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Abstract. This study examined the effects on pineal function of
magnetic field (MF) exposures {(ac and dc components) similar
to those produced by the TransRapid TR-07 and other electro-
magnetic maglev systems (EMS). Rats (6/group.) were
entrained to a 14:10 light-dark cycle and then exposed to a con-
tinuous, or to an \nverted, intermittent (on = 45 s, off = 15 s,
induced current = 267 G/s) simulated multifrequency ac (0-2
kHz) and dc magnetic field (MF) at 1 or 7 times the TR-07
maglev vehicle MF intensity for 2 hr. Other groups of rats were
exposed to only the ac or the dc-component of the maglev MF.
For comparison, one group was exposed to an Inverted, inter-
mittent 60-Hz MF. At the end of the exposure, each group was
sacrificed and compared to an unexposed group of rats for
changes in pineal melatonin and serotonin-N-acetyltransferase
(NAT). MF exposures at an intensity equivalent to that pro-
duced by the TR-07 vehicle (1X; 0.1-50 mG, 1.6 kHz-10 Hz; 250
mG dc) had no effect on melatonin or NAT compared with
sham-exposc:d animals under any of the conditions examined.
However, 7X TR-07-level continuous 2-h MF exposures signifi-
cantly depressed pineal NAT by 45% (p < 0.03) compared to
controls. Pineal melatonin was also depressed 33-43% by a con-
tinuous 7X TR-07 MF exposure and 28% by an intermittent 60-
Hz 850-mG MF, but the results were not statistically significant.
This study demonstrates that intermittent, combined ac and dc
MFs similar to those produced by the TR-07 EMS maglev
vehicle alter the normal circadian rhythm of pineal indoleamine
metabolism. The pineal regulatory enzyme NAT was more sen-
sitive to MF exposure than melatonin and may be a more
desirable measure of the biological effects of MF exposure.

INTRODUCTION

Maglev promises to be an efficient mode of transportation
which could complement short airplane commuter flights in
the range of 1000 km [1] and, traveling at speeds up to 500
km/h, these vehicles could provide excellent service between
citics and major airport hubs. The possibility of using
maguetically levitated vehicles for high-speed ground trans-
portation has been examined since the early 1970s. Germany
and Japan have each spent in excess of onc billion dollars to
develop and test prototype maglev systems, the German
TransRapid TR-07 maglev system using conventional magnet
levitation and propulsion and the Japanese using supercon-
ducting magnets. The Japanese expect to demonstrate one of
their designs by the mid-1990s, and final plans are underway
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to install a 22-km TR-07 maglev system in Orlando, Florida,
in the same time frame. A National Maglev Initiative, led by
the Federal Railroad Administration and supported by the
Army Corps of Engineers and the Department of Energy, was
established in 1990 by the federal government to explore the
options available for using this technology in the United
States.

In the lasi 25 years nonionizing electromagnetic field (emf)
exposure has come under scrutiny as another potentially
harmful environmental agent. Both electric and magnetic
ficlds in the extremely low frequency range (3-3000 Hz), as
well as static magnetic fields have produced biological
effects in cellular and animal investigations.

Extensive animal studies have demonstrated the most
significant and repeatable emf effects in the areas of emf per-
ception, behavior, and neuroendocrine effects [2]. Wilson et
al. [3] demonstrated depression of greater than 50% in the
pineal melatonin rhythm in rats by continuous exposure to a
100-kV/m 60-Hz electric field for three weeks. However, the
rhythm returned after the field exposure ceased. In later
studies with 60-Hz electric field exposures as low as 1.7
kV/m, Wilson showed the same depression in melatonin and
in serotonin-N-acetyltransferase (NAT), the regulatory
enzyme in the metabolic pathway from serotonin to
melatonin in the pineal. A phase delay of approximately 2 h
in the melatonin rhythm was also produced by the emf
exposure [4].

