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II. Summary

The application of external magnetic fields to biological cells has received the attention of many
researchers in recent decades and there have been countless reports of effects on a myriad of
cellular processes. Despite this, there is in general a lack of consensus on the biophysical
mechanisms responsible and independent replication of many effects has been unsuccessful. This
field of research, often known as bioelectromagnetics, has many potential implications for
human health, both in terms of therapeutic applications and concerns about adverse health
effects due to fields associated power lines, electrical appliances and mobile telecom and Wi-Fi
networks. Magnetic effects on cell processes could also shed new light on the fundamental
biophysical/biochemical mechanisms involved. This thesis describes our investigation of a
number of static and time-varying magnetic field effects at the cell {osteoblasts and neurons),

organelle (mitochondria) and enzyme (creatine kinase) level.
Effects of static magnetic fields on mitochondrial superoxide production

Isolated rat brain mitochondria, treated with the electron transport chain inhibitors (ETC),
rotenone and antimycin, were subjected to a number of static fields between 100 and 1000 mT.
Using real-time enzyme-linked fluorescence measurements, it was found that a moderate, 148 +
37 mT static magnetic field reduces, by 17%, the rate of mitochondrial superoxide production
due to antimycin A treatment. This effect was only seen under toxic, high oxidative stress
conditions, thus there is unlikely to be major implications for superoxide signalling, but the effect
may offer some protection against oxidative damage caused by stroke and neurodegenerative
diseases such as Parkinson’s. The target of antimycin A is complex Il of the ETC and so the most
likely explanation for the effect is a radical pair mechanism involving some of the known

paramagnetic species involved in electron transport at complex Ill.
Magnetic isotope effect in creatine kinase catalysed ATP formation

We have attempted reproduce the large magnetic isotope effect (MIE) that has been reported in
a series of studies by Buchachenko and Kouznetsov (B&K). Their results indicate a 2-3 fold
increase in ATP production by ADP phosphorylating enzymes such as creatine kinase, ATP
synthase, pyruvate kinase and phosphoglycerate kinase when in the presence of the magnetic
2Mg”* isotope (I = 5/2) compared with non- magnetic *Mg”* and **Mg’*. We examined this
claim for a standard variety of creatine kinase (MM, bovine). Our results showed no increase in
enzymatic ATP production when MgCl, (98% »Mg) is used instead of natural MgCl, (10% Mg +

90% 24'26Mg). The absence of an isotope effect in our experiments suggests that the MIE does not



occur in MM creatine kinase and it casts doubt on the claim of B&K that the Mg isotope effect is

a large (2-3 fold), robust and ‘universally observable’ effect exhibited by ATP-producing enzymes.

Effect of weak extremely low frequency electromagnetic fields on pre-osteoblast

development

In this study we investigated whether the major processes of cellular development could be
significantly altered by a 50 Hz, 2 mT AC magnetic field. Effects due to such a field would have
many health implications and there is still considerable public concern over adverse effects due
to the weak 50/60 Hz magnetic fields emitted by power lines and electrical appliances. Despite
many studies showing cellular effects from fields of this magnitude and frequency, when we
measured 16 cell developmental parameters via a high content screening system we found no
significant changes in osteoblast progenitors due to a 50 Hz, 2 mT magnetic field and thus we
have concluded that, over a 2 day exposure period, it is unlikely that such a field would induce
significant developmental changes in osteoblastic cells and hence, also that it is unlikely that
major toxic, carcinogenic or tumour promoting effects would occur in these cells under such

conditions.
Magnetic Stimulation of Cultured Neurons In vitro

Magnetic Stimulation (MS) involves the use of strong pulsed magnetic fields to stimulate the
electrically excitable tissue of the brain and peripheral nervous systems via an induced electric
field. Despite over 20 years as a valuable tool in neuroscience research and the more recent
development of clinical applications for diseases such as depression, Parkinson’s and multiple
sclerosis, demonstration of stimulation an in vitro cell culture model was only demonstrated for
the first time in 2008 by Rotem and Moses. In a similar manner to Rotem and Moses, neurons
were patterned via microcontact printing in configurations aligned with the magnetically induced
electric field. Nevertheless, stimulation was not observed in otherwise electrically excitable
neurons, when an electric field of 366 V/m was induced across them. As well as reproducing
Rotem and Moses’s findings we set out to investigate and develop the in vitro MS model in
general. Based on our experience of using the magnetic stimulator in vitro, along with findings
from FEM models, we conclude that applying electric fields directly via electrode arrays would
provide a much more flexible, precisely controllable and time/cost efficient model system.
Finally, electric field stimulation of neurons in vitro was demonstrated for the first time to be

dependent on the orientation of the neurons to the electric field.
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1 General Introduction

