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Summary We seek to answer the conundrum: What is the fundamental mechanism by which very weak, low
frequency Electromagnetic fields influence biosystems? In considering the hydrophobicity of intramembranous
protein (IMP) H-bonds which cross the phospholipid bilayer of plasma membranes, and the necessity for photonic
recycling in cell surface interactions after dissipation of energetic states, present models lack structure and
thermodynamic properties to maintain (DE ) sufficient energy sources necessary for amplifications by factors of
1012. Even though one accepts that the ligand–receptor association alters the conformation of extracellular,
extruding portions of IMP’s at the cell surface, and that this change can be transmitted to the cytoplasm by the
transmembranous helical segments by nonlinear vibrations of proteins with generation of soliton waves, one is still
unable to account for repair and balanced function. Indeed, responses of critical molecules to certain magnetic
field signals may include enhanced vibrational amplitudes, increased quanta of thermal energies and order
inducing interactions.

We may accept that microtrabecular reticulum-receptor is associated with actin filaments and ATP molecules
which contribute to the activation of the cyclase enzyme system through piezoelectricity. Magnetic fields will pass
through the membrane which sharply attenuates the electric field component of an EM field, due to its high
impedance. Furthermore, EM oscillations are converted to mechanical vibrations; i.e., photon–phonon
transduction, to induce molecular vibrations of frequencies specifically responsible for bioamplifications of weak
triggers at the membrane surface, as well as GAP junctions. The hydrogen bonds of considerable importance are
those in proteins (1012 Hz) and DNA (1011 Hz) and may be viewed as centers of EM radiation emission in the range
from the mm microwaves to the far IR. However, classical electrodynamical theory does not yield a model for
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biomolecular resonant responses which are integrated over time and account for the connection between the
phonon field and photons. Jacobson Resonance does supply an initial physical mechanism, as equivalencies in
energy to that of Zeeman Resonance (i.e., zero-order magnetic resonance) and cyclotron resonance may be
derived from the DeBroglie wave particle equation. For the first time, we view the introduction of Relativity Theory
to biology in the expression,

mc2 ¼ BvLq;

where m is the mass of a particle in the ‘box’ or ‘string’ (molecule in a biosystem), c is the velocity of
electromagnetic field in space, independent of its inertial frame of reference, B is the magnetic flux density,v is
the velocity of the carrier or ‘string’ (a one or two dimensional ‘box’) in which the particle exists, L is its dimension
(length) and q represents a unit charge q¼ 1 C, by defining electromotive force as energy per unit charge.

Equivalencies suggest that qvBL is one of the fundamental expressions of energy of a charged wave-particle
in magnetic fields, just as Zeeman and cyclotron resonance energy expressions, gbB and qhB=2pm, and
is applicable to all charged particles (molecules in biological systems). There may exist spontaneous,
independent and incessant interactions of magnetic vector B and particles in biosystems which exert Lorentz
forces. Lorentz forces may be transmitted from EM field to gravitational field as a gravity wave which return to
the phonon field as microgravitational fluctuations to therein produce quantum vibrational states that
increase quanta of thermal energies integrated over time. This may account for the differential of 1012

between photonic energy of ELF waves and the Boltzman energy kT.
Recent data from in vivo controlled studies are included as empirical support for the various hypotheses

presented.
ª 2003 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Entropy (S) represents a property of a system that
changes, when the system undergoes a reversible
change, by an amount equal to the energy absorbed by
the system. Entropy depends upon the state of the sys-
tem, and it is a quantity with an arbitrary zero, with only
changes in its value being of significance. The concept of
entropy follows from the second law of thermodynamics
as it applies to, for example, a reversible cycle wherein
there is zero entropy change. For an irreversible process
in an isolated system the entropy always increases. A
biological system may be viewed, in some sense, as a
closed circuit, e.g., B. Nordenstrom’s system of biologi-
cally closed electric circuits (1,2), and changes are, to
some extent, irreversible; and any spontaneous change
occurring in a closed system is accompanied by an in-
crease in entropy. The absolute value of the entropy of a
system is a measure of the unavailability of its energy. A
solid that is not perfect has a certain amount of disorder
which leads to it possessing a configurational entropy.

In general, entropy can be thought of as a measure of
the disorder of a system. In consideration of the subtle
discontinuities and incoherences inherent in any sys-
tem, including a biological system which in many re-
spects may be viewed as the most ordered state of
matter, there is nevertheless configurational entropy
inherent in the vital structures such as proteins which
reduce DE, the free energy of a system available for or-
dering production of ATP which drives the metabolic
engine of life. When there are configurational entropies,

congruence of oscillatory trajectories of biological mi-
crocomponents is diminished as well as coherence and
confluence of the molecules of the solvent, i.e., water
molecules. Biophotonic emissions from hydrogen bonds
incessantly may adjust coherence and correlate spin
angular momenta of baryons and leptons, thus regulat-
ing particle jumps and the level of entropy while ad-
justing availability of energy for driving biological
processes. While transductive coupling of signals across
the plasma membrane is enhanced by an increase in DE
available from within the cell, and the preparation of
coherent charged states of cell surface receptors are re-
sponsible for the wave of excitation and dissipation of
energy rolling across the cellular membranes in dissi-
pative reactions controlling calcium uptake and efflux,
there must be a fundamental initiating physical phe-
nomenon inexplicable with classical electro-dynamical
theory which accounts for decrease in entropy and
greater utilization and production of free energy. This
fundamental mechanism is speculated to be based in
biomolecular resonance, a discrete interaction based
upon in-phase vibrations setting conditions for reso-
nance. Certain vibrational frequencies of molecules will
produce resonance. That is to say, these molecules will
vibrate with large amplitudes in conjunction with special
vibration wavelengths. The same segments must fit
properly on the extended body of the molecule such that
nodes and antinodes exist at positions demanded by the
constraints of the molecule. In a very real sense, it may
be said that genes, for example, are particles that are
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confined to finite regions of space and are bound parti-
cles. Other examples of bound particles are gas mole-
cules in a closed container and electrons in atoms. The
de Broglie wave that represents a bound particle will
undergo resonance within a confinement region when
wavelengths fit properly into the region. This represents
a stationary state of the system. Indeed, it appears that
molecules in cells are not free to do what they want, but
are bound by various constraints of the systems which
confine them and regulate their activity. It seems pos-
sible that photon–phonon transductions may induce
resonant vibratory states (microgravitational quantum
vibrational interactions) which may amplify to enhance
DE (available energy for ATP formation) and the dimi-
nution of entropic states in cells and in intercellular
spaces. Since the total energy of a particle (i.e., its rest
mass energy plus its translational kinetic energy intrinsic
to the particle) is represented by E a convenient ex-
pression for E is

E ¼ mc2; ½1�

where c is the velocity of light. The induced electromo-
tive force (emf) V in an electrically conducting carrier of
length Lmoving with velocity v through a magnetic field
with intensity B is given by Faraday’s law,

V ¼ BvL: ½2�

Induced electromotive force (emf) V is energy per unit
charge, q, i.e.,

V ¼ E
q
: ½3�

The following equation is arrived at by equating the
previous two equations:

E ¼ BvLq: ½4�

Jacobson’s equation, can be arrived at by equating the
first and the fourth equations:

mc2 ¼ BvLq: ½5�

The above equation applies when B is orthogonal to v
and the long axis of L. It is proposed that we may select B
(magnitude of B) and apply the magnetic component of
the force moving through L whose energy is equal to the
specific intrinsic energy mc2 of any particle. V may be
any inertial velocity, e.g., earth’s orbital velocity. Since
the velocity of the magnetic field is c, the interaction
between a magnetic field and a material particle is in-
dependent of the inertial frame of the earth. Due to the
great velocity of cosmic inertial systems, i.e., 3� 106

cm/s for earth’s orbital velocity, there may be a sponta-
neous interaction resulting in the promulgation of a
photon–phonon transduction or virtual photonic flux in
a microgravitational interaction and a consequential
quantized vibration of lattice structures with reorienta-

tion of magnetic moments and spin angular momenta of
fundamental particles, e.g., electrons, nucleons and at-
oms. The rationale for the unidimensionality of the bi-
ological system or ‘carrier’ is adapted from Einstein, who
viewed the largest dimension of all three-dimensional
objects as the one most closely associated with its ve-
locity (24–27). The dualism of the wave-particle nature
of reality is analogous to the matter waves of de Broglie,
represented by

k ¼ h
p
¼ h

mv

and the fundamental Einstein equation (3–7)