Vasquez et al. {5] continued to add to the neuroendocrine
effects observed as a result of emf exposure. Rats exposed to
39-kV/m, 60-Hz electric ficlds showed phase shifis of up to 4
h in the circadian rhythms of the neurotransmitlers
norepinephrine, dopamine, and the serotonin metabolite 5-
hydroxyindoleacetic acid (HIAA) in the hypothalamus,
striatum, and hippocampus.

Not only have environmental-level magnetic ficlds pro-
duced depression in circadian ncurotransmitter rhythms, but
rapidly changing magnetic ficlds of low, ambient intensity
have shown similar neurotransmitter effects. Lerchl et al. [6,
7] showed that intermittent, 1-hour, earth-strength, dc MFEs
depress normal melatonin and NAT rhythms in the rat pineal.
This suggests that transient ficlds that produce induced
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currents may contribute to biological response to emf
exposure.

Electromagnetic fields produced by maglev and other
electrified rail systems have not been well characterized, with
the exception of a recent Federal Railway Administration
(FRA)-sponsored study of the German TransRapid TR-07
maglev vehicle [8, 9]. Currently, the FRA is measuring the
electric and magnetic fields produced by a number of
electric-powered transportation systems, and detailed emf
exposure information will soon be available.

From the information that is available about the electro-
magnetic fields produced by maglev and electric-powered
vehicles, the majority of magnetic fields are dc and in the
ELF range. The intensities vary and depend upon the specific
transportation system characteristics. In superconducting
vehicles, dc fields could reach upwards of 150 G, with ac
field magnitudes in the range of 1.0 G in the passenger
compartment [10, 11]. In addition, it is likely that time-
varying dc, power frequency (50-60 Hz), and transient ELF
magnetic field components will be encountered.

Which parts of this very complicated emf spectrum will
prove to be most important in assessing the presence or
absence of a potential health hazard is unclear at this time,
but these transportation systems do have emf field emissions
in the frequency and intensity ranges which have demon-
strated to have biological effects in cell, animal, and human
studies. No significant effects have been identified in the few
studies that have examined transportation system passengers
or workers for biological responses to emf exposure [10].

The purpose of this siady was to begin examining the
complex-spectra, time-varying emf fields produced by
maglev transportation systems that use conventional EMS
(TR-07) or superconducting magnet technology. Maglev
MFs were simulated using the TransRapid TR-07 maglev
spectra measured by Electric Rescarch and Management, Inc.
(ERM) [8, 9]. Using rats, MF exposures were used that are
likely to be encountered by passengers and system workers,
as well as MF conditions that have produced repeatable
biological effects using power frequency or static dc fields.

MATERIALS AND METHODS

A pair of Helmholtz coils (r = 0.5 m) were oriented with
the diameter perpendicular to the north-south ambient field.
A bipolar power supply (Kepco, Flushing, NY, Model BOP
50-2M, 50 V, 0-2 A) was used to cnergize the Helmholtz
coil system. The simulated maglev magnetic ficld (MF) (dc
and multi frequency ac) spectrum was generated using a 286
AT personal computer and LabWindows Data Acquisition
and Analysis software (National Instruments, Austin Texas).

The program developed is capable of producing a dc- and/or
multifrequency ac signal to the bipolar power supply (of up
to 10 individual frequency and intensity components) in the
range of 0-2 G (dc) and 0-2 kHz (ac). The ramp rate of the
signal can be varied over a wide range (microseconds to
seconds) to vary dB/dt, producing an induced voltage in the
Helmholtz coil and subsequent eddy currents.

Maglev magnztic field exposures were simulated from
spectra collected inside the moving (168 km/h) passenger
compartment of the TR-07 prototype vehicle, as measured by
ERM in August 1990 [9]. Fig. 1 depicts the actual and sim-
ulated complex ac spectrum of this prototype maglev vehicle.