1.1 Effects of magnetic fields on biological processes -

Bioelectromagnetics

Bioelectromagnetics is the study of how magnetic and electric fields influence
biological systems, thus it is focused primarily on the application of exogenous fields
rather than the measurement of naturally produced endogenous fields in living
systems. The latter is often distinguished by the term bioelectromagnetism. Our
focus will be on the application of magnetic fields (MFs) to processes occurring in
biological cells. Although there has long been an historical association with quackery,
a survey of the literature will reveal thousands of studies reporting a myriad of
biological effects from many types of magnetic field along with many hypothetical
and not so hypothetical theoretical mechanisms [1-10]. Nevertheless results are
often conflicting and difficult to replicate independently [11]. It can be hard to find a
clear pattern to the effects in the literature and although, potential mechanisms are
many and varied, there are few well accepted cause-effect relationships between

theory and experiment.

Nevertheless there are exceptions where mechanisms are far less shaky.
These include biological/biochemical effects caused by moderate (10 - 1000 V/m),
magnetically-induced electric fields, forces due to diamagnetic anisotropy where

applied fields are strong (> 1 T) [12-15] and radical pair effects [8, 16-21]. The

1



mechanism of action and hence the biological effect depends on the mode of the
magnetic field which can be very broadly categorised, based on its temporal

dynamics, as a static or time-varying magnetic field (SMF or TVMF).



1.2 Static magnetic fields

SMFs are non-time varying MFs. In bioelectromagnetic studies they are most
commonly produced by permanent magnets made from ferromagnetically ordered
materials like NdFeB. They may also be produced by DC coils and electromagnets.
Those used in the bioelectromagnetics literature are usually in the range of 1 — 500

mT, but some studies have used up to 10 T produced by superconducting coils.

SMFs can exert cellular effects by a number of means. Some organisms such
as bees, salmon, turtles, pigeons and magnetotactic bacteria contain ferromagnetic
submicron-sized particles of magnetite (Fe30,), which experience a torque
(rotational force) in an SMF and a translational force in a magnetic field gradient.
Movement of these relatively large particles (0.05 - 1 um) inside the cell can cause
structural changes in cytoskeleton and membrane that lead to various biochemical
signals, thus allowing detection of and response to external magnetic fields. Very
small amounts of magnetite have been found in human brain tissue but whether it
has any functional role is unknown [22] and contamination from magnetite present

in plastic and glassware remains a concern [11].

Para- and diamagnetically anisotropic materials will tend to align with or
against an SMF respectively, particularly the long polymer chains of the cytoskeleton
and extracellular matrix. Studies have shown that tubulin [14], F-actin [23] and
collagen [15] chains show significant alignment with strong applied SMFs > 2 T and
this alignment increases with field strength. Such mechanisms have been proposed

to explain alignment of whole populations of cells [5]. Magnetically anisotropic
3



materials will also experience a translational force in an MF gradient, moving
towards the region of lowest field magnitude if diamagnetically anisotropic and

towards the opposite if paramagnetically anisotropic.

At the quantum level the angular momentum of electrons and nuclei in bio-
molecules will be altered in a magnetic field, so that the probability of their spins
being aligned parallel with the field increases with field magnitude under certain
conditions. This is ultimately the source of the larger scale effects mentioned above.
Such effects on spin are at the heart of the radical pair mechanism (RPM), which
provides the potential for MF effects, once a pair of unpaired electrons plays a rate-
determining role in a biochemical reaction. The presence of such radical pairs is
known or possible in a huge range of reactions involved in many key cellular
processes, such as energy production, DNA replication, oxidative stress, cell
signalling, toxin breakdown and apoptosis. The RPM responds differently to fields of
different magnitude and over a very wide range of magnitudes from uT to T. As such,
the RPM is a general bioelectromagnetic mechanism with the potential to explain the
wide range of MF bio-effects that have been reported for an equally wide range of
field strengths. Coupled to this are sound roots in a theoretically and experimentally
well established area of magnetochemical research [24-26]. For these reasons our
research work has focused on the RPM in investigating SMF effects and it will be

outlined in more detail below (1.2.2).



