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MODULATION OF PROTEIN
PHOSPHORYLATION USING
ELECTROMAGNETIC FIELDS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. patent applica-
tion Ser. No. 10/808,989, filed on Mar. 24, 2004, which is
hereby incorporated by reference herein in its entirety. U.S.
patent application Ser. No. 10/808,989 claims the benefit of
U.S. Provisional Patent Application No. 60/476,421, filed on
Jun. 6, 2003 and is also a continuation-in-part of U.S. patent
application Ser. No. 09/974,542, filed on Oct. 9, 2001, which
claims the benefit of U.S. Provisional Patent Application No.
60/238,414, filed on Oct. 6, 2000, all of which are hereby
incorporated by reference herein in their entireties.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to apparatuses and methods for diag-
nosing and/or treating tissues/cells using electromagnetic
fields, and for determining therapeutically useful electromag-
netic fields, and harmful electromagnetic fields.

2. The State of the Art

Electromagnetic fields are used clinically for bone and
wound healing and have been used experimentally to enhance
nerve repair and/or regeneration. Most investigators have var-
ied a very limited number of electric parameters, usually to
show that the biological effect does exist, but without an
attempt to optimize this effect. In contrast, the present inven-
tion undertakes a systematic approach to evaluate different
signals and their components in a complex neuron explant
model as a first step toward verification of the in vivo efficacy
of such defined EM fields.

There are approximately 500,000 cases of nerve injury of
upper extremities per year. Recovery from pain and restora-
tion of function is slow and there is a need for more research
in this area to speed up the whole process (Sisken and Walker,
1995).

The EMF signals which have been tested most extensively
both in vitro and in vivo are 15 Hz pulse train as well as 72 Hz
repetitive single pulse (EBI, Inc., Parsippany, N.J.) and 2 Hz
repetitive single pulse (Bietic Research, Inc., Lyndhurst, N.J.)
measured as a voltage induced in a small pick-up coil. A 2
Hz/3 Gauss field signal was tested in vivo, resulting in an
increased axon elongation (Sisken et al, 1989) in the crushed
rat sciatic nerve; the regeneration rate was enhanced by 22%,
which is comparable to that reported in the literature with
conditioning lesions, growth factors and hormones (Sisken et
al, 1993).

In vitro results using 2 Hz/0.5 Gauss EMF on the cultured
dorsal root ganglia (DRG) explants showed significantly
increased neurite outgrowth (Sisken et al, 1990). DRG
explants in culture are a well-established in vitro model to
study effects of different factors on nerve regeneration
(Greenebaum et al, 1994). The chick DRG has been used as a
model testing system for growth factor effects and mecha-
nisms for the past 40 years (Levi-Montalcini, 1968). The
dorsal root ganglion is the sensory part of the sensory-motor
axis; sensory neurons are in the ganglia whereas motor neu-
rons are in the ventral portion of the spinal cord.

The equipment used most often for in vitro and in vivo
studies of low frequency electromagnetic field effects on
nerve regeneration was developed originally for bone healing
(Electro-Biology, Inc., Parsippany, N.J.) and delivers either a
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repetitive 72 Hz single pulse or a pulse train with a repetition
rate of 15 Hz. Nerve regeneration studies using this equip-
ment were performed by: Ito and Bassett; Orgel et al; and
Subramanian et al. The RF signal Diapulse system has also
been used for nerve regeneration experiments (Wilson; Raji
and Bowden). Some investigators (Blackman; Rusovan et al;
Subramanian et al) used various sinusoidal EMFs. A repeti-
tive single pulse system by Bietic Research, Inc. (Lyndhurst,
N.J.) has also been used in wound healing and nerve regen-
eration experiments (Sisken et al; Orgel et al). For review of
the above studies, see Sisken (1991).

SUMMARY OF THE INVENTION

In light of the foregoing, one object of this invention is to
provide a method for determining therapeutic as well as
harmful values of B and/or dB/dt specific to a given cell,
tissue type, tissue system (plants), or microorganism (such as,
for example, bacteria and yeast). As used herein and in the
claims, the term “tissue” refers to all of these cells, tissue
types, tissue systems, and microorganisms. The cells, tissue
types, and tissue systems can be of any origin, including
mammalian. The cells, tissue types, and tissue systems can be
in vitro or in vivo.

Yet another object of this invention is to provide an appa-
ratus for delivering a therapeutic B and/or dB/dt to a given
cell, tissue type, tissue system (plants), or microorganism
(such as, for example, bacteria and yeast). Yet still another
object of this invention is to provide an apparatus for deliv-
ering a B and/or dB/dt to a given cell, tissue type, tissue
system (plants), or microorganism (such as, for example,
bacteria and yeast) to affect a change in that tissue’s state or
function, whether beneficial or detrimental.

A still further object of the present invention is to provide
a method for avoiding a harmful value of B and/or dB/dt.

In one embodiment, this invention provides a method for
treating living tissues with electromagnetic fields by subject-
ing the tissues to be treated with an electromagnetic field that
varies as a function of time, and without the need for a cor-
responding static magnetic field.

In another embodiment, this invention provides a method
for avoiding harmful values of dB/dt by recording dB/dt
values in a given environment, reproducing those values in
cells, tissues, tissue system (plants), or microorganism (such
as, for example, bacteria and yeast) in vitro and/or in vivo to
determine the effects, and if such effects are detrimental, then
operating and/or moditying and/or designing the equipment
and/or circuitry generating the harmful B and/or dB/dt values
in the given environment in a manner that avoids the harmful
values.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 depicts three different electromagnetic field signals
that may be used in accordance with certain embodiments of
the present invention.