. The dc component of the TR-07 was 250 mG above ambient.
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Fig 1. TR-07 Magnetic Ficld Spectrum. (a) Actual measurcment recorded
August 1990 by Electric Research and Management [9], at a velocity of 168
km/. The dc component was 250 mG above the ambient field. Simulated
TR-07 MF (b). The prominent frequencies (Hz) and their respective intensi-
ties, including a 250-mG dc component, were delivered simultaneously by
computer to the Helmholtz coil. The entire spectrum was increased 7-fold for
the 7X exposures (c).

Although the ac and dc MF intensities, and especially the
transient profiles, arc uniquely different, EMS maglev



vehicles arc expected to produce similar magnetic ficld
profiles quite different from the dc, 60-Hz, and other
magnetic ficld exposures that have previously been used in
biological cxposure experiments.

Male Sprague-Dawley (Cobb  strain) rats  (Rattus
norvegicus), 44-47 d old, 100-120 g were entrained for two
weeks to a 14:10 light-dark (LD) cycle (dark period {D] =
0500-1500), with dim red light present during the dark
portion of the cycle. Food and water was available ad
libitum. Conditions were constant at 22 °C and 50% RH. For
every exposure group, six similarly treated animals served as
controls.

Daily for 7 d, groups of six animals were placed into two
cages that were modified with plastic barriers to allow indi-
vidual containment and exposure of three rats per cage in the
central arca of the Helmholtz coils. MF exposures occurred
during dark for 2 h, ending at 6 or 9 h after dark onset, when
pineal melatonin and NAT are at maximum levels. Another
group of six animals werc exposed for similar lengths of
time, ending 5 h after light onsct (minimum melatonin and
NAT).

The magnetic ficld cxposures were physically presented in
several different ways:

1. Exposure length: 1,2, 0r4 h

2. Continuous MF exposure or intermittent exposures
(repeating pattern of 45 s on, 15 s off) were quickly
ramped, producing a dc-component-induced current
of 37 (1X TR-07) or 267 (7X) G/s. Rapid applica-
tion of an intermittent, inverted earth-strength static
MF has been shown to significantly decrease pineal
melatonin and NAT (6, 7].

3. Exposure to horizontal MF components or parallel to the
inclination of the ambient magnetic ficlds (55°).

4. Exposurc in the samc direction as or oppositc o
("inverted") ambient magnetic field.

Immediately after an cxposure, the exposed and control
rats were alternately sacrificed, and the pincal was removed
and frozen (-60 ©C, dry icc, average time 30 s) until assay.
Melatonin was determined by radioimmunoassay (7, 12}, and
serotonin-N-acetyltransferase activity (NAT; EC 2.3.1.5) was
determined by radioenzymatic assay [13].  Differences
between conwrol and exposed groups of animals were comi-
parcd using the Student t-test.

RESULTS
Stinulated TR-07 MF Exposures (1X)

No significant changes in pineal melatonin levels occurred
as a result of simulated TR-07 MF exposure under a number
of MF delivery protocols (Fig. 2). Continuous MF exposure
during dark {maximum melatonin) for 1,2, or 4 h in two
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Fig 2. Pineal Meclatonin Response to 1X TR-07 MF Exposure. During the
nighttime (dark) peak in pineal mclatonin, rats were subjected 1o TR-07
frequency and intensity MF exposure in three separate experiments. The
exposures in Experiment 1 were continuous, in the same dircction as the
ambient MF, and varied in length (1, 2, or 4 h). MF-cxposures in experiment
I were a repeat of those in experiment I Exposures in Experment 111 were
inverted 1o the ambicnt ficld, intermiuent (45 s on/15 s off), and tumed on
rapidly to produce induced (eddy) currents. The unexposed control group
mean between MF exposure experiments differed in the absolute amount of
melatonin per pineal, so the exposed melatonin/pincal response was calcu-
lated as percentage of control response within experiments (control = 100%).