W ¼ hf :

Adenosinetriphosphate (ATP) is a coenzyme and one
of the most important compounds in the metabolism of
all organisms, since it serves as a coupling agent be-
tween different enzymatic reactions. ATP is a powerful
donor of phosphate groups to suitable acceptors because
of the pyrophosphate nature of the bonds between its
three phosphates. ATP serves as the immediate source of
energy for the mechanical work performed by muscle. In
its presence, the muscle protein actomysin contracts
with the formation of adenosinediphosphate and inor-
ganic phosphate. ATP is also involved with the activa-
tion of amino acids, a necessary step in the synthesis of
protein. In metabolism, ATP is generated from ADP and
inorganic phosphate mainly as a consequence of energy-
yielding oxidation–reduction reactions. In respiration,
ATP is generated during the transport of electrons from
the substrate to oxygen via the cytochrome system.
Now, when the electrical potential changes across the
faces of a lattice structure such as a protein, a small
mechanical deformation occurs. Franco Bistolfi reports
that recent studies have proved that proteins containing
more than one a-helix have a nearly spherical polyhe-
dron geometry. This structure gives the same proteins
quasi-crystalline characteristics and explains the piezo-
electric properties now under discussion. This deforma-
tion causes reorientation of the molecules and atoms
making up the structure. This reorientation, in turn, can
make atoms and molecules jump from one point to an-
other. One example may be biophotonic emissions
which are extremely weak and range from close UV to
lower radio frequency, wherein the unwinding and re-
winding of the DNA double helix are accompanied by
rupture and recreation of hydrogen bonds (43,51,52).

It has been shown that many human tissues may be
piezoelectric. Debate is ongoing about which tissues and
structures may be piezoelectric, and indeed whether all
are piezoelectric to a greater or lesser extent. Many re-
searchers agree that genes, cytoskeletal structures such
as centrioles, a-helices such as those in nails and hair,
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collagen and bone are piezoelectric. In other words,
electromagnetic oscillations acting on these structures
are converted to mechanical vibrations in the structures
themselves, and vice versa. Continuing this concept, it
could be a possibility that the structures of genes,
growth factors, proteins, hormones, RNA and other im-
portant molecules are influenced through the macro
mechanisms of biochemical activity. Based on the con-
cept of biological piezoelectricity, every biochemical
interaction could be associated with concomitant reori-
entation of electromagnetic fields. Therefore, biomolec-
ular resonances may influence the energetic states of
coherent charged particles and transfer energy from the
domain of the quantum vacuum through microgravita-
tional processes which increase DE or available free
energy for ATP production and domination of confor-
mational entropic states which are deleterious to normal
electrophysiological states.

HYPOTHETICAL CONSTRUCTS AND

COROLLARIES

The mechanism underpinning biological effects dem-
onstrated secondary to impingement of picoTesla mag-
netic fields upon organisms are hypothesized to be
based in the subatomic realm. There is a connection
between the particles that comprise atoms (which are
themselves permanent spinning magnets) and the cells
that comprise us. It seems logical to presuppose that
every level of structure and function underlies another
and forms part of the basis for perceived function. If an
applied field is physiologic, or natural to the system,
then there may be reorientation of order and coherence
in tissue. Improved cooperativity of systems and coher-
ent charged states may be manifest as ionic channels are
influenced, e.g., calcium influx and efflux.

There have been several studies suggesting that there
must be several orders of magnitude amplification of
initial EM stimuli which are recognized at the cell
membrane surface needed to account for observed ef-
fects (8,9,19,30–32,38–40,82). These included: EM field
far weaker than the EEG that influence circadian
rhythms in man and birds reported by Wever (75), and
time estimation in monkeys observed by Gavalas-Medici
et al. (76) and navigation and predation in sharks and
rays studied by Kalmijn (77). Following are some of the
studies, observations, and proposed models that may
account for these, as well as the studies in which pT ELF
magnetic fields demonstrated significant nerve regener-
ative effects (10). Calcium levels are high in the fluid
around cells (2.0mM), and very low in the cytoplasm
(10�7 M), while entry of micromolar amounts of calcium
into the cell is powerful stimulus to intracellular systems,
including activation of major enzyme systems. In order

for the interactions to occur at athermal levels (i.e., be-
low kT) in biological substrates and with EM fields at the
low frequency, Turing presented biomolecular models
exhibiting cooperative patterns of organization (78).
Othmer and Scriven extended these cooperative orga-
nization models to include cellular networks (79). In bi-
ologic systems, these cooperative dynamic patterns are
initiated and sustained by continuous inputs of energy.
They are termed as ‘dissipative’ processes and occur at
far from equilibrium states with respect at least to one
important parameter in the system of Katchalsky and
Curran (80). These non-equilibrium processes are char-
acterized by resonant or ‘window’ phenomena, and are
associated with highly cooperative modulation of Ca
binding at sites on terminals of stranded glycoproteins.
These non linear vibrational states involve solitary
waves similar to those proposed by Davydov moving in
sequence down the length of glycoprotein and lipopro-
tein molecules. Solitons may arouse the interaction of
phonons and excitons along linear molecules that result
in nonlinear molecular vibrations. Adey (8,11,15,36,81),
using the solitons and the non-linear models, attempted
to explain how ELF fields millions of times weaker than
the transmembrane gradient of 105 V/cm, can modulate
cell response to surface stimuli. However, with the in-
tramembranous proteins (IMPs) crossing the phospho-
lipid bilayer being hydrophobic, and the necessity for
photonic recycling of cell surface interaction after dissi-
pation of energetic states, their model appears to further
require structural and thermodynamic properties to
maintain the necessary and sufficient energy (DE) sour-
ces for such an amplification (15). ELF fields apparently
modulate surface electrochemical events, amplifying the
trigger action of the ligand–receptor bond. Even though
one accepts that the ligand–receptor association alters
the conformation of the extruding portion of the IMPs at
cellular surfaces, and that this change is communicated
to the cytoplasm by transmembranous helical segments,
by receptor aggregation, or by nonlinear vibration of
helical proteins with soliton generation, one still must
account for the (1012) differential between the photonic
energy of a ELF wave and the Boltzman energy kT. When
an extremely weak electromagnetic field (the magnetic
component of which is in pT range) is impinging upon a
biological system, the magnetic component will pass
through the membrane while the electric component is
sharply attenuated due to the high impedance. Accord-
ing to Clegg, the ligand–receptor association is followed
by cytoskeletal-mediated events and by the production
of a 2nd messenger (cAMP or cGMP) by activation of the
cyclase enzyme in the membrane itself or in its prox-
imity (16). The microtrabecular reticulum establishes
connections with membrane receptors and other struc-
tures in the cytoplasm (13,14). These reticulum-receptor
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connections result in an excellent means of intracellular
communication. The microtrabecular reticulum consists
of actin filaments and ATP molecules. It has been sug-
gested that this may supply the necessary energy (DE) to
activate the cyclase enzyme which requires a large input
to produce the cyclic nucleotides (2nd messengers).
Clegg stated that the growth sites of actin filaments are
very close or directly connected to specific plasma re-
ceptors. The effect is the facilitation of the synthesis of a
2nd messenger and the transmission of external stimuli
which reach the surfaces of cells directly, and rapidly
communicate with the entire cell. Consequently ex-
tremely weak stimuli may be amplified and athermal
effects by non-ionizing radiation may be produced (17).
One may rationalize that magnetic fields produce pie-
zoelectricity through the intracellular matrix, converting
electromagnetic oscillations to mechanical vibrations
(i.e., photon–phonon transductions), to induce molecu-
lar vibrations of frequencies specifically responsible for
biological amplifications of extremely weak triggers at
the membrane surface, as well as junctions. The fre-
quency of the oscillating phenomenon related to hy-
drogen bonds is described by Bistolfi. The frequencies
appear to be limited in the vast infrared (IR) frequency
band, from near IR (1014 Hz) to far IR neighboring mm
MW (1012–1011 Hz). The hydrogen bonds of consider-
able importance are those in proteins and DNA. They
have oscillation frequencies in the lower range at about
1011 Hz for DNA hydrogen bonds and around 1012 Hz for
some proteins such as hemoglobin, lysozyme, keratin,
poly-LL-alanine and several poly crystalline aminoacids
(15). DNA and protein hydrogen bonds, therefore, may
be considered as centers of EM radiation emission in the
range from the mm microwaves to the far IR. Piezo-
electricity may be the common denominator for the
aspecific actions of the various non-ionizing, order-in-
ducing biological physical effects. Piezoelectric mecha-
nisms may be present in all physiological processes.
Examples are cells specialized in reception of external
stimuli (heat, pressure and sound). These cells may
convert the special types of energy and are sensitive to
the energy (DE) which is order inducing and regulates
the ATP metabolic engine. Various structures are
thought to be piezoelectric, such as bone tissue, blood
vessel walls, collagen fibers, keratin, albumin, and
globulin, lipo- and glycoproteins, nucleoproteins, hi-
stones, DNA and microtubules. Recent studies by Mur-
zin and Finkelstein (18) have reported that proteins
containing more than one a-helix have a nearly spherical
polyhedron geometry. This structure renders the pro-
teins quasi-crystalline, one of the characteristics that is
associated with their being piezoelectric. Many of the
molecules which are recognized as piezoelectric have a-
helices present, and have an ordered polypeptide struc-