FIG. 2 depicts results of an experiment in accordance with
certain embodiments of the present invention.

FIG. 3 depicts results of an experiment in accordance with
certain embodiments of the present invention.

FIG. 4 depicts results of an experiment in accordance with
certain embodiments of the present invention.

FIG. 5 depicts an illustration of an electromagnetic field
generating system in accordance with certain embodiments
of the present invention.
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FIG. 6 depicts an illustration of an amplifier that may be
used in accordance with certain embodiments of the present
invention.

FIG. 7 depicts characteristics of signals generated in an
experiment in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

All of the prior art systems described in the Background
section above have voltage output stage powering the coils,
which makes it difficult to set up experiments in which B
(magnetic flux density) and dB/dt (time rate change of B), as
well as the shape of the electric field E, which depends on
dB/dt, can be well-defined a priori. This is due to the fact that
the B field induced inside the coils is a function of the current
flowing through the coils and has no linear relationship with
the output voltage. Accordingly, in this invention it is pre-
ferred to control the current flowing through the coils, thereby
avoiding the problems when attempts are made to provide a
specified B field by controlling the voltage.

In the experiments described herein, the magnetic flux
density B is controlled directly by controlling current from an
electromagnetic field generating system. One illustration of
such a system is shown in FIG. 5. The system also allows for
control of dB/dt variations and, consequently, for changing
the parameters of the electric field in the treated area in a well
controlled manner. Once the geometry and the number of
turns of the coils have been specified, B is strictly propor-
tional to the current I with a proportionality constant specific
for the coil system used. This allows one to a priori specify B
field in the experiments, by specifying current 1. By changing
one of the parameters (maximum magnetic flux density or its
time characteristics) while keeping the other constant, dB/dt
can be changed in a controlled way as well.

The impact of various dB/dt rates on both positive and
negative biological responses can be of special importance, as
the time rate of change of the magnetic flux density may have
effect on the cell membranes. The biological responses to
electric and/or magnetic fields, and specifically to dB/dt, may
influence healing processes in the body, as well as cell dam-
age, depending on the levels and timing characteristics of the
signals involved. To our knowledge, no systematic study has
been performed to evaluate dB/dt effects on biological pro-
cesses, specifically on cell growth, tissue healing and/or
regeneration. Cell growth can be assessed, for example, by
the measurement of neurite outgrowth. An example of a bio-
logical process that can be assessed is, for example, the
amount of myosin phosphorylation.

As electric and magnetic fields cannot be separated from
each other and investigated independently, it is difficult to find
a suitable model for studying their respective influence on
biological tissue. One such approach is to investigate effects
of electric field in vitro at the different radial distances from
the center of a culture dish (Misakian et al, 1990, Bassen et al
1992) in a presence of identical magnetic flux density
throughout the whole surface area of the dish. In the center of
the dish the induced electric field is equal to zero and it
reaches its maximum at the edge of the dish. The resulting
current density j is equal to the conductivity of the media o
times the electric field E: j=oE. In ecarlier experiments by
Sisken et al (1984), the resulting current density for 15 Hz
pulse train signal (EBI, Parsippany, N.J.) was 5 pA/cm? at the
distance of 2 cm from the center of the dish. By placing DRGs
at various specified distances from the center of the dish, the
biological effects of electric fields of various amplitudes on
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4

DRGs can be studied in the presence of the same magnetic
flux density. This approach allows one to differentiate bio-
logical effects due to the electric field only, as it increases
proportionally to the distance from the center of the dish,
while all other EMF parameters and culture conditions
remain equal.

For a true Helmholtz coil, the magnetic flux density B on
the coil axis at half'the distance between the coils is: B=p NI/
1.4a; wherein |, is permeability for a vacuum, N is the num-
ber of turns of each coil, I is the current flowing through each
coil, and a is the coil radius equal to the distance between the
coils. Once the geometry and the number of turns of the coils
have been specified, B is strictly proportional to the current I
with a proportionality constant specific for the coil system
used. This allows one to a priori specify B field in the experi-
ments, by specifying current 1. By changing one of the param-
eters (maximum magnetic flux density or its time character-
istics, for example) while keeping the other constant, dB/dt
can be changed in a controlled way as well. In addition to
Helmholtz coils, various other coil geometries, such as a
saddle, ahelix, or the like as are presently used can be used for
this invention, and optionally multiple coils and/or coil geom-
etries can be used in this invention.

To be able to answer questions about signal specificity,
several electrical parameters have to be investigated, one at a
time, in a consistent and logical order. These parameters
include, without limitation: type (shape) of the signal; signal
amplitude, signal frequency; for pulses, a single pulse or
pulse train; time characteristics of the pulse, time rate of
change of magnetic flux density, etc. Both amplitude of the
field induced in the tissue and time characteristics of the
signal are of importance, while discussing kinetics of biologi-
cal responses at the cell membrane.

The present invention is not limited to the use of a preferred
current output system (current output amplifier), as long as
the above signal considerations are taken into account.

Signal Generator and Power Amplifier of the Invention

The microprocessor-controlled signal generator for three
specific signals (FIG. 1), which were used in the experiments
described below, is designed around an AM186ES 40-MHZ
microcontroller. A suitable signal generator is disclosed in
U.S. Pat. No. 6,029,090, the disclosure of which is incorpo-
rated herein by reference. The chosen signal is fed into a
current output power amplifier, such as one with peak output
currents in the range of about £50 A, a maximum output
voltage of up to a few thousand volts, and with a bandwidth of
up to a few megahertz. The amplifier can have a built-in
inductance load over-voltage protection, as well as a current
limit for the current amplifier and an open-load protection. It
can be used with resistive and capacitive loads, in addition to
inductive loads such as the coils of this invention. As set forth
above, the present invention is not limited to the use of a
specific amplifier as long as the signal conditions set forth
herein are taken into account. An example of one amplifier
that may be used in accordance with the present invention is
shown in FIG. 6.

