (days)

Sham-exposed Intergroup difference
controls MF-exposed rats P
Overall 131+ 32 (n=50) 125+ 42 (n = 64) 0.375
First tumor in
L/R1 117+ 26 (n=11) 111% 40 (n = 23) 0.6334
L/R2 137+ 31 (n=15) 106+ 36 (n = 19) 0.0135
L/R3 129+ 38(n=12) 144x37(n=09) 0.3791
L/R4 182+99n=2) 147+=73(n=23) nd
L/R5 131+ 26 (n=19) 149+ 39 (n = 11) 0.2654
L/R6 124+ 46 (n = 3) 16120 (n=2) nd

Magnetic field exposure (weeks)
exposed rats; however, because we did not perform serial sections Gfig. 4. The mean number of mammary tumors per rat with mammary tumors as a

the mammary glands, the present data on hyperplasia are certainlyfurgtion of duration of MF exposure. DMBA was administered at 10 mg/rat after 1 week
reliable of MF exposure. Data from weeks 6—-27 are from palpation, whereas data shown for

i . . . necropsy relate to the numbers of macroscopically visible (and histologically verified)
Other neoplastic and nonneoplastic lesions grossly recorded in fgnmary tumors at the time of necropsg  after 27 weeks of exposure). With respect

mammary glands of sham- and MF-exposed rats are shown in Taloléhe tumors palpated before necropsy, only those neoplasms that were subsequently

5 Th ianifi t diff bet th histologically verified as mammary tumors are shown. The individual number of tumors/
' ere were no significant dirierences between the groups. rat ranged between 1 and 10. Statistical evaluation of data indicated a significant

Intergroup differences were found when histologically verifiedifference in tumor number/rat between groups for week 16, 17, 19, anét 200.05).
3630



MFS AND MAMMARY TUMORS

Tumor size (score) Tumor volume (cubic mm) between control incidence and the magnitude of the MF effect on
2 o o140 tumor incidence 13 weeks after DMBA application.
120 Additional observations in our previous studies with 10D were
o U

a significant increase in tumor volume and a higher frequency of
L 100 malignant mammary tumors in MF-exposed rats, which indicated that
MF exposure had affected the progression of DMBA-induced lesions
80 (7), which is in line with observations of Beniashwlt al. (4) using
N 60 nitrosomethylurea to produce mammary tumors in female rats. A
tendency toward larger tumors in MF-exposed rats and a higher
‘4o frequency of invasive adenocarcinoma was also observed in the
present study. Likely explanations for these effects of MF exposure on
tumor development and growth in the DMBA model are a marked
0 MF-induced increase in ODC in mammary tissue, indicating enhanced
proliferation of breast stem cells at risk for malignant transformation
(16), and impaired immune surveillance in response to prolonged MF
exposure (17). Furthermore, a reduction of melatonin’s oncostatic

action on mammary tumor growth by MF exposure could be involved
Fig. 5. The size of mammary tumors as a function of duration of MF exposure. DMqug)
Z

was administered at 10 mg/rat after 1 week of MF exposure. During exposure, tumor s ) . . .
was estimated by palpation, using a scoring system. These data are shown as medianseghe presence and proliferative state of TEBs at the time of DMBA
all of the tumors palpated at the different weeks during exposure (the cumulative numk@gministration are considered to play an important role in the genesis

of tumors in the MF-exposed and sham-exposed groups of rats are illustrated in Fig'@?'carcinomas in the mammary tumor model (9). TEBs, which are
Only those palpable neoplasms that were subsequently histologically verified as mam- ! !

mary tumors are shown. Statistical evaluation of data indicated a significant differenceG@Mposed of an actively proliferating epithelium, are the most ac-
Bfton 25 ko of eXpooule). e volume of marmrmaty Cimors was Gevermines for il of forc ¥ 9roWing terminal ductal structures in the rat mammavy gland,
?n:crroscopically visiFl)oIe (ant’J histologically verified) >;umors and is shown as median g\]fﬁiCh explains the high susceptibility of the TEB to neOpIaStiC trans-
166 tumors in MF-exposed and 116 tumors in sham-exposed groups. Interquartile rarfgggnation in response to DMBA and other chemical carcinogens (9).
for tumor volume were ?5.65—361.3 rﬁm _controls and 31.7-565.5 miin MF-exposed Any factor at the time of DMBA treatment that enhances the prolif-
rats. Tumor volumes did not differ significantly between groups. erative state of the mammary epithelium seems important in deter-
mining the appearance of carcinomas. Because we recently found that
Table 3 Incidences of grossly recorded mammary gland neoplasias induced by DMBY{F exposure enhances ODC in the mammary gland (14) and that this
in sham- and MF-exposed rats effect is already present after 1-2 weeks of MF exposure a0
Sham'zsnxgosng)‘ controls MF'e?rﬁ’Ofeggfmima's (10), we began MF exposure in the present experiments 1 week before
application of DMBA.
An interesting finding, not reported before, was that MF exposure