ture and a set of ordered dipoles which correspond to
the definition of electret. Electrets are parallel molecular
assemblies where the microscopic subunits and the
whole unit have stable and permanently oriented di-
poles. Electrets fulfill the requirement for an ideal co-
operative system described by Adey, in which the
system’s microcomponents are: coherent, with congru-
ent oscillatory trajectories, and ordered. In a near ideal
cooperative system, due to the ordered structure, the
entropy is retained at a minimum and biologically or-
dered free energy (DE) is maximized and made available
by the interaction with the external stimuli and its
components for required amplification and driving the
metabolic ATP engine. a-helices seem designed for vec-
torialized conduction of phonon like energy pulses from
the centers of energy release (redox reactions, ATP hy-
drolysis) to the site where it is used. a-helices can
therefore be compared to piezoelectric polypeptide
springs able to transform chemical and electromagnetic
energy into mechanical energy, and mechanical energy
into electromagnetic energy. Thus the amplification of
weak triggers by a factor of about 1012 is thought to
occur through mediation of the magnetic component (of
EM field) by piezoelectric structures both extra cellularly
and intracellularly. Since the magnetic component may
pass freely through the extremely high impedance (for
electric component of EM field) of the lipo-protein do-
main of the cell membrane, the amplifications secondary
to photon–phonon transductions are made possible, and
provide reduction of configurational entropy with
available free energy (DE) to enable the utilization of the
ATP-driven metabolic engine in promotion of growth,
repair, and balanced function.

Responses of critical molecules to certain magnetic
field signals may include enhanced vibrational ampli-
tudes, increased quanta of thermal energies, and order
producing interactions. For example, NGF may be con-
sidered as an ‘electret-like’, i.e., piezoelectric, semi-
crystalline structure, and can be defined physically as an
aggregation of charged particles whose integrated vec-
tors have a quantum magnetic moments, and can be
influenced with an extreme sensitivity by external
magnetic fields. In general these interactions possibly re-
orient submolecular magnetic domains and improve
communications between and among critical molecules
that comprise and engender the dance of life.

CORRELATIONS TO OTHER RESONANCE

PHENOMENA

The mechanism underpinning reported biological effects
secondary to exposure with ELF (extremely low fre-
quency), non-ionizing radiation (NIRs) of such low
photonic energies (1012 below kT) to be incapable of
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heating tissue is proposed. Heating has long been
thought to be the basic mechanism by which radiant
energy may produce biological effects. Perhaps beneath
the cloak of biochemical events there are concomitant
electromagnetic interactions, especially because all at-
oms are themselves permanent spinning magnets; and
as Einstein said, all matter is ultimately composed of
elementary electric charges (28,44).

Additionally, Einstein stated in his 1920 University of
Leyden Address, ‘Since according to our present con-
ceptions the elementary particles of matter are also, in
their essence nothing else than condensations of the
electromagnetic field, our present view of the universe
presents two realities which are completely separated
from each other conceptually, although connected
causally, namely, gravitational ether and electromag-
netic field, or as they might also be called—space and
matter’ (3,22,28,29,44).

It is hypothesized that the descriptor undercurrent in
NIR bioeffects may be piezoelectricity via structures
within the cell as well as extracellular matrix. The fun-
damental interaction postulated relates to mechanical
electromagnetic photon–phonon transduction or con-
version; that is, the conversion of electromagnetic os-
cillations into mechanical vibration and vice versa. In
order to make educated speculations about the ampli-
tudes and frequencies to use in experiment, it is neces-
sary to create a mathematical structure to account for
physical events (45,46). Recent data, linking very weak
electrical currents of about a microampere to possible
nerve regeneration (41,42) and reports of picoTesla
range magnetic fields utilized to treat neurological pa-
tients (4,6,7,10,2,21,49) along with classical work by D.
Cohen at MIT which measured the picoTesla (pT) mag-
netic fields associated with the human brain and heart
are considered supportive (47).

The objective is to produce mechanical vibrations in
selected critical molecules through externally, applied
electromagnetic oscillations, or waves. Therefore, it is
necessary to mathematically associate waves and parti-
cles. The next logical step is to revisit Einstein, Planck
and De Broglie, thus recapitulating:

E ¼ mc2; ½1�

where E is energy,m is mass and c is the velocity of light.
Also,

E ¼ hf ; ½6�

where E is energy, h is Planck’s constant and f is fre-
quency. Now,

c ¼ f k; ½7�

where c is the velocity of light, f is the frequency and k is
the wavelength of electromagnetic waves. Combining
Eqs. [6] and [7],

E ¼ hc
k
: ½8�

Now, combining Eqs. [1] and [8] we derive,

mc2 ¼ hc
k
: ½9�

Dividing by c, the velocity of light, we then see De
Broglie’s equation,

mc ¼ h
k
: ½10�

The left side of Eq. [10] represents the momentum of a
particle, whereas the right side of Eq. [10] represents that
particle as a wave – with wavelength k. The foregoing
appears interesting because we have a single equation
describing on the one hand a particle and on the other
hand a wave. We may consider that perhaps there is a
way to mathematically relate the quantitative parame-
ters of an electromagnetic signal to specific target masses
of critical molecules to increase their amplitudes of vi-
bration, coherently, improve homeostasis, and decrease
configurational entropy thus increasing available energy
(DE) for renormalization of structure and function.

Generalizing Eq. [10] by letting c ¼ v (any velocity) we
write,

mv ¼ h
k
: ½11�

String theory has won some favor within the physical
community and has been discussed by Waldrop (23).

Hence, we may allow k to be the circumference of a
single loop of string with radius L, as in string theory.

k ¼ 2pL: ½12�

Combining Eqs. [11] and [12],

mv ¼ h
2pL

: ½13�

Rearranging Eq. [13],

vL ¼ h
2pm

: ½14�

Now, adding a charge q either separate or representa-
tional of m and a magnetic flux density B to the system
we derive,

BvLq ¼ qhB
2pm

: ½15�

Since the electronic g factor is equal to 2.002322 we may
write,

E ¼ BvLq ¼ geqhB
4pm

; ½16�

where ge is the electronic g factor.
The Zeeman energy (magnetic resonance) term

geqhB
4pm

¼ BvLq
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an expression derived from De Broglie’s particle-wave
equation. It seems possible then to write a different
particle-wave equation, directly derived from funda-
mental physical laws. Combining Eqs. [1] and [16] we get

mc2 ¼ BvLq: ½17�

This equation appears unusual, especially because
the presence of v and q provoke questions, even if one
were to allow L to be equal to the length of the biological
system. However Faraday’s law of a straight conductor
of length L moving through a flux density B with ve-
locity v to produce an electromotive force V within the
conductor, previously stated in Eq. [2] demonstrates that
a Lorentz Force is propitiated within L.

V is expressed in volts (MKS) or ab-volts (CGS), and is
defined as energy per unit charge, stated in Eq. [3]. When
combining Eqs. [2] and [3] we derived,

E ¼ BvLq

as in Eq. [16], which demonstrates precisely the equiv-
alency of Zeeman energy to BvLq on a generic basis.