The resulting stimulator system preferably incorporates
safety features that protect the equipment from damage if the
coil is not attached when the power is turned on. The current
output power amplifier allows the opportunity to define a
priori, and to accurately control, the magnetic flux density B,
which is directly proportional to the current, as well as the
time derivative of the magnetic flux density dB/dt and the
resulting electric field E. A primary consideration with the
development of the stimulator’s universal power amplifier for
generating signals useful in this invention is that it is prefer-
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ably both linear and fast, in order to take care of all the
different signals. Additionally, it is preferably able to deliver
a wide range of currents, depending on the type of the signal
and its time characteristics and amplitude, as well as the size
of the coils. Depending on the current and the inductance of
the coil/s, the voltage available at the output of the stimulator
may vary significantly.

Coil of the Experimental Setup

The following description uses a Helmholtz coil configu-
ration in some embodiments, although other coil configura-
tions can be used instead, if more appropriate for a specific
application. For the experiments described herein, the coil
design had to take into account both the bandwidth of the
signal and a requirement for not increasing the temperature at
the culture site. The number of turns of the coil wire depends
on the optimal solution for the whole stimulator system with
respect to minimum and maximum current amplitudes per-
mitted in the coils as well as the bandwidth of the signal. A
desirable maximum temperature increase at the treatment site
of'less than 0.5° C., due to the heat development in the coils,
provided a limitation on the maximum current allowed; in
fact, the final design of the coil used in these experiments
exceeded the inventor’s own specifications, and resulted in a
temperature increase in the culture media in the middle of the
coil system ofless than 0.1° C. for less than 0.75 A of current.

Two sets of rectangular Helmholtz-type coils (30 cmx30
cm) were designed and built. In order to use the coils in the
future under various experimental conditions, each half of the
Helmholtz coil consisted of two 33-turn coils. Such a design
allows for four different system configurations: in series to
double the number of turns and limit current and power dis-
sipation in the coils; in parallel to decrease the inductance and
increase the bandwidth of the Helmholtz coils; not connected
at all and used as a 33-turn Helmholtz coil system; or not
connected and powered by two identical current sources, with
current in each 33-turn Helmholtz coil system flowing in the
opposite direction to cancel the field inside the Helmholtz
coil.

In these experiments, both halves of the Helmholtz coils
were connected in series to assure the same current from the
current-output stage of the power amplifier. Great care was
taken to design a coil system that could be used for both
higher and lower frequencies, thus taking into account a skin
effect at higher frequencies and power dissipation in the coils
at lower frequencies.

A Litz wire NELCL50/36SPDN-1 (New England Electric
Wire Corporation, Lisbon, N.H.) was used for coil manufac-
turing in one embodiment of the experimental setup. This
wire, which is recommended for frequencies 20-50 kHz, was
sufficient for the initial experiments from a frequency point of
view. Ideally, a coil bandwidth higher than the given power
amplifier’s bandwidth is desirable, which can be achieved
with a higher frequency Litz wire.

A compromise was struck in terms of a desirable equiva-
lent AWG (i.e., an equivalent wire diameter), due to the fact
that a larger-diameter wire would not fit under the incubator’s
door for the present experimental setup. To compensate for
the smaller diameter AWG used, as well as the resulting
increase in energy dissipation and a potential heating of the
wire, a larger number of turns was required. Since the fre-
quency was not critical for the initial experiments, the coils in
each half of the Helmholtz configuration were connected in
series, resulting in a 66-turn coil, and thus minimizing the
current into the system. The total DC resistance of the Helm-
holtz coil, including the connecting wires to the stimulator,
was measured at 2.4 Ohms.
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Applications of the Method and Apparatus of the Invention

Although the experiments described below represent a spe-
cial case, peripheral nerve regeneration in vitro, the invention
is not limited to the peripheral nerve regeneration. Examples
of'other application areas are, without limitation: cancer treat-
ment; cell/tissue growth, repair and/or regeneration; growth,
repair and/or regeneration of the central nervous system;
effects on the autonomous nervous system; wound healing;
other softtissue healing and/or repair; tendon repair; cartilage
repair; bone healing and/or repair; positive and negative
effects on immune system function; disinfecting solid, liquid,
and gas media; as well as other physiological, cellular, and
biochemical effects. Yet other applications may include
design of power stations and other work places, as well as
machinery and instruments, to prevent harmful effects of
high-level transients, due to switching of electric and/or mag-
netic fields. In addition, effects on plant development, growth,
and function and/or on their pests and/or symbionts can be
achieved, such as by burying coils in the soil (preferably
powered by solar radiation, and optionally with batteries stor-
ing the solar power for release into the coils at the appropriate
time).

Depending on the application, the electrical as well as
timing and/or frequency parameters of both the magnetic flux
density B and its time derivate dB/dt will have different usable
ranges. For example, to stimulate healing and/or regenerative
processes in living tissues, the magnetic flux density ranges
are likely between the geomagnetic field up to about 10 mT,
depending on the type of the tissue and whether the effects are
sought in a cell culture, a small animal (such as a rat or cat),
or a larger animal (such as a human or horse). The harmful
effects of B and/or dB/dt may likely also start within this
range, again depending on the type of the tissue and the size
of the living organism and will continue for higher fields
and/or dB/dt. The timing parameters alone may be of impor-
tance, as well as being a defining factor for the value of dB/dt
and the resulting peak electric field E, which is a function of
dB/dt. The frequency range for the beneficial effects may be
from the low Hz range up to 100 kHz or higher, and may be up
to the MHz range for some specific applications and combi-
nations with specific field amplitudes. In most cases it will be
under 10 kHz. This again may depend on the application area
and the type of the organism treated. The frequency ranges for
harmful effects will typically start within 100 kHz range and
go up—again it may depend on the combinations of B and the
timing characteristics of the signal employed.