20

Magnetic field exposure (weeks)

No. of rats with

Mammary tumors (total) 50 64

Adenomas 21 24 affected the development of mammary tumors unequally across the
Fibroadenomas 7 11 six mammary complexes of the female rat. It has been previously
Adenocarcinomas 42 52 d ibed that t all of th land d to th dmi
Hyperplasias 3 0 escribed that not all of the mammary glands respond to the admin-

istration of DMBA in the same fashion; tumor incidence in thoracic
mammary glands is higher than in the abdominal glands (9, 19-21).
This was also found in the present sham-control experiment, in which
weeks of MF exposure at 100T yielded significant differences to more than 70% of all of the grossly recorded tumors were found in the
concurrent sham control of 50% (5) and 34% (8). Thus, the presehtee thoracic complexes. This different carcinogenic response is
protocol with one 10-mg DMBA application, MF exposure for 1 weelthought to be due to the asynchronous development of mammary
before DMBA application, and prolongation of MF exposure to 2glands in different topographic areas; thoracic glands lag behind in
weeks apparently did not increase the effect of MF exposure on breast

cancer development and growth, but rather led to a similar effect as

obtained with 20 mg DMBA but only 13 weeks of exposure, whichrable 4 Absolute numbers of grossly recorded mammary gland neoplasias induced by

2 Significantly different from control® = 0.044).

indicates that the magnitude of the MF effect depends on both DMBA DMBA in sham- and MF-exposed rats

dose and duration of exposure. However, if the present experiment Sham-exposed controls ~ MF-exposed animals
would have been terminated 13 weeks after DMBA (14 weeks after (n = 99) (n = 99)

the initiation of MF exposure) as in our previous experiments, tumor Mammary tumors (total) 116 166

incid b d Ipati f b il ified A_denomas 24 35
incidence (based on palpation of subsequently verified mammarygpoadenomas 3 13
tumors) would have been 23.2% in MF-exposed compared with 8.1%Adenocarcinomas 84 118

in sham-exposed rats (Fig. 1), thus indicating that tumor incidence_in"yperpiasias 8 0

MF-exposed rats was increased 3-foRl € 0.003). Because tumor

incidence in sham controls 13 weeks after application of DMBA WlthTable 5 Other histopathological findings in the mammary glands of sham- and MF-

20 mg of DMBA was substantially higher compared with tumor exposed rats

incidence 13 weeks after 10 mg of DMBA, this may indicate that the Sham-exposed controls MF-exposed animals
magnitude of the MF effect at the same duration of exposure depends (n = 99) (n = 99)

on the basal (control) tumor incidence in this model, the lower the Number incidonce Number - cidence
control tumor incidence the higher the increase in tumor incidence by <ie diatation 5 199 1 199
MF exposure. Indeed, when our data from the previous and preser&%idermal cysts 20 18/99 14 13/99
experiments with 10QuT MF exposure in the DMBA model are Trichofolliculomas 3 3/99 8 7/99
plotted as shown in Fig. 6, there appears to be an inverse relationshiffbaceous adenomas 2 2/99 6 5/99
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Table 6 Grossly recorded histologically verified mammary tumors in the six mammary glands of sham- and MF-exposed rats

Sham-exposed controls & 99) MF-exposed animals (= 99)
Multiplicity Multiplicity

Mammary complex Number Incidence (tumors/rat) Volume (mﬁ') Number Incidence (tumors/rat) Volume (mﬁ)
L/R1 26 18/99 1.44+ 0.7 158 (17-885) 41 30/89 1.37x 0.7 212 (39-1393)
L/R2 25 19/99 1.32£ 0.5 41.9 (17-147) 33 24/99 1.380.8 62.8 (29-484)
L/R3 32 22/99 1.45- 0.9 105 (37-218) 42 28/99 150.7 116 (48-314)
L/R4 7 7199 1 73.3(13-118) 9 9/99 1 6.3 (4.2-297)
L/R5 21 19/99 1.1+ 0.3 238 (44-448) 33 24/99 1.380.6 189 (73-490)
L/R6 5 5/99 1 572 (452-647) 8 8/99 1 91 (23-3118)