Now the dilemma is this: Is the wave energy pro-
duced by an electromagnetic interaction with a biosys-
tem equal to the intrinsic energy (mc2) of a critical
molecule? If so, one could wonder whether m might be
the mass of a molecule, but how then could we account
for v and q? What quantitative values might they have?

Referring to Eq. [3], electromotive force is defined as
energy per unit charge. The thought strikes, ‘What would
happen if we normalize charge q¼ 1?’ Then, we would
not need to identify charge q in any quantitative manner
within the biological system. We are faced with the
possibility then that in the CGS unitary system of grav-
itation:

mc2 ¼ BvLq; ½18�

when q¼1.
If so, what value could v have that would represent

reality? Is it not true that we travel with the earth as it
follows a regular orbital path about our Sun? Are we not
traveling at the same velocity as the earth, given a non-
terrestrial co-ordinate system of reference? Supposing
that the answer to the foregoing is yes, the question
remains, ‘As a primary example, does the geomagnetic
field, the steady magnetic field of the earth, also travel
with the earth? If it does, how then could the earth
otherwise affect biological systems but to induce weak
electric currents in moving tissue such as red blood cells
which contain ferromagnetic material’. However, if we
accept Faraday’s notion that any conductor moving
through a magnetic field will induce a force within the
conductor, then, according to the theory of special rel-
ativity, the geomagnetic field is not moving with the
earth, and forces must be generated within biological

systems. Perhaps v could equal the orbital velocity of the
earth? The key seems to be the fact that electromagnetic
waves always travel at the velocity of light – independent
of their inertial frame of reference. And if that is true, i.e.,
the geomagnetic field does not travel with the earth but
is incessantly re-created by the earth, then any con-
ductor just sitting on the earth in the geomagnetic field
must have a force induced therein. Yet we cannot mea-
sure any electromotive force or see any ostensible effect
of such a supposed force? If such a force exists, where is
it and how could it produce bioeffects, especially sec-
ondary to a picoTesla range magnetic field?

We have these ideas about space and matter, about
mechanical electromagnetic photon–phonon transduc-
tions and about piezoelectricity. These considerations
point to a gravity wave, something very difficult to de-
tect indeed. We cannot look for a gravity wave but we
may look for its effects from a theoretical standpoint. We
are ready to make our calculations, but first comes the
decision about which unitary system ought to be tested
first. An analogy between Maxwell’s electromagnetism
theory and Einstein’s theory of gravity is that just as
electromagnetic (EM) waves are created by the vibration
of electric charges, a gravity wave might travel through
space to shake other masses. The notion that the gravity
wave is the basis of photon–phonon transductions in
biological piezoelectricity involving extremely weak
signals represents a possibility explicating the nexus in
the multi-magnitude and multi-faceted biological am-
plification process.

It then appears that if we are to shake the metric of
space–time itself, the forces we should deal with most
directly are electrostatic in nature, most especially since
our hypothesis depends upon a force that cannot be
measured directly or even detected.

The decision is made to employ the centimeter gram
second (CGS) unitary system because the unit of charge
in the meter kilogram second (MKS) system of units is
defined in terms of force between moving charges rather
than the electrostatic force between charges as in the
CGS system of units. We proceed to calculate, according
to Eq. [18], the B field associated with the length of a
mouse L, the orbital velocity of the earth v and target
mass m – nerve growth factor, (NGF), a molecule im-
portant in nerve regeneration. Nerve growth factor has
a molecular weight of 26.5 kDa, the mean orbital ve-
locity of the earth is about 18.5 miles per second
(3� 106 cms�1), and the average length of a small mouse
is 10 cm. The velocity of electromagnetic waves c in CGS
is 3� 1010 cms�1. The normalized unit of charge, q ¼ 1,
represents 1 ab-C in the CGS system of units. 26.5 kDa
is equal to 4:4255� 10�20 g as 1 Da is equal to
1:67262� 10�24 g (mass of a proton). Now we can test
our hypothesis:
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4:4255� 10�20 g � 9� 1020 cm2 s�2

¼ 1:32765� 10�6 G � 3� 106 cms�1 � 10cm
� 1ab-C; ½19a�

NGF molecular weight � c2

¼ B � vð earth orbital velocity Þ � LðmouseÞ � q
�ðunit electric chargeÞ . . . ½19b�

(This calculation was made for the mice motor meur-
opathy study the data from which is presented herein.)

This is an interesting calculation because when we
substitute the height of an average human, about 5 feet
8 in. or 1:7� 102 cm, for L we see:

4:4255� 10�20 g � 9� 1020 cm2 s�2

¼ 7:8097� 10�8 G � 3� 106 cms�1

� 1:7� 102 cm � 1ab-C ½20a�

m � c2 ¼ B � v � L � q: ½20b�

Perhaps fortuitous, but the calculated B field for the
human is precisely the amplitude of the magnetic field
used to treat neurological disorders (20,21,48).

Combining Eqs. [15] and [17] we then desired,

mc2 ¼ qmc2tB
2pm

: ½21�

Dividing both sides of Eq. [21] by mc2 and by t we get

Frequencyðf Þ ¼ qB
2pm

: ½22�

Eq. [22] is the equation for cyclotron resonance. Since
Eq. [22] is an MKS expression, we converted 1:32765�
10�6 G in CGS to the MKS equivalent 1:32765� 10�10 T,
as 104 G¼1 T unit of magnetic flux density. Now, q was
normalized in the CGS system of units, q ¼ 1 ab-C,
whereas 1 ab-C is equal to 10 C in MKS; we discern that q

in Eq. [22] has also to be normalized according to the
same standard set by Eq. [18], that is, the charge of the
electron has to be multiplied by a factor of 10. Thus, e is
the electronic charge, e ¼ 1:6� 10�19 C. Therefore,

1:6� 10�18 C ¼ 1:6� 10�19 C � 10 ¼ q: ½23�

Holding the standard for normalization of charge in
CGS.

Then, we proceed to do the calculation:

f ¼ 1:6� 10�18 C � 1:32765� 10�10 T

2pð6:2832Þ � 9:11� 10�31 kg
¼ 37:111Hz; ½24�

where q is adjusted for normalization from the charge of
an electron in C (MKS) and the rest mass of the electron
is 9:11� 10�31 kg. Utilizing target mass (NGF), we note
that 1:28� 10�6 G with frequency 35.7 Hz was utilized
in the in vivo motor-neuropathy study herein presented
in Table 1. Small variations in signal represents an at-
tempt to account for other neighboring target masses
like interferon and growth associated protein (GAP). We
proceeded as such in our tabulation of target masses’
amplitudes and associated frequencies of EM signaling
hoping for a positive outcome. And, these data suggest
that further research is indicated concerning the explo-
ration of possible physical mechanisms which might
prove to be the underpinning of bioeffects from non-
ionizing, radiation and biological piezoelectricity.

Finally, if the electronic charge were to be used as a
unit charge,

1:6� 10�19 C � 0:1 ¼ 1:6� 10�20 ab-C;

we must normalize q to convert from CGS to MKS
(for f ¼ 8B=2pm) by multiplying 1:6� 10�20 ab-C e by a
factor of 10, as 1 ab-C¼10C.