EXPERIMENTS USING METHOD AND
APPARATUS OF THE INVENTION

Tissue Cultures

The chick embryo nervous system was used to test for
neurite-promoting activities of EMFs in culture. (Sisken et
al., 1990; Greenebaum et al., 1996.) In these tests, sensory
parent neurons of typical peripheral nerves (i.e., dorsal root
ganglia (DRG) sensory neurons) were cultured. DRG dis-
sected from 8V%- to 9-day chick embryos were explanted to
60-mm culture dishes coated with rat tail collagen. Explants,
rather than single cells, were used to determine the effects on
neurite growth since the presence of the highly important
non-neuronal cells in close approximation to neurons was
maintained.

Six dishes/groups with 12 DRG per dish were used in each
experiment; one group served as a sham control and one as an
EMF exposed group. Both groups were matched to have
comparable concentrations of nerve growth factor (NGF)
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added. The NGF concentrations used were 0 ng/cc, 2 ng/cc,
and 50 ng/cc (with two dishes per each concentration), to look
atthe effects of EMF's at low versus high NGF concentrations.
The cultures were fed with neurobasal and N2 supplement
(Gibeo Co., NY). They were cultured for 48 hours at 37° C.
and 95% air, 5% CO,, before fixation with phosphate-buft-
ered formalin.

DRG Preparation

Under sterile conditions, 8- to 9-day-old chick embryos
were obtained and placed in phosphate-buffered saline (PBS)
with pen/strep added. The embryos were then dissected under
a dissecting microscope at low power. The DRG were then
explanted from the embryos and placed in Falcon 60-mm-
diameter culture dishes. A slight film of media was present on
the bottom of the dishes to aid in the adhesion of the DRG to
the bottom of the dishes.

The DRG were positioned in the culture dishes at two
different radial distances from the center of the dish. Four
DRG were placed at about 5 mm from the center and the other
eight on the circle at 20 mm from the center. This approach
gave a four-fold difference in the amplitude of the induced
electric field, as well as in the current density. A total of 12
dishes were used per experiment (6 controls, 6 treated). The
dishes were placed in an incubator for 2 hr before the remain-
ing media was added. This was done to further promote DRG
adhesion to the bottom of the dishes. After this 2-hr period,
NGF and media were added to the appropriate dishes. At this
time, in order to keep the evaluators blinded, the code used in
this experiment was written on top of both dish covers.

Experimental Set-Up

Each experiment was run for two consecutive days, with
cultures exposed to EMFs for two hours/day, and was
repeated seven to eight times, to assure enough data for sta-
tistical analysis.

All six EMF-treated culture dishes were placed on one
shelf, centrally located in a 30 cmx30 cm Helmholtz coil
housed in the bottom chamber of a two-chamber incubator.
The other six dishes (controls) were placed in the top incu-
bator. The coil was placed parallel to the bottom of the culture
dishes, resulting in an induced B field perpendicular to the
surface of the dish. This arrangement guaranteed identical
magnetic fields in each dish, and was confirmed by measure-
ment.

The coils were designed in such a way that a maximum
temperature increase at the culture site, due to the heat devel-
opment in the coils, would be less than 0.5° C. The tempera-
ture was monitored during the experiments with a non-metal,
alcohol thermometer placed in front of the coil, and checked
also in a spare dish with culture media inside the coil (it was
measured to be less than 0.1° C. for the current amplitude of
0.75 A used in the experiments). The temperature inside the
culture dishes was not monitored during the experiments due
to contamination risk.

Coils in the experimental system were connected to the
EMF stimulator outside the chamber, consisting of the micro-
processor-controlled signal generator and a current output
power amplifier with peak output current in the range of £10
A, a maximum output voltage of up to +50 V, and with a
bandwidth of 50 kHz. A suitable amplifier is shown in FIG. 6.

The evaluation was handled in a blinded fashion by an
independent statistician. Only the person who handled the
exposure system and measured the fields daily knew which
coil was active and what field was applied. This person did not
evaluate the results.

Three different signals were tested sequentially, ratherthan
in parallel, since access to three independent incubators was
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not possible; however, the evaluation of the results was done
at the same time. All electrical parameters were measured
during each experiment using a small search-coil attached to
an oscilloscope to measure an induced electric field and a
magnetometer to measure the ambient field. The magnetom-
eter was also used to calibrate the system by comparing its
reading to the calculated value of B, based on the value of
current flowing through the coils. Once the calibration factor
was defined, the measurement of current in the coils was
sufficient to define the B field.

Electromagnetic Fields Tested

The efficacy of three electromagnetic fields (FIG. 1) on
nerve regeneration in vitro was compared in a feasibility
study. The peak magnetic flux density was constant for all
three fields and equal to 0.3 mT.

The first field tested was a square pulse magnetic field
(B1,eax=0.3 mT, pulse width=20 ms, repetition rate=2 Hz),
imitating the electrical parameters of the Bietic Research, Inc.
system that showed positive effects on nerve regeneration in
vivo in the crushed sciatic nerve in rats (Sisken et al, 1989).
The dB/dt for Bietic Research 2 Hz/0.3 mT field, based on the
inventor’s calculations using measured values of the voltage
induced in the search coil, was in the range 0.32 T/s to 0.54
T/s, depending on the rise or fall time of the B field.