Bars are standard crror.

experiments did not depress pincal melatonin below control
levels. Intermittent, inverted TR-07-tevel (1X) maglev MF



exposures (net MF = +150 m@G, dB/dt = 37 G/s) for 2 h also
had no effect on maximum (dark) melatonin levels.

TR-O7 Maglev (7X) and AC- and DC-Component MF
Exposures

Together, the results of three cxperiments (with all animals
exposed to MFs when melatonin reached maximum levels in
the pineal considered as one group, 4.5-8.5 hours after dark
onset), showed that only 2-h inverted, intermittent 7X TR-07
dc exposures (net MF = -1.3 G, dB/dt= 267 G/s) produced a
significant 46% decrease in NAT (Fig. 3,"D7", p < .03, ).
The animals exposed to the 1X, 7X, or 7X ac component
intermittent maglev ficlds did not differ in pineal NAT from
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Fig 3. Nighuime MF Exposure and NAT Response. Animals (six per group)
were entrained for two weeks (14:10 L1D); D = 0500-1500) and then exposed
to MFs. Exposures were either at 0900-1100 or 1200-1400, and were com-
bined (n = 12).

sacrificed and the pineals were removed, frozen (<60 °C), and assayed for

Following exposure, the animals (and controls) were
amount of pincal NAT per animal. Bars are  standard error.

uncxposed controls sacrificed at the same time, but 60-Hz
and continuous maglev exposed NAT levels were decreased
28% and 42%, respectively, although these decreases were
not statistically significant. During this same period of
maxinium melatonin in the pincal, none of the MF exposure

conditions resulted in a significant change in pineal
melatonin (Fig. 4), although a 2 h continuous 7X maglev
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Fig 4. Nighuime MF Exposure and Mclatonin Response. Animals (six per
group) were entrained for two weeks (14:10 LD; D = 0500-1500), and then
exposed to MFs. Exposures were either at 0900-1100 or 1200-1400, and
were combined (n = 12). Following exposure, the animals (and controls)
were sacnficed, and the pineals were removed, frozen (-60 °C), and assayed
for the amount of pineal melatonin per animal. Bars are standard error.

exposure ("MC") depressed pincal melatonin 37%. The
directionality (whether a MF horizontal to or parallel to the
ambient ficld was used to expose groups of animais) also did
not produce changes in pineal melatonin.

DISCUSSION

This study demonstrates that MF exposure at intensities
produced by the German TransRapid maglev EMS vehicle
docs not produce changes (depression) in pincal melatonin
and NAT levels, which have been used as a sensitive, repro-
ducible, indicators of biological responsc to emf cxposure
[14-19]. However, when the dc component of the TR-07 MF
was increased 7-fold (1-2 G), and delivered intermittently to
produce induced eddy currents, pincal NAT was significanty
reduced (50-60%) compared to control, uncxposed animals (p
< 0.03). MFs at this strength have been measured or are ex-
pected for EMS and EDS maglev vehicles.

In additon, a number of MF exposure conditions did
reduce melatonin and NAT changes as much as 50%, but the
declines were not statistically significant.  Continuous 7X
TR-07 maglev cxposures decrecased NAT 40-47% (Fig. 3).
Mclatonin was also decreased 37% by continuous 7X maglev
exposures (Fig. 4). These MF exposures consisted of TR-07



ac MF components which would produce induced (eddy)
currents similar to the intermittent dc MF exposures found to
significantly reduce pincal indolcamine metabolism in this
study and by Lerchi et al. {6,7].

Although the percentage decrease was large (in the range
of 50%), small group sizcs (n = 6), individual animal
differences in entrainment, and individual sensitivity to MF
exposure may have combined to dilute the group pineal
melatonin and NAT differences between MF-exposed and
control animals. The amount of group variation was large,
and the same in both control and exposed animal groups.