Therefore, we are at liberty to utilize f ¼ qB=2pm as a
CGS expression, and we note:

Table 1 The electromagnetic fields microgauss and milligauss settings as applied to Group 2 IDPN treated mice and mass
(kilo Dalton, kDa) of molecules

Microgauss Milligauss

Intensity (G) Frequency (Hz) Intensity (G) Frequency (Hz)

9:69 � 10�6 271.1 0:17 � 10�3 2.55
8:77 � 10�6 244.7 0:0875 � 10�3 1.31
7:7 � 10�6 214.8 0:0774 � 10�3 1.15
5:8 � 10�6 161.8 0:055 � 10�3 0.82
4:7 � 10�6 131.1 0:043 � 10�3 0.64
3:6 � 10�6 100.4 0:034 � 10�3 0.5
2:98 � 10�6 83.1 0:0272 � 10�3 0.41
2:55 � 10�6 71.1 0:0221 � 10�3 0.33
2:14 � 10�6 59.37 0:017 � 10�3 0.254
1:28 � 10�6 35.7 0:014 � 10�3 0.21
1:14 � 10�6 31.8 0:0122 � 10�3 0.183
1 � 10�6 27.9 0:011 � 10�3 0.158

Mass of molecules (kDa): Dynein-1200, Kinesin-350, Microtubule Associated Protein (MAP)-280, Neurofilament-200, Tubulin-110, Chloinest-
erase-75, Growth Associated Protein (GAP)-43, Platelet Derived Growth Factor (PDGF)-30, Nerve Growth Factor (NGF)-26.5, Calmodulin-16.5,
ATP-0.503, Acetylcholine-0.146.
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f ¼ 1:6� 10�19 ab-C � 1:32765� 10�6 G

2pð6:2832Þ � 9:11� 10�28 g

¼ 37:111Hz: ½25�

Thus, in CGS, 1:6� 10�20 ab-C �10 ¼ 1:6� 10�19 ab-
C normalizes q for f ¼ qB=2pm, an MKS expression de-
scribing the force between moving charges as discussed
before.

Now, in the equation:

f ¼ BvLq

h
; ½26�

where h is defined by mc2 � t , mc2 represents the wave
energy of the target mass when m is, for example, nerve
growth factor. Furthermore, when q is normalized in
f ¼ qB=2pm and m is the target mass, while B is the de-
served physiologic flux density from mc2 ¼ BvLq, then f
represents the induced molecular vibrational frequency
of the target molecule when resonance is achevied and
the oscilatory vibrations ofm increases in amplitude, thus

f ¼ ð1ab-CÞð7:8� 10�8 GÞ
ð2pÞ4:4� 10�20gðNGFÞ ¼ 2:8� 1011Hz

	 m:v:f ðDNAÞ: ½27�

Now to explicate the relation of the two approaches
withmc2 ¼ BvLq, when q is normalized as e the charge of
an electron, then 1:6� 10�19 C¼1:6� 10�20 ab-C, m is
the rest mass of the electron at 9:11� 10�28 g, v is earth
orbital velocity, L is the height of a human and c is
3� 1010 cms�1. Since cyclotron resonance takes into
account forces between moving charges and is an MKS
expression,

1:6� 10�20 ab-C� 10 ¼ 1:6� 10�19 ab-C ¼ q;

9:11� 10�28 g � 9� 1020 cm2 s�2

¼ B � 3� 106 cms�1 � 1:7� 102 cm � 1:6� 10�19 ab-C;

e mass � c2 ¼ EO �HL � unit charge

Calculating:

B ¼ 82� 10�8 cm2 s�2 g

8:16� 10�11 cm2 s�1 ab-C
ffi 104G; ½28�

which represents a typical MRI signal. Finally, when we
normalize charge e heretofore delineated,

f ¼ 1:6� 10�19ab-C � 104G

ð2pÞ9:11� 10�28 g
¼ 2:8� 1011Hz ½29�

approximately the same frequency as Eq. [27], indeed a
molecular vibrational frequency of critical molecules in
the human genome as well as associated particles.

105 G gives us � 1012Hz ðproteinÞ:

The biological-electromagnetic affectation generally
involves an integration of factors over time to produce

manifestation of amplification of weak signal transduc-
tions (33,35,37,50,53–55). The portion of receptor pro-
teins which lie in plasma membranes are comprised of a
helix of about six turns, and are composed entirely of
hydrophobic amino acids, incapable of hydrogen
bonding or ionic conduction, yet mediate the rapid
transfer of ions. Conversion of electromagnetic oscilla-
tions to mechanical vibrations and vice versa; i.e., pie-
zoelectricity, in this regard, is critically important.
Landau levels reorient and Fermi energies rise to account
for the subtle pressure of weak, low intensity fields on
the external manifold. When E is the photon energy, h is
Planck’s constant and f is the frequency of the radiation:

E ¼ hf ½6�

When f ¼ 16 Hz, an important Ca2þ window, then

E ¼ 6:626� 10�34 J s � 16Hz ¼ 1:06� 10�32 J ½30�

Now, k is a constant equal to R=N , where R is the uni-
versal gas constant and N is the Avogadro constant. It
has the value 1:380622� 10�23 JK�1. When K is body
temperature, 37 �C or 310K, then

kT ¼ 1:382622� 10�23 JK�1 � 310K
¼ 4:28� 10�21 J: ½31�

Therefore, dividing Eq. [31] by Eq. [30] we get

4:28� 10�21 J

1:06� 10�32 J
¼ 4:04� 1011 ½32�

4:04� 1011 Hz is about the molecular vibrational fre-
quency of the DNA hydrogen bonds which connect the
nucleotides, and represents a necessary quantitative
amplification of a weak trigger.

RATIONALE FOR CYCLOTRON RESONANCE

Finally, the rationale for utilizing the ion cyclotron res-
onance equation,

f ¼ qB
2pm

to determine frequencies associated with steady mag-
netic field B as derived from Jacobson Resonance is as
follows:

While amplitude resonance is the basis for

mc2 ¼ BvLq

it is often necessary in clinical situations to impose a
changing field B to re-adjust circadian rythmicity con-
comitant and directly associated with (d.c.) physiologic
magnetic profile B. Thus, when changing physiologic
magnetic fields such as 5� 10�8 G are maintained exter-
nally about current carrying semi-conductive organismic
body parts (or whole organism) through placement in
solenoidal or Helmholtz configurational environments,
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there is a resultant emf generated based upon the piezo-
electric and Hall effects, across said conductive bodies;
until the transverse electrostatic field Ee within the con-
ductive biosystem is equal and opposite to the non-elec-
trostatic field En. This makes the final transverse current
equal to zero (the conductive body being on ‘open-cir-
cuit’ in the transverse direction). Therefore, the induction
of equilibrium of charge is accomplished congruent to
certain rythmicity, which therein rearranges sub-molec-
ular magnetic domains. This brings about bio-intrinsic
production of the B field to d.c. status within the organ-
ism to then correspond in amplitude to the frequency of
polarity change extrinsically impinged with a.c. B field.
This may cause ‘gene jumping’ as electron and proton
magnetic moments reorient the atomic semi-crystalline
lattice structures of malaligned genes and associated
structures, e.g., oncogenes, as well as other quantum
semi-conductive masses such as viral nucleic acids (free
strands); which regulate therein metabolic processes re-
sponsible for maintaining physiologic homeostasis, nor-
mal energy transport systems, reflected by hormonal and
enzymatic normalcy, and health of the organism.

Recapitulating,

mc2 ¼ BvLq

is an expression fundamentally concerned with the d.c.
field B that is intrinsically produced by the biological
system and is associated with the cyclotron resonance
frequencies generally ranging from extreme elf to 100Hz
in bio-systems supporting physiologic circadian
rhythms. When a changing B field is impinged upon a
bio-system or part thereof with appropriate rythmicity
the response of the organism is to intrinsically renor-
malize the (d.c.) magnetic profile, which in conjunction
with changing, intrinsic electric fields produce normalcy
in fluctuating physiologic fields corresponding in am-
plitude to the externally sourced field (12,22,23). In this
manner the cyclotron resonance is utilized to renor-
malize magnetic profiles and their (d.c.) and (a.c.) status.
Finally, the center of the fixed co-ordinate system of
reference for such inertial velocities as earth orbital is
necessarily our sun; while other co-ordinate systems of
reference may also be used, e.g., star cluster velocity
with the Milky Way Galaxy used as the referential frame.
The rationale includes Einstein’s view that while there is
no absolute reference system all systems that share
translational motion may be related in actuality.

RECOVERY OF MOTORNEUROPATHY IN MICE

BY APPLIED ELECTROMAGNETIC FIELD

Introduction

The energy state and bioelectric potential of nerves may
be modulated by electromagnetic fields. The field in-

tensity and gradients were calculated considering sub-
cellular components vital for nerve function.