2 Significantly different from controlR < 0.05).

development and retain a higher concentration of TEBs,the site ences from our experiments, including another diet, shorter exposure
of origin of mammary carcinomas (9). We have recently found thaer day €.9.,500 h less exposure in 13 weeks), the use of different
the cranial thoracic mammary complexes (L/R1) are particularly semoms for sham and MF exposure, differences in the exposure sys-
sitive to 50-Hz MF exposure at 1Q0T in terms of ODC increase (10), tems, and the use of a subline of SD rats with markedly higher
which may explain the higher susceptibility of these complexes smsceptibility to DMBA than our rats. Because of this higher sensi-
cocarcinogenic or tumor-promoting effects of MF exposure seen tinity to DMBA, two of the three DMBA protocols used in the United
the present experiments. To prove whether the cranial thoracic gla&ates study resulted in almost 100% tumor incidence in sham con-
also responded to MF exposure more markedly than other mammunls, which prevented obtaining any additional effect by MF exposure
complexes in the previous studies of our group with MF exposure (85). Thus, because of these various differences, these experiments
the DMBA model, we reexamined one of our previous studies (7) asdnnot be considered as replicate studies of our experiments. It has
found a similar enhanced susceptibility of L/R1 to increased tumpreviously been demonstrated that there are inherent differences be-
incidence in response to MF exposure as in the present Studyveen SD rats obtained in the United States and SD rats obtained in
Furthermore, the finding of a significantly decreased tumor latency Europe in regard to their mammary neoplastic response to DMBA, as
MF-exposed rats with first tumor in the middle thoracic complexesell as in their response to radiation (26). The use of different rat
(L/R2) as determined in the present study indicates that these thoratiblines and other experimental differences between studies on MF
mammary complexes exhibit an increased sensitivity to MF effecexposure in the DMBA model will eventually allow the evaluation of
too. These data thus strongly indicate that not only the basal (contneflich environmental and genetic factors are critical for the effects of
tumor incidence (see above) but also the site of origin of mammawF exposure in this model.
carcinoma determine to which extent MF exposure increases mamin conclusion, the present study demonstrates that, at least under the
mary tumorigenesis in the DMBA model. conditions of our laboratory conditions, MF exposure significantly

Ekstram et al. (22) recently reported that intermittent 50-Hz MFfacilitates mammary tumorigenesis using a standard DMBA protocol
exposure at flux densities of 250 or 5@ with a 15-s-on/15-s-off as previously used for the evaluation of dietary, hormonal, and envi-
schedule for 21 weeks did not significantly affect mammary tumor
growth in response to intragastric application of 7 mg of DMBA/SD
rat. However, the MF exposure scheme was different in the study of 200+
Ekstram et al. (22) and was applied in a strict promotional scheme,
i.e., MF exposure was started 1 week after DMBA administration.
Furthermore, the subline of SD outbred rats used by Eks&bal.
(22) was much more sensitive to DMBA than our SD rats, pointing to
genetic differences between the two outbred sublines of SD rats used.
We have previously shown (23) a linear relationship between flux
density and MF effect on tumor incidence in the DMBA model when
the effects of flux densities between 1 and 100 were evaluated,
which could indicate that further increase of flux density as used by
Ekstram et al. (22) would also increase the effect of MF on DMBA-
induced mammary tumors. However, as recently demonstrated by us
(24), the effect of MF in the DMBA model is lost at higher flux
density, indicating a “window effect” of MF exposure in the IQAl
range.

In a recent draft technical report of the United States Department of
Health and Human Services prepared for public review and comment
(25), a series of studies on the effects of 50 or 60-Hz, LOOMF

100+

507

Increase in tumor incidence by MF (%)

exposure in the DMBA model in SD rats were described. Different Ob“ 1“(’)‘ ‘26‘ 3‘0 ;1‘0‘ 5‘0 ‘é‘(‘)‘ 7‘0 ‘z‘so‘ ;‘0‘1“00
DMBA dosing protocols were usedg., four times 5 mg/rat and 13 o
weeks exposure, four times 2 mg/rat and 13 weeks of exposure, and Control incidence

1X 10 mg DMBA/rat and 26 weeks of exposure. In none of the Fig. 6. The relationship between control incidence of mammary tumors and increase in

experiments were significant MF effects observed. Unfortunatel%mor incidence by MF exposure. Data are from three separate experiments with 50-Hz

. . . E exposure at 10Q.T. In each experiment, a sham control group of 99 rats was exposed
although the studies were conducted in an attempt to replicate @gther with a MF group of 99 rats. The sham-control mammary tumor incidence is
previous MF studies in the DMBA model, there were various diffeiplotted against the MF-induced increase in mammary tumor incidence determined 13
weeks after the application of DMBA in the same experiment. Data are from the present
study (from palpation 13 weeks after DMBA) and two previous studies with higher doses
5 Unpublished observations. of DMBA (7, 8).
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ronmental factors affecting the development and growth of mammagy
cancer (21, 27, 28) and points to a particular susceptibility of tq%_
cranial thoracic part of the mammary complex of the SD rat to MF

effects on carcinogenic responses. The latter finding is in line with
recent observations that this part of the mammary gland of juvenﬂ%
SD rats exhibits a unique sensitivity to MF exposure in terms ab.
increased proliferation (10), which we think can be explained by the

melatonin hypothesis of the potential association between electyic
power and breast cancer (6), including the reported interaction be-

tween MF exposure and melatonin’s functional effects at the ceIIuI&r
level (cf. Ref. 29). At present, it is not possible to predict from our™
animal studies any human risk of MF exposure, although several
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