For these experiment with a square pulse magnetic field,
both rise and fall times were set to approximately 1 ms, which
is in the range of the original Bietic Research signal (0.9-2
ms). This results in dB/dt=0.3 T/s, E=-0.03 V/m at the 2 cm
distance from the center of the dish, and j=0.51 pA/cm?. This
first experiment sought to define if the field amplitude, which
affects the nerve regeneration in vivo in a rat sciatic nerve
model, would also be effective in vitro. If not, lower signal
amplitudes were to be used, as earlier experiments showed
that 0.05 mT has been effective in vitro (Sisken, 1990).

The additional two fields tested (FIG. 1) had their electrical
parameters modified in such a way that additional prelimi-
nary data could be obtained to indicate appropriate experi-
mental directions for the Phase II investigation. In both cases
both the rise time and the positive dB/dt were identical to
those in the first signal. In signal r the fall time was about 2.5
times shorter, resulting in a higher negative dB/dt. Signal t
had symmetrical rise and fall times of 1 ms.

Evaluation Methods

Assessment of Neurite Outgrowth. DRG evaluation began
by taking pictures using a 33-mm SLR camera (with no
lenses), mounted directly to a microscope. Color-print film
was used. The microscope objective was at 4x magnification,
which meant that more than one picture had to be taken of
larger DRG. Once the film was developed, the multiple pic-
tures were assembled into a montage for each DRG. It should
be noted that a total magnification factor of 46 was present
when the measurements were made. This magnification fac-
tor was determined using a calibrated microscope slide by
taking pictures under the same magnification and developing
and printing the photographs under the same procedures.

From these pictures, DRG neurite length (i.e, the distance
measured in a straight line from the main body of the DRG to
the tip of each neurite) and the number of neurites per DRG
were determined. Length measurements were made on each
quadrant using a metric rule with 1-mm divisions. The main
body of the DRG, containing the neuronal cell bodies, was
easily distinguishable and outlined free-hand with a perma-
nent marker. The mean neurite length for each DRG was also
calculated.

Measurements were made using a jeweler’s large magni-
fying glass, so that both picture and ruler were magnified
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simultaneously. The observer then measured the distance
from each neurite tip to the outline of the DRG main body,
calling out the length measurements and recording them on a
tape recorder. The neurite number was then simply a matter of
recording the number of neurite length measurements for
each DRG.

Tape-recorded measurements were then input into com-
puter and analyzed using SAS (Statistical Analysis System).
All of the measurements were made in a blinded fashion, by
a technician who was not involved in culturing the DRG or in
treating the DRG with EMFs.

Statistical Analysis. Mean neurite length and mean number
of neurites was computed for each location (inner and outer
DRG) in each dish. Then a series of linear mixed models
(Verbeke and Molenberghs, 1997) was fitted to these data. A
mixed model was used because there are two sources of
variability in this experiment: the first is dish-to-dish variabil-
ity, while the second is within-dish variability. A separate
mixed model was used for each of the three signals. In each
model, the between-dish factors were: NGF concentration,
which appeared at three levels (labeled 1 (0 ng/cc), 2 (2
ng/cc), and 3 (50 ng/cc)); treatment, which appeared at two
levels (the active signal versus control labeled as t and ¢); and
the interaction between concentration and treatment. The
within-dish fixed-effects factor was location in the dish (inner
versus outer DRG labeled as I and O) and all two-factor and
three-factor interactions between location and concentration
and/or treatment.

Also, an analysis was conducted to compare signals by
pooling the data into a larger mixed model, which incorpo-
rated signal as another fixed factor in the between-dish effect
(as well as interactions with all of the above stated fixed
effects). Finally, in all these mixed models, day of experiment
(labeled as R for replicate) was treated as a blocking factor.
Statistical significance for all main effects and all interaction
effects was setat 0.05. If a main effect or an interaction among
these effects was statistically significant, then post hoc com-
parison of mean response was based on Fisher’s least signifi-
cant difference procedure; this was facilitated by using least
squares means. All arithmetic was done using Procedure
Means and Procedure Mixed in SAS.

Results

For neurite length and signal r there is a significant effect
due to the interaction of treatment and concentration. Posthoc
comparison of means shows that the mean response to the
signal r is larger than the mean response for control at the 2nd
concentration (P=0.0002) but there is no difference between
treatment and control at the remaining two concentrations.
The following table shows the magnitude of the effects.

TABLE 1

mean neurite length (in parenthesis standard error) for signal r and
comparison to its control

concentration

treatment 1 2 3
signal r 0.633 (0.035) 1.040 (0.032) 0.858 (0.033)
control 0.668 (0.032) 0.864 (0.032) 0.834 (0.032)
P value 0.47 0.0002 0.61

For neurite length and signal r there is also a difference
between the mean response for inner versus outer DRG,
where the mean response for inner 0.849 (x0.019) is signifi-
cantly larger than the mean response for outer 0.782 (+0.019)
with P=0.013.
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Discussion

A highly significant difference in the neurite length
(P=0.0002) for one signal, with respect to its control (at an
NGF concentration of 2 ng/cc), but not for the other two
signals, indicates that there may possibly be a signal-depen-
dent effect on mean neurite length in the DRG model. Addi-
tionally, the fact that the mean neurite length for inner DRG
was larger than for the outer DRG would indicate a possibility
that the electric field induced in the outer ring was too high for
an optimal biological response. This could possibly explain a
lack of results with a pulsed B field, which gave a response in
an earlier study. We used an amplitude of 0.3 mT taken from
an in vivo experiment. In a previous in vitro experiment, the
amplitude was 6 times lower. Also the time of the original
experiment was longer, which can possibly have an impact on
the outcome.