The effect of uniform electromagnetic fields (EMF) on
the restoration of forelimb grip strength and radial nerve
ultrastructure was studied in mice with motorneuro-
pathy. The motorneuropathy was induced by the
administration of a neurotoxin, 0.62% 3,30-iminodipro-
pionitrile (IDPN), in drinking water for 9 1/2 weeks.
Forelimb grip strength (lb) of mice as measured by a
force gauge meter declined to 47% compared to the
control group (p < 0:004). The IDPN treated group
without any magnetic field exposure persisted to have a
56% decrease in grip strength and radial nerve elec-
tronmicrographs showed axonal demyelination, mito-
chondria in an orthodox state of conformation, and
uneven dispersion of neurofilaments and microtubules.
In contrast, one IDPN treated group was treated with
applied magnetic flux densities and frequencies that
were calculated on the basis of the mass of molecules
vital to nerve function. During field exposure mice were
held in a perforated Lucite box placed in a Resonator that
generated the EMF between the centers of two 18 in.
discs, 9 in. apart containing copper coils in Helmholtz
configuration. EMF was applied twice weekly for 8 1/2
weeks that resulted in as much as 87% recovery
(p < 0:05) of grip strength that was sustained after the
termination of exposure at an 82% level until the 27th
week of observation. The EMF exposed group also ex-
hibited axonal remyelination, condensed state of mito-
chondria, and evenly dispersed neurofilaments and
microtubules consistent with grip strength recovery.
These results are the first to demonstrate a biological
effect of EMF in vivo on the restoration of subcellular
structures required for nerve impulse conduction and
metabolism in nerves and consequently a grip strength
recovery from motorneuropathy, under controlled ex-
perimental conditions.

Current experimental and clinical findings have
shown a measurable effect of electromagnetic fields
(EMF) on nerve repair, regeneration, growth and pain
alleviation. The weak pulsed magnetic fields (PMF) as
well as the direct current (d.c.) field have distinct re-
generative effects on nerves and also wound healing
actions (33,34,41,42).

The EMF in very low ranges of picoTesla (pT) ampli-
tude have been used in the amelioration of neurological
disorders (7,12,48,49,83,84) and chronic osteoarthritic
pain conditions (21,56). Recently, narrow spectrum in-
frared wavelengths that are within the frequency range
of the radiation emitted by the human body have shown
to normalize diabetic metabolism by restoring the con-
trol mechanisms of the hypothalamus for the sympa-
thetic and parasympathetic nervous system (57). These
studies suggest certain biological responses were elicited
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by EMF exposure. An interaction of extremely low fre-
quency EMF in-vitro at a cellular level has also been
shown in the alteration of polypeptide synthesis in sali-
vary gland cells (58), glycolytic activity in fibroblasts (59)
and in sodium-potassium ATPase enzyme systems in
cells (60). It was suggested by Adey (61,62) that the in-
teraction between the endogenous electromagnetic
fields with the externally applied EMF of low frequency
and amplitude produce biological responses. Secondary
to cellular activity each tissue generates a low intensity
endogenous electromagnetic field. For example, weak
magnetic fields in picoTesla ranges has been measured
during alpha rhythm of a normal brain (47).

The rationale of this study is based on the premise
that extremely low frequency and weak intensity EMF
may supplement the endogenous electromagnetic field
and cellular function may be restored from a state of
motorneuropathy. A precise correlation between the
nature of the nerve dysfunction and its recovery by EMF
exposure under controlled experimental conditions re-
mained to be established. Therefore, a study in vivo was
conducted on age-matched mice with motorneuropathy
induced by the administration of a neurotoxin (3,3’-Im-
inodipropionitrile (IDPN)) in order to determine the ef-
fect of EMF on forelimb grip strength, indicative of nerve
functionality.

Methods and materials

Animal study

Thirty, 4 weeks old Sprague–Dawley female mice
(Harlan Sprague Dawley, Madison, Wisconsin) were
housed, two animals per cage, in an Institutional Ani-
mal Care and Use Committee (IACUC) approved Ani-
mal Facility under 10 h light and 14 h dark periods
with rodent pellet and water provided ad lib. Three
groups of 10 mice each, were designated as untreated
control Group 1 and experimental Groups 2 and 3. To
induce motorneuropathy (63), the experimental groups
received a neurotoxin; 0.62% 3,3’Iminodipropionitrile
(IDPN) (Cat. No. 31, 730-6. Aldrich Chemical Com-
pany, Milwaukee, Wisconsin) in drinking water ad lib
for 9 1/2 weeks.

Measurement of forelimb grip strength

A Digital Grip Strength Meter (Model 0167-004L, Co-
lumbus Instruments International, Columbus, Ohio) was
used to measure forelimb grip strength in mice. The
meter displayed current force, peak tension, or peak
compression. The meter was adjusted in the tension
peak mode to freeze the reading at each trial. The force
unit of the meter was selected to measure the grip
strength as pounds (lb). The forelimbs of each mouse
were placed on the bar and pulled away by the tail until

the mouse clung to the bar. The peak force reading was
recorded as displayed. The meter was zeroed before each
measurement. Three measurements were taken for each
mouse on each trial day.

Electromagnetic field exposure

The apparatus used for the generation of EMF consisted
of three units, a Resonator, a Function Generator and an
Attenuator. The Resonator (Prototype Development
Laboratory, Stennis Space Center, Mississippi) consisted
of two 18 in. diameter discs separated 9 in. apart made
up of laminated foam containing five turns of # 37 gauge
copper coils around the disc that produce magnetic
fields. The magnetic field was characterized for each set
of coils fabricated in the Helmholtz configuration. The
field correlation to the Generator was such that one volt
signal was equal to 1mG. The electronic system used the
Stanford Ultra Low Distortion Function Generator
(Model DS360) that was capable of producing pure sine
waves of high frequency and resolution. The Attenuator
unit connected in series with the Resonator used the
signal produced by the generator to drive the Helmholtz
coils. The attenuation range was selected frommilligauss
(10�3) range to microgauss (10�6). The EMF intensity
produced was uniform between the centers of the coils.

The externally applied EMF fields were calculated by
using Jacobson’s equation (64) and the frequencies by
the Cyclotron Resonance equation (9).

The protocols designated for EMF intensities (Gauss)
and frequencies (Hertz) were calculated on the basis of
the mass in kilo Dalton (kDa) of metabolically vital
molecules involved in nerve function (Table 1) using
microgauss and milligauss intensity settings that tar-
geted electrons and protons of the cell respectively. The
duration of each intensity was 2min with an interval of
20 seconds between each intensity setting. The total
exposure time using microgauss settings was 24 min
followed by 24 min with milligauss settings. The control
Group 1 was neither given IDPN nor exposed to EMF.
Groups 2 and 3 both received IDPN treatment. However,
after IDPN treatment only experimental Group 2 re-
ceived exposure to EMF protocols twice a week for 8 1/2
weeks whereas the mice in IDPN treated Group 3 were
kept in the Resonator without any EMF exposure as the
placebo. Two experimental mice were placed within a
two-chambered perforated 8 in.�6 in. Lucite box during
each EMF exposure period. Forelimb grip strength for all
of the groups was monitored during experimental peri-
ods ending with the 27th week of observation.

Electron microscopic studies

The radial nerves from forelimb of mice in control
Group1 as well as experimental Groups 2 and 3 were
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surgically excised after carbon dioxide euthanasia. The
nerve samples were processed for electron microscopy.
The nerves were fixed in a solution containing 2% glu-
taraldehyde, 4% paraformaldehyde and 0.02% picric
acid in 0.1M sodium cacodylate overnight at 4 �C. The
nerves were then washed thrice with 0.1M sodium
cacodylate followed with a solution of 1% osmium te-
troxide–1.5% potassium ferricyanide in water for 60 min
at room temperature. The nerves were then treated with
50% ethanol–3% uranyl acetate in solution for 90 min
followed by immersion in a gradient of 70–100% etha-
nol. Nerve samples were kept overnight in 1:1 ratio of
absolute ethanol to Spurr’s resin solution then in Spurr’s
resin alone for 4–8h at room temperature and then
overnight in an oven at 60–70 �C. Cross sections of the
nerves of 70 nanometer (nm) in thickness were cut by
the aid of an ultramicrotome (85).

Statistical analysis of the data

Statistical analysis of grip strength values was performed
by a t test considering two tailed, unequal variances for
calculating the significance between group means (SPSS,
Chicago, IL). Statistical significance was assigned at p
values of 60:05. When a significant p value was ob-
tained the ANOVA test was used to ascertain the signif-

icant difference between group means. The p value was
then accepted at p60:01. Data was analyzed on the
forelimb grip strength from the start to the end points of
the experiments on IDPN treatment and EMF exposure
periods. In addition, percent difference in grip strength
of each group between the start and end point of each
experiment and percent difference between experimen-
tal groups and control group were analyzed.