Individual animals vary in their entrainability to most
endogenous and exogenous agents [20], and Rosenberg et al.
{21] has shown that up to 20% of rats show no change in per-
ception of electric fields as great as 100 kV/m, mcasured by
changes of activity, Varations in individual animal
entrainment by as small as 1 h in pineal melatonin and NAT
entrainment rhythms could have resulied in a large. pineal
melatonin and NAT group differences in response to MF
exposure, as was seen in this study. Increased group size and
optimal MF-exposure times identified in future studies will
more successfully test the ability of these weak, non-ionizing
MEF exposure conditions to alter pineal rhythms.

Since melatonin has been shown to inhibit the growth of
breast tumor cell lines in vitro {22], emf depression of pineal
melatonin has been proposed as a possible mechanism to
explain the growing human epidemiological evidence which
suggests that emf exposure increases brain tumors and
leukemia [4]. The plausibility of melatonin depression and
the emf epidemiological link to cancer in humans has been
strengthened by Wilson et al. [23], who, in a pilot study,
found a decrease in the urinary melatonin metabolite 6-
hydroxy melatonin sulfate (6-OHMS) at night in human sub-
jects who used high-current electric blankets (relative to
subjects using low-current electric blankets).

Whether decreased in pineal indolecamine metabolism does
contribute (o increases in carcinogenesis remains to be more
solidly demonstrated, and any contributions from transporta-
tion system MF exposures will help to resolve this presently
perplexing controversy.,

ACKNOWLEDGMENT
This work was supported by an intcragenpyl agreement

between the Department of Transportation/Federal Railway
Administration and the Department of Encrgy.

REFERENCES

{1] L. Johnson, D. M. Rote, 1. R. Hull, H.T. Coffey, J. G. Daley, and R. F.
Giese, "Maglev vehicles and superconductor technology: integra-
tion of high-speed ground transportation into the air travel
system,” Argonne National Laboratory Report ANLICNSV-67,
Argonne, IL, 1989.

[2] L Nair, M. G. Morgan, and W. K. Florig, "Biological effects of power
frequency electric and magnetic ficlds -- background paper,”
Office of Technology Assessment Report OTA-BP-E-53,
Washington, D. C.: U. S. Govt. Printing Office, 1989.

[3] B.W. Wilson, L. E. Anderson, D. I. Hilton, and R. D. Phillips, "Chronic
exposure to 60-Hz electric ficlds: effects on pineal function in the
rat," Bioelectromagnetics, vol. 2, pp. 371-380, 1981.

(4] B. Wilson, and L. E. Anderson, "ELF electromagnetic field effects on the
pineal gland," in Extremely Low Frequency Electromagnetic
Fields: The Question of Cancer, B. W. Wilson, R. G. Stevens,
and L. E. Anderson, Eds. Columbus, OH: Bauelle Press, 1990,
pp. 159-186.

[5] B.J. Vasquez, L. E. Anderson, C. L Lowery, and W. R. Adey, "Diumal
patiems in brain biogenic amines of rats exposed to 60-Hz electric
fields," Bioelectromagnetics, vol. 9, pp. 229-236, 1988.

[6] A.lerchl, D. O. Nonaka, and R. J. Reiter, "Marked rapid alterations in
noctural pineal serotonin metabolism in mice and rats exposed to
weak intermittent magnetic fields," Biochem. Biophys. Res.
Commun., vol. 169, pp. 102-108, 1990.

(7} A.Lerchl, D. O. Nonaka, and R. J. Reiter, "Pineal gland: its apparent
‘magnetosensitivity' to static magneltic fields is a consequence of
induced electric currents (eddy currents),” J. Pineal Res., vol. 10,
pp. 109-116, 1991.

{8] F. Dietrich and W. E. Feero, "Safety of high speed magnetic levitation
transportation systems: magnetic field testing of the TR07 maglev
vehicle and system," vol. I (analysis), U.S. Department of
Transportation Report DOT-VNTSC-FRA-92-6.1, 1992.