FURTHER EXAMPLES
Example A

EMF Effects on Neurite Outgrowth Determined by
Three Different Assessments

Digital imaging techniques were used to assess the effects
of a previously tested electromagnetic field (EMF); see
Herbst et al., (2002) Abstract Book BEMS 24” Annual Meet-
ing, Quebec City, Canada, which is hereby incorporated by
reference in its entirety; on the neurite outgrowth in a chick
embryo dorsal root ganglia (DRG) model.

Dorsal root ganglia (DRG) dissected from 9-day-old chick
embryos were explanted to 60 mm culture dishes coated with
rat tail collagen and cultured, as known in the art. See, for
example, B. F. Sisken et al (1990) Restor. Neurol. Neurosci,
1:303-309, which is hereby incorporated by reference in its
entirety. Eight DRGs were placed on a 10 mm circle from the
center of each culture dish. The cultures were fed with neu-
robasal and B27 supplement (Gibco Co., New York) and
cultured for 48 hours at 37° C. and 95% air, 5% CO,. Each
experiment had 6 dishes in the EMF treated group and 6
dishes in the sham control group. Three concentrations of
NGF were used (0 ng/ml, 1.67 ng/ml, and 5 ng/ml) with 2
dishes per NGF concentration. The signal applied was a ramp
with a peak magnetic flux density B of 0.3 mT with a repeti-
tion rate of 2 Hz. It had a rise time of 0.85 ms and fall time of
0.3 ms which corresponded to a dB/dtof 0.35 T/s and -1.0 T/s
respectively. The EMF was induced in a Helmholtz coil (30
cmx30 cm, 66 turns) powered by a current-output power
amplifier (Herbst Research, Inc., Edgewater, N.J.) with a
bandwidth of 50 kHz, max available current of 10 A and a
voltage compliance of 50 V, see Herbst et al (2002) Abstract
Book BEMS 24" Annual Meeting, Quebec City, Canada. The
EMF was applied for 2 hours/day for 2 days. After 48 hours,
digital images of each DRG were obtained using a high-
resolution digital camera (Redlake MASD ES1.0 MegaPlus).
See P. P. Resig et al (2002) Poster BEMS 247 Annual Meet-
ing, Quebec City, Canada, which is hereby incorporated by
reference in its entirety. Each experiment was repeated 12
times, resulting in up to 192 DRGs for each concentration in
both treated and control groups for a possible maximum of
1,152 DRGs in the whole study. Assessment of neurite out-
growth was performed with the Quantlm digital image analy-
sis program (Zedec Technologies, Morrisville, N.C.). See PP
Resig et al (2002) Abstract Book BEMS 24 Annual Meet-
ing, Quebec City, Canada and A Shah et al (1998) Abstract
Book BEMS 207 Annual Meeting, St Pete, Fla., both of
which are incorporated by reference in their entirety. The
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length of each neurite, the number of neurites and the total
neurite area were obtained for each DRG. Statistical analysis
was performed using a linear mixed model. Post hoc com-
parison of mean responses was based on Fisher’s least sig-
nificant differences procedure. Statistical significance was
determined at the 0.05 level.

An EMF treatment effect at an NGF concentration of 5
ng/ml was seen for the number of neurites (18.7% increase,
p=0.01) as well as the neurite area (16.7% increase, p=0.029).
A somewhat weaker response was seen for the mean neurite
length (less than 10% increase, p=0.046). There was no EMF
effect indicated for any of the measured parameters at the
NGF concentrations of 0 ng/ml or 1.67 ng/ml.

These results support previous findings as disclosed in
Herbst et al (2002) Abstract Book BEMS 24” Annual Meet-
ing, Quebec City, Canada regarding the effect of this particu-
lar signal on neurite outgrowth in this model. In addition, the
digital imaging and analysis techniques were demonstrated to
be effective in quantifying the neurite outgrowth. Further-
more, the added measurement of total neurite outgrowth area,
see A Shah et al (1998) Abstract Book BEMS 20 Annual
Meeting, St Pete, Fla., may be a more meaningful parameter
for determining the biological response to EMF.

Example B
An EMF System for Biological Experiments

An EMF stimulation system is disclosed that includes a
signal generator, a power amplifier and a coil. To control both
the shape and the amplitude of the magnetic field a current
output amplifier is used. The amplifier has a voltage compli-
ance (i.e. highest voltage available on the output) being at
least equal to the voltage generated in the coil at the frequen-
cies of interest. This prevents the signal from being clipped or
distorted. The voltage generated in the coil depends on the
inductance of the coil, current through the coil, and frequency
of the signal. Thus, the coil inductance is taken into account
for each particular set of experiments. This inductance is
proportional to N* (where N is the number of turns of the wire
in the coil) and to geometry of the coil. Consequently, for a
given type of the coil (e.g. a Helmholtz coil or a solenoid) and
for specific coil dimensions, the generated voltage is propor-
tional to N*. As the B field is proportional to both the current
and the number of turns, the maximum B field desired also
influences the system design.

B is proportional to NI; v=-Ldi/dt, where L is proportional
to N (for a given type and geometry of the coil).

Once the current and the maximum frequency of the signal
are defined, an appropriate coil wire can be chosen. The wire
has a gauge appropriate for the current magnitude and takes
into account maximum allowable heat dissipation in the coil
and the maximum allowable temperature increase at the
experimental site. For low frequencies, a copper wire may be
appropriate, while for higher frequencies and shorter pulses a
Litz wire can be selected to counter any skin effects (current
flowing only on the surface of the wire).

Two systems for two different inductive loads were devel-
oped. The two systems have a digital current control. The
output voltage of each system can be increased further by
providing a larger power supply.