Results

Effect of IDPN on forelimb grip strength of experimental

Groups 2 and 3

Prior to IDPN administration, mice showed grip strength
values (Group 1-0:1278� 0:033, Group 2-0:1333lb�
0:026, Group 3-0:1372� 0:044) with no significant dif-
ference (p > 0:8) between the groups (Fig. 1A and B). At
the onset of the third week of IDPN treatment, the mice
exhibited hyperkinesis followed by a gradual weakening
of grip strength as previously observed in an experi-
mental motorneuropathy model in rats (63). Initial fluc-
tuations in grip test values became relatively steady after
the third week of IDPN treatment. At the end of 9 1/2
weeks of IDPN treatment, a significant decline in grip
strength (Group 2-0:1147lb� 0:08, p < 0:004, Group 3-

Fig. 1 (A) (Top) Grip strength (lb) of mice (n¼ 10) in experimental Groups 2 and 3 during IDPN treatment for 9 1/2 weeks as compared
to control Group 1 (mean�SD). (B) (bottom left) Grip strength (lb) of mice (n¼ 10) at the start and end points of 9 1/2 weeks of IDPN
treatment in Group 2 and 3 as compared to control Group 1 (mean�SD). Percent change between the start and end points of treatment
with statistical comparison of the groups. Change of grip strength between start and end of IDPN treatment period: Group 1: 92.5% increase,
Group 2: 13.9% decrease, Group 3: 15.5% decrease. Pre-IDPN group difference: p > 0:8. Post-IDPN group difference: Groups 1 and 2,
p < 0:004, Groups 1 and 3, p < 0:00. (C) (bottom right) Grip strength (lb) of mice (n¼ 10) of IDPN treated Groups 2 and 3 as compared
to control Group 1. Data represents percent change from the control Group during 9 1/2 weeks of IDPN treatment.

832 Saxena et al.

Medical Hypotheses (2003) 60(6), 821–839 ª 2003 Elsevier Science Ltd. All rights reserved.



0:1159lb� 0:009, p < 0:00 ) was observed as compared
to age matched control Group 1 (0:2461lb� 0:032) (Fig.
1A and B). The normal age related increase in grip
strength in the control Group 1 was 92.5% from the start
to the end of 9 1/2 weeks (Fig. 1B). In contrast, IDPN
treated Groups 2 and 3 showed 13.9% and 15.5% de-
crease, respectively, manifesting a neurotoxin related
inhibition of normal grip strength at the end of the
treatment period when the mice in each group attained
the age of 14 weeks. An overall age-matched comparison
showed a sequential decline in an age related grip
strength at the end of 9 1/2 weeks of IDPN treatment
that were 86% in Group 2 and 84% in Group 3 as
compared to a concomitant increase of 192% in control
Group 1 (Fig. 1A). A significant decrease in grip strength
in experimental groups as compared to control group
was caused by IDPN between the four and fourteen
weeks of age (Fig. 1C).

Effect of EMF exposure on forelimb grip strength of IDPN

treated mice Group 2

Prior to EMF exposure the forelimb grip strength values
in IDPN treated mice (Groups 2-0:1147lb� 0:08, Group

3-0:1159lb� 0:009) showed no significant difference
(p < 0:7). The EMF exposure to IDPN treated Group 2
resulted in a steep rise in grip strength (to 0:2030lb�
0:010) until the fourth week. Thereafter, it increased
steadily up to the termination of EMF exposure at 8 1/2
weeks (0:2264lb� 0:013) and was close to control
Group 1 values (0:2588lb� 0:037) (Fig. 2A). A statisti-
cally significant recovery in grip strength occurred as
early as 8 weeks of EMF exposure with a minimal dif-
ference (p < 0:05) from the control group (Fig. 2B). The
grip strength increase of 97.3% in Group 2 from the start
to the end point of EMF exposure (Fig. 2B), and one week
later a 87% improvement as compared to control
Group1 indicated a noteworthy recovery from motor-
neuropathy (Fig. 2C). However, in the absence of EMF
exposure, IDPN treated Group 3 had a significantly low
grip strength as compared to both EMF exposed Group 2
( p < 0:01) and the control Group 1 (p < 0:00) (Fig. 2B).
The lack of EMF exposure in Group 3 that remained at
the initial four weeks level in grip strength indicated
only a 27.5% age related increase in grip strength be-
tween fourteen to twenty four weeks of age (Fig. 2B). The
neurotoxin effect persisted as indicated by 56% lower
grip strength in Group 3 as compared to control Group

Fig. 2 (A) (Top) Grip strength (lb) in mice (n¼10) of IDPN treated Group 2 receiving EMF application for 8 1/2 weeks as compared to
Group 3 with no EMF application and the control Group 1 (mean�SD). (B) (bottom left) Grip strength (lb) in mice (n¼10) of Group 2 at the
start and end points of 8 1/2 weeks of EMF application as compared to Group 3 with no EMF application and the control Group 1 (mean�SD).
Percent change in grip strength between the start and end points during 8 1/2 weeks with statistical comparison between the groups. Change
of grip strength between start and end of EMF exposure period: Group 1: 5.2% increase, Group 2: 97.3% increase, Group 3: 35%
increase. Pre-EMF exposure group difference: Group 1 and 2, p < 0:00, Group 1 and 3, p < 0:00. Group 2 and 3, p < 0:7. Post-EMF exposure
group difference: Group 1 and 2, p < 0:05, Group 1 and 3, p < 0:00, Group 2 and 3, p < 0:01. (C) (Bottom Right) Grip strength (lb) in
mice (n¼ 10) of Group 2 receiving EMF application, Group 3 with no EMF application and control Group 1. Data represent percent change
from the control Group 1 during 8 1/2 weeks.
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(Fig. 1C). In control Group 1 on the 19th week of the
experiment, the normal age related increase in grip
strength was significantly overridden by IDPN’s effect in
Group 3. However, as mice in each group reached 24
weeks of age at the termination of EMF application a
consistent increase in grip strength was observed in EMF
exposed Group 2 as the level approached that of control
Group 1.

At the 19th week of the experiment following the
termination of EMF exposure, a weekly recording of grip
strength up to the 7th week and continued on the 16th
and 27th week showed that the recovery was sustained
in Group 2 (Fig. 3A and B). The grip strength recorded on
the last day of EMF exposure at the 19th week of the
experiment (Fig. 2A and C) was maintained at an 82%
recovery level in Group 2 until the end of experimental
observation on the 27th week, when mice reached an
age of 52 weeks (Fig. 3B).

Electronmicrograph of radial nerves cross sections of

control and experimental groups

The cross sections of radial nerves from control Group 1
(Fig. 4) showed a distinct profile of its subcellular com-

ponents such as Schwann cells with conspicuous mito-
chondria and Golgi bodies and a normal alignment of
the axonal membrane with the myelin sheath in a la-
mellar arrangement (Fig. 4A). An even distribution
of neurofilaments and microtubules (Fig. 4C) were
indicative of a normal morphology of the axon and
furthermore, mitochondria exhibited a condensed con-
formation with increased matrix density and distinct
outer and inner membranes, the latter with cristae (Fig.
4A and C). In addition, mitochondria showing binary
fission (Fig. 4B) were a sign of normal functional mor-
phology of the axon.

However, a significant deviation from the normal
subcellular structure was apparent in nerve cross sec-
tions of IDPN treated Group 3 mice not treated with EMF

Fig. 3 (A) (Top) Grip strength (lb) in mice (n¼9) of Group 2
after EMF application up to 27th week of observation as
compared to Group 3 with no EMF application and the control
Group 1 (mean�SD). (B) (bottom) Grip strength (lb) in mice
(n¼9) of Group 2 after EMF application up to 27th week of
observation as compared to Group 3 with no EMF application.
Data represent percent change from the control Group 1.