[9] F. Dictrich, D. Robertson, and G. Steiner, "Safety of high speed
magnetic levitation transportation systems: magnetic field testing
of the TROT maglev vehicle and system,” vol. II (appendices),
U.S. Department of Transportation Report DOT-VNTSC-FRA-92-
62,1992.

{10} W. A. Creasey, D. Phil, and R.B. Goldberg, "Health effects of low
frequency electromagnetic fields due to maglev and rail systems,”
Departinent of Transporitation Report, in press.

[11) M. Nakagawa and T. Koana, "EMF issues with maglev in Japan,"
Proceedings of the First World Congress for Eleciricity and
Magnetism in Biology and Medicine (Junc 14-19, 1992, Lake
Buena Vista, Florida), San Francisco, CA: San Francisco Press, in
press.

{12] G. E. Webley, H. Mehl, and K. P. Willey, “Validation of a scasitive
dircct assay for melatonin for investigation of circadian rhythms
in different species,” J. Endocrin., vol. 106, pp. 387-394, 1985.

[13] T. Deguchi and J. Axelrod, "Sensitive assay for serotonin N-
acetyltransferase activity in rat pinea!," Anal. Biochem., vol. 50,
pp- 174-179, 1972.



[14] B. W. Wilson, E. K. Chess, and L. E. Anderson, "60-Hz electric-field
cffects on pincal melatonin rhythms: time course for onsct and
recovery,” Bioelectromagnetics, vol. 7, pp. 239-242, 1986.

{15} J. Olcese, S. Reuss, J. Stehle, S. Steinlechner, and 1. Vollrath,
"Responses of the mamunalian retina 1o experimental alteration of
the ambient magnetic field,” Brain Res., vol. 448, pp. 325-30,
1988.

{16} J. Olcese, S. Reuss, and L. Vollrath, "Evidence for the involvement of
the visual sysiem in mediating magnetic field effects on pineal
meclatonin synthesis in the rat," Brain Res., vol. 333, pp. 382-84,
198S.

[17] 1. Olcese and S. Reuss, "Magnetic field effects on pineal gland
melatonin synthesis: comparative studies on albino and pigmented
rodents," Brain Res., vol. 369, pp.365-68, 1986.

18] P. Semm, "Neurobiological investigations on the magnetic sensitivity of
the pineal gland in rodents and pigeons," Comp. Biochem.
Physiol., vol. 76A, pp. 683-689, 1983.

[19] R. J. Reiter, L. E. Anderson, R. L. Buschbom, and B. W. Wilson,
“"Reduction of the noctumal rise in pineal melatonin levels in rats
exposed to 60-Hz electric fields in utero and for 23 days after
birth," Life Sci., vol. 42, pp. 2203-2206, 1988.

{20] M. C. Moore-Ede, F. M. Sulzman, and C. A. Fuller, The Clocks That
Time Us, Cambridge, MA: Harvard University Press, 1982.

[21] R. S. Rosenberg, P. H. Duffy, G. A. Sacher, and C. F. Ehret,
"Relationship between field strength and arousal response in mice
exposed to 60-Hz electric fields," Bioelectromagnetics, vol. 4, pp.
181-191, 1983.

{22} D. Blask, "The emerging role of the pineal gland and melatonin in
oncogenesis," in Extremely Low Frequency Electromagneltic
Fields: The Question of Cancer, B.W. Wilson, R.G. Stevens, and
L.E. Anderson, Eds. Columbus, OH: Battelle Press, 1990, pp.
319-335.

23] B. W. Wilson, C. W. Wright, J. E. Morris, R. L. Buschbom, D. P.
Brown, D. L. Miller, R. Sommers-Flannigan, and L. E. Anderson,
“Evidence for an effect of ELF electromagnetic fields on human
pincal gland function,” J. Pineal Res., vol. 9, pp. 259-69, 1990.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, upparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



" DATE
FILMED
g /19 /93