The first system was designed for experiments, for
example, on neurite outgrowth in a chick DRG model, which
includes a Helmholtz coil ((¢=15.2 cm, N=44 turns, [ =1.34
mH at 100 kHz), a digitally controlled signal generator
(Herbst Research, Inc., Edgewater, N.J.) and a power ampli-
fier (modified LVC5050, AE Techron Inc., Elkhart, Ind.). The
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system can generate fields with a rise/fall time down to 55 us
at B=3 mT, resulting in dB/dt of 55 T/s. Higher fields can be
generated for slower signals as long as the relationship
v=-Ldi/dt is satisfied. This system is not limited in its appli-
cations to neurite outgrowth.

The second system was designed for experiments, for
example, on EMF effects on functional recovery in a rat
sciatic nerve crash model. The system includes a digitally
controlled signal generator and a two-channel current output
power amplifier (Herbst Research, Inc., Edgewater, N.J.) with
one solenoid per channel (¢=14 cm, N=98 turns, =376+/-3
pH at 100 kHz), containing a rat cage. Lower coil inductance
allows us to run two matched experiments from each ampli-
fier. The rise/fall time can be as low as 55 ps at B=3 mT. This
system is not limited in its application to rat sciatic nerve
crash model.

Both systems can be pre-programmed with up to 12 sig-
nals, selectable by a user with a rotary switch. This allows for
blinded experimental conditions. Both systems have also
switchable signal settings for two different coils, e.g., a Helm-
holtz coil and a solenoid. If an experiment requires additional
signals later on, they can be downloaded to the signal genera-
tor through an external port mounted in the equipment chassis
and be functional immediately. The above systems are not
limited to 12 signals nor to two different coil settings, more
signals and settings can be preset in the system as desired.

Example C

Signal Screening for EMF Effects on Neurite
Outgrowth in a Chick DRG Model

A signal generator (Herbst Research, Inc., Edgewater,
N.J.), connected to a current output power amplifier (modi-
fied LVC5050, AE Techron Inc., Elkhart, Ind.) generated
various EMFs in a 44 turn, 15.2 cm Helmbholtz coil, placed in
an incubator. A magnetic flux density B including ramp,
triangle, and/or pulse signal shapes with a repetition rate of 2
Hz, rise and fall times varying from 55 ps to 1 ms, and B
varying from 50 pT to 3 mT. The resulting dB/dt varied from
50 mT/s to 55 T/s. The signals generated in this experiment
are shown in FIG. 7.

Dorsal root ganglia (DRGs) were dissected from 9-day-old
chick embryos and explanted to 60 mm culture dishes coated
with rat tail collagen and cultured, as known in the art. See, for
example, B. F. Sisken et al (1990) Restor. Neurol. Neurosci,
1:303-309, which is hereby incorporated by reference in its
entirety. Eight DRGs were placed on a 10 mm circle from the
center of each culture dish. Eight EMFs were tested in four
experimental series, with two EMF's tested in the same day.
Each EMF experiment consisted of 6 dishes in the treated
group and 3 dishes in the sham control group and was
repeated 6 times. The total number of DRGs used per experi-
ment was 288 in each treatment group and 144 in each control
group. Both the EMF-treated and the sham control groups had
the same concentration of NGF (5 ng/ml). In all experiments,
the cultures were fed with neurobasal and N2 supplement
(Gibco Co., New York) and cultured for 48 hours at37° C. and
95% air, 5% CO,. EMF was applied for 2 hours/day for 2
days, after which time digital images of each DRG were
obtained with a high-resolution digital camera (Redlake
MASD ES1.0 MegaPlus). See P. P. Resig et al (2002) Abstract
Book BEMS 24 Annual Meeting, Quebec City, Canada.
Assessment of neurite outgrowth for each DRG was per-
formed with the Quantlm digital image analysis program
(Zedec Technologies, Morrisville, N.C.) See P. P. Resig et al
(2002) Abstract Book BEMS 24” Annual Meeting, Quebec
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City, Canada and A J Shah et al (1998) Abstract Book BEMS
20th Annual Meeting, St. Pete, Fla., U.S.A., herein expressly
incorporated by reference in its entirety. A linear mixed
model was used to evaluate the mean neurite area in each
experiment. Statistical significance was determined at 0.05
level. In the absence of significant F test, a Bonferroni adjust-
ment for comparison of each active treatment to its control
was made at the 0.025 level.

One out of eight EMF fields tested (a 3 mT ramp with 0.3
ms rise time and 55 ps fall time) had a significant effect on the
neurite outgrowth (P=0.016), even after adjustment for mul-
tiple comparisons.

This study is a continuation of our two earlier studies E.
Herbst et al (2002) Abstract Book BEMS 247 Annual Meet-
ing, Quebec City, Canada, which is hereby incorporated by
reference in its entirety. We have in this study systematically
tested 8 different EMFs, by changing either B or rise or fall
time, one parameter at a time (rise and fall times are defined
here as the time for a B field to go from zero to B, 4, or vice

versa). A total 0of 3,456 DRGs were used in the study.
Example D
Myosin Phosphorylation Experiments

The myosin phosphorylation is a well established experi-
mental model. It’s use for evaluation of biological effects of
different magnetic fields was first proposed by Shouvalova L.
A, OstrovskajaM 'V, Sosunov EA, Lednev V'V (1991), “Weak
magnetic field influence of calmodulion-dependent myosin
phosphorylation of myosin in solution” in the Dokladi Acad-
emy of Science USSR 217: 227-231, which is hereby incor-
porated by reference in its entirety.