Fig. 4 Electron micrograph (EM) of cross sections of radial nerve
of mice from control Group 1, indicating Axon (AX), Axonal
membrane (AXM), Golgi bodies (GO), Microtubule (MIC),
Mitochondria (MT), Myelin sheath (MY), Neurofilament (NF),
Schwann cells (SC). (A) (Top) GO, MT, (B) (bottom left) MT binary
fission, (C) (bottom) NF. EM Magnification 19,000�. Scale
bar¼ 1 lm.
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(Fig. 5). Myelin sheath with distorted lamellae was sep-
arated from axonal membrane indicating nerve degen-
eration due to damage to the myelin structure. Schwann
cells exhibited inconspicuous mitochondria (Fig. 5A and
B). The neurofilaments and microtubules were sparse
and of uneven distribution. Mitochondria were present
in an orthodox state of conformation (Fig. 5B) indicating
decreased matrix density, indistinguishable double
membranes and few cristae suggesting a metabolically
inactive state. It was evident that an impairment of the

normal cellular structure of the nerve, concomitant with
the loss of forelimb grip strength in IDPN treated Group
3 mice, appeared to be related.

The subcellular morphology of the nerves following
EMF exposure to IDPN treated mice in Group 2 (Fig. 6)
was restored and was similar to that of control Group 1
(Fig. 4). The Schwann cells with distinct mitochondria
and Golgi bodies (Fig. 6B and C) as well as lamellar
myelin sheath (Fig. 6A) were indicative of a normal state
of the axon. The remyelination of the axon and conse-
quent grip strength recovery in Group 2 indicated a bi-
ological effect of EMF on Schwann cells, which are
responsible for the formation of myelin sheath. More-
over, condensed state of mitochondria as well as few
undergoing binary fission indicated metabolic activity
necessary to restoration of nerve function.

Fig. 5 Electron micrograph (EM) of cross sections of radial nerve
of mice from IDPN treated Group 3 unexposed to EMF indicating
Axon (AX), Axonal membrane (AXM), Microtubule (MIC),
Mitochondria (MT), Myelin sheath (MY), Neurofilament (NF),
Schwann cells (SC). (A) (Top) MY, AXM, (B) (bottom) MY, AXM,
MT, NF. EM Magnification 10,000�. Scale bar¼1 lm.

Fig. 6 Electron micrographs (EM) of cross sections of radial nerve
of mice from IDPN treated Group 2 exposed to EMF, indicating
Axon (AX), Axonal membrane (AXM), Golgi bodies (GO),
Microtubule (MIC), Mitochondria (MT), Myelin sheath (MY),
Neurofilament (NF), Schwann cells (SC). (A) (Top) MT, MY, AXM,
NF, MIC, (B) (bottom left) GO, MIC, (C) (Bottom Right) GO, NF, MY,
MT. EM Magnification (A and B) 19,000�, (C) 4800�. Scale
bar¼ 1 lm.
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Discussion

The development of partial motorneuropathy in mice by
the administration of IDPN, a neurotoxin that induced
nerve degeneration provided an animal model to study
the in vivo effectiveness of EMF on the changes in fore-
limb grip strength and radial nerve ultrastructure. The
gradual loss in the forelimb grip test values (Fig. 1A and
B) in IDPN treated mice as measured by force gauge
meter was indicative of a change in the nerve conduc-
tion in the forelimb. This was substantiated by an un-
even distribution of axonal neurofilaments (Fig. 5B),
which normally determine the growth of axonal diame-
ter and slow axonal transport for impulse conduction.
Further the uneven dispersion of the microtubules (Fig.
5B) affecting its function in normal longitudinal growth
and in fast axonal transport verified the state of nerve
degeneration. In another motorneuropathy model (65), a
slow conduction velocity due to axonal atrophy was
detected by electromyography in IDPN treated rats, and
was attributed to the dilation of axon having a thin
myelin sheath in the proximal part of the spinal cord
ventral root but without any segmental demyelination of
the tibial nerve. Further studies indicated (66) that the
migration of the slow component of neurofilament pro-
teins was arrested along the axon of IDPN treated rat
nerves. Moreover, a segregation of the neurofilaments
towards the periphery, microtubules at the center of the
axon and a disassembly in cross-links of microtubule
associated proteins (MAP) with transport vesicles were
shown (67) in nerve samples of IDPN treated rats by
deep-etch electronmicroscopy. It may be concluded that
a lack of proper assembly of neurofilaments and micro-
tubules impacted the grip strength in mice by preventing
transport of major nerve molecules for neuromuscular
function. Moreover the myelin sheath, a vital compo-
nent in the conduction of nerve impulse was first seen
damaged in the radial nerve of mice due to IDPN toxicity
(Fig. 5A and B). Demyelination of axons and the severity
of lesions associated with loss of conduction of nerve
impulse and grip strength in mice as observed in this
study has been defined as neurapraxia (68).

In IDPN treated Group 3 mice, most of the mito-
chondria appeared to be in an orthodox state of con-
formation (Fig. 5B). The condensed to orthodox state
transformation in mitochondria occurred in conditions
when ADP is deficient. Reversal to a condensed state
corresponded with the oxidative phosphorylation reac-
tion and ATP synthesis, dependent upon ADP and Pro-
ton permeability of the mitochondria. It is suggested
that the orthodox state of mitochondria in IDPN treated
mice was indicative of a reduced metabolic activity in
nerves. The condensed state of mitochondria as ob-
served in IDPN treated mice in Group 2 after EMF ex-

posure (Fig. 6A) indicated a metabolically active
condition in axons and Schwann cells.

In a previous study, excised pieces of sciatic nerves of
mice in-vitro culture medium maintained a normal my-
elin sheath structure during EMF exposure (30). This
could be attributed to Schwann cell activity along the
axons, which is known to play a critical role (69) in the
myelination of nerve fibers after being disconnected from
central nervous system (CNS) neurons, a source of neu-
rotropin for nerve growth. Schwann cells produce a
number of polypeptide nerve growth factors (NGF) for
their own development and propagation (70,71). It has
also been known that nerve injury induces an increased
output of NGF from Schwann cells (72). These studies
support an autonomous role of Schwann cells in main-
taining metabolic functions in the proximity of axons
(73,74), by releasing NGF for myelin formation and act-
ing as an NGF receptor. In the present in vivo study, two
sources of NGF were apparently available to the intact
nerve fibers, one from CNS neurons and the other from
Schwann cells. EMF exposure may have enhanced the
action of the Schwann cells in IDPN treated Group 2mice.
These Schwann cells (Fig. 6B and C) indicated distinct
Golgi bodies (GO) that are the source of NGF secretion
resulting in the remyelination of axons. A link between
EMF leading to normal Schwann cell function indicated
that a non-neuronal control in the regeneration and
growth of peripheral nerve fibers are definitely possible.

The restoration of neurotoxin impaired subcellular
structure of radial nerves of mice in Group 2 treated with
EMF exposure is supported by the reappearance of mi-
tochondria in a condensed state both in axons and
Schwann cells. The physiological state of mitochondria
as observed indicated its normal membrane permeability
and a recovery of ATP synthesis essential for nerve
growth and repair. Other ATP dependent processes such
as the organization of neurofilaments and microtubules
for axonal slow and fast transport systems were also re-
stored. ADEY (8,61,62) showed that the molecular sig-
naling across an axonal membrane may be extensively
modified by a low energy level of an applied electro-
magnetic field and is attained by cooperative amplifica-
tion that restored cellular function. In the present study,
molecules critical in nerve conduction and metabolic
activity (Table 1) were significantly affected during EMF
exposure. Therefore, the EMF of physiological ranges
may have created an additive effect on the recovery of
grip strength in mice. Furthermore, a distinct correlation
with simultaneous restoration of the subcellular mor-
phology of nerves supported that nerve metabolic pro-
cesses were initiated and sustained.

In this study, the effectiveness of low intensities and
frequencies of EMF was significantly demonstrated
in vivo by the restoration of subcellular nerve structure
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and by grip strength recovery sustained up to the 27th
week of observation in mice with motorneuropathy. It is
suggested that the loss of nerve structure and function
may result in a change in the inherent transmembrane
potential. This potential could be manipulated by an
externally applied EMF, which restored the intrinsic
charge distribution of molecules vital for nerve con-
duction and metabolism. A role of EMF in recovery from
nerve injury, spinal cord traumas, and peripheral neur-
opathies may be postulated on the basis of selectively
modulating neurotropins and their receptors. Further
dose–response studies are required to determine a ther-
apeutic model for EMF application in the treatment of
nerve dysfunctions.
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