The method was further improved by M. S. Markov with
respect to optimization of the reagent rate and especially the
reading of the results of the assay—from gel electrophoresis
to Cherenkov emission. It was used in several experiments.
See, for example the Markov references cited below, which
are hereby incorporated by reference in their entirety.

We have performed three experiments using M. S. Mark-
ov’s experimental model. In the first experiment the electro-
magnetic fields tested had parameters previously described in
Example C (Signals A, C, D, G, and H—see FIG. 7) with two
additional fields added (ramps: B=3 mT; repetition rate 2 Hz;
t,/t,300 us/20 us, and 1 ms/300 ps respectively). Due to a
small sample volume, a special solenoid was used with a
diameter of 22 mm, length of 38 mm, and 95 turns. This
allowed using a lower power amplifier than in Example C.
The results and corresponding electrical parameters for
experiment 1 are shown in FIG. 2.

In the second experiment, we have used the most effective
signal from the first experiment and added six new signals
(see FIG. 3) to screen for even more effective signal in this
model. The solenoid has been modified (made longer, new
length 53 mm) to increase the length of the uniform field. This
required the increase of the number of turns to 127. The
experimental results and corresponding electrical parameters
for experiment 2 are shown in FIG. 3.

The results of both experiments show that myosin phos-
phorylation can be modulated by the electromagnetic fields.
This methodology can be used for influencing a number of
biochemical and biological processes.

The third experiment was performed to evaluate effects of
two similar signals (ramps: B=0.3 mT; repetition rate 2 Hz;
t,/t,1 ms/300 ps, and 0.8 ms/300 ps respectively) generated by
two different systems (consisting of different signal genera-
tors, power amplifiers, and coils) from Example A and

10

15

20

25

30

35

40

45

50

55

60

65

14

Example D-experiment 2. The results and corresponding
electrical parameters for experiment 3 are shown in FIG. 4.
Signal 1 was generated by a system described in Example
D-experiment 2, while Signal 2 was generated by a system
described in Example A. The experiments were conducted
over two days, three series in each day. Each series included
control, Signal 1, and Signal 2; in total, six repeats.

Experiment 3 was conducted using two specially designed
chambers, which had to maintain matching temperature at the
level 0of 37+0.5° C. during the 5-min exposure. For Signal 1
the Eppendorf tube with the working solution was immerged
in a specially designed cylindrical container which was filed
with water at 37° C. For signal 2 the samples were placed in
another custom made chamber which maintains the 37+0.1°
C. by constant perfusion of water pre-warmed by passage
through a Fisher Scientific model 900 heat exchanger. Tem-
perature was monitored with a Fisher Scientific Traceable
Thermometer. This chamber was constantly used in all pre-
vious experiments published by Dr. Markov and coworkers.

Three different control samples were run each day at dif-
ferent conditions: controls 1 and 4 were run in a plastic
cylinder filled with water at 37° C. Controls 2 and 5 were run
with the same container placed inside the cylindrical coil
which delivers signal 1 (the coil was not powered). Control 3
and 6 were run inside standard temperature chamber. This
approach to controls was taken in order to be sure that the
improvised temperature chamber (for Signal 1) and standard
temperature chamber (for Signal 2) provide similar condi-
tions with respect to control assays. The values for control
samples 1,2,3 were very close and the same was seen for
controls 4,5,6. This is convincing evidence that even if small
changes in the temperature in chamber 1 occur they do not
influence myosin phosphorylation course.

The results show a significant difference between the
effects of those two signals tested on myosin phosphoryla-
tion. This difference can be a result of different bandwidth of
the two electromagnetic field generating systems with result-
ing different harmonics content. Signal 2 was generated by a
lower bandwidth amplifier.
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What is claimed is:
1. A method for modulating protein phosphorylation with
electromagnetic fields, comprising:

providing a signal generator capable of generating a plu-
rality of signals;

selecting at least one output signal from the plurality of
possible signals;

controlling magnetic flux density (B) by generating a con-
trollable current using said selected output signal;

applying magnetic flux density (B) to a protein; and

subjecting the protein to be phosphorylated to a control-
lable magnetic flux density (B) and dB/dt.
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2. The method of claim 1, wherein dB/dt is controllable by
controlling magnetic flux density (B), while keeping time (t)
constant.

3. The method of claim 2, wherein magnetic flux density
(B) is controllable by controlling at least one of the amplitude
and timing parameters of the current delivered to a coil for
applying the magnetic flux density to the protein.

4. The method of claim 1, wherein dB/dt is controllable by
controlling time (t), while keeping magnetic flux density (B)
constant.

5. The method of claim 1, wherein dB/dt is controllable by
controlling both magnetic flux density (B) and time (t).

6. The method of claim 1, wherein the method further
comprises providing a sawtooth magnetic flux density (B)
and applying the sawtooth magnetic flux density (B) to the
protein.

7. The method of claim 6, wherein the sawtooth magnetic
flux density (B) has symmetrical rise and fall times.

8. The method of claim 6, wherein the sawtooth magnetic
flux density (B) has asymmetrical rise and fall times.

9. The method of claim 1, wherein dB/dt is controllable by
controlling a current input to the means for applying magnetic
flux density to the protein.

10. The method of claim 9, wherein the current is provided
by the output of a current output amplifier.

11. A method for modulating protein phosphorylation with
electromagnetic fields, comprising:

providing a signal generator capable of generating a plu-

rality of signals;

selecting at least one output signal from the plurality of

possible signals;

providing the at least one output signal to a power ampli-

fier;

generating electromagnetic fields using the power ampli-

fier output;

applying the electromagnetic fields to a protein; and

subjecting the protein to be phosphorylated to a control-

lable magnetic flux density (B) and dB/dt.

#* #* #* #* #*