1.2.1 Reported cellular effects

Many SMF effects on cellular processes have been reported in the literature and a
selection are briefly described here. Strong inhomogeneous (gradient) SMFs of with
an maximum field strength of 8 T have been used to enhance differentiation, but not
proliferation, and to induce alignment with the MF in MC3T3 pre-osteoblasts [5]. This
was explained by a torque on the cells due to the diamagnetic anisotropy of
structures, such as the cytoskeleton and cell membrane, in elongated cells. A field
gradient of 41.7 T/m was reported to increase expression of the proto-oncogenes, c-
myc and c-fos in HL-60 cells, while the same study indicated that homogenous 6 and
10 T fields had no effect [27]. It has also been found that alignment of cultured glial
cells can be controlled by aligning collagen fibres in a homogenous 10 T SMF and
using this as a substrate for glial cell growth [7]. The effect could have potential
clinical applications in the healing of damaged nerve, bone and muscle tissue whose
microstructure is often oriented in a specific direction. Yamamoto et al.
demonstrated increased differentiation and formation of calcified matrix (bone) in
osteoblasts exposed to 160 mT MFs [28]. This effect was not altered by increasing
MF strength up to 280 or 340 mT. Expression of the bone differentiation marker,
BSP, was greatly increased by an 80mT SMF after 1 day exposures. Prina-Mello et al.
have reported increased activity of the signalling kinases, ERK and JNK, in cortical
neurons [29]. The effect was dependent on field strength, which ranged from 0.75 to
5 T. Changes in NMDA receptor subunit expression, leading to increased
differentiation was seen in hippocampal neurons cultured in a 100 mT SMF [30]. In

U937 cells, it has been reported that reactive oxygen species production and
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apoptosis were increased by a 6 mT SMF [31]. Studies showing SMF effects, where
the RPM is cited as the mechanism, include those on B12 ethanolamine ammonia
lyase [17, 18], reactions at photosynthetic sites in plants [24] and the enzymatic
phosphorylation that occurs during ATP production [21]. Approximately 2-fold
increases in ATP production were reported for isolated mitochondria [16, 32] as well
as the enzymes creatine kinase [19, 21] and phosphoglyceraldehyde kinase [20]
when treated with a magnetic magnesium isotope (**Mg). This effect was also shown
to provide up to 80 % protection from ischemic damage to cardiac cells in rats [33-

351

1.2.2 Radical pair mechanism

The RPM has been studied in chemical systems for the past 30 years and has found
most utility in spin resonance research (EPR and NMR) [25, 36]. It is a purely kinetic
mechanism, allowing even low energy (<< kT) weak magnetic fields (< 1mT) to affect
the rate of certain types of chemical reaction. These reactions must contain a step
that involves a pair of spin correlated unpaired electrons. These electrons can be
provided by radicals, which give the mechanism its name, as well as paramagnetic d-
metal complexes. Such a ‘radical pair’ (RP) state can occur when a bond breaks to
form two radicals or when an electron is transferred to a neighbouring molecule to
form radical ions or when a molecule is raised to an excited state by absorption of a
photon. The correlated or coherent RP state is a superposition of two stationary

states, singlet (S, anti-parallel) and triplet (T, parallel). In the anti-parallel (o) state



the spin angular moments cancel. A total spin angular momentum of 0 can only be
achieved by a single arrangement of spins and this is the singlet state. For the parallel
(BB) state total spin angular momentum is non-zero and this can be achieved by 3
arrangements of ‘parallel’ spins making up the triplet state. The T state consists of 3
sub-states/levels, To, T.1, T.1. See Figure 1.1 for vector representations of the Sand T
states. After a short time (ps to ps), during which oscillation between S and T can

occur, this coherent state relaxes to a stationary state, being either S or T [24-26].
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Figure 1.1: Vector representation of singlet (S, a3) and triplet (T, 53) states of a pair of electrons, where my is the
spin magnetic quantum number and M is the total m, of the two electrons. The S state has total spin angular
momentum of zero, while that of the T states is non-zero. There is only a single state that satisfies the anti-
parallel (spins) singlet condition, while 3 possible states exist for the parallel triplet condition.

If after relaxation the stationary state is S, two things can happen, the radicals
can diffuse apart and react elsewhere to form products or they can recombine to
form a bond or the two initial pre-electron transfer species. Since the electron spins
are anti-parallel, they are permitted to do so by Pauli exclusion. If T is the resulting
state then a parallel spin configuration will bar recombination by the same principle

and diffusion followed by product formation is the only available option. This is



illustrated at the top of Figure 1.2 and it explains how a reaction rate could be
modified by altering the ratio of S to T states, since modifying the S population
means changing the probability of the product-reducing recombination step.
Magnetic fields can have significant influence over the ratio of S to T under certain
conditions thus, magnetic field effects (MFEs) and magnetic isotope effects (MIEs)
can occur when chemical reactions proceed via a rate determining step that involves

an RP [20, 21, 24, 25, 37-40].
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Figure 1.2: Summary schematic of radical pair mechanism. 1[AB] and ’[AB] are the singlet and triplet states
respectively. MF is a magnetic field, B is the magnetic flux density, A (= a+D) is the hyperfine coupling constant, a
is the anisotropic Fermi contact interaction component of A and g is the Lande g factor. As a result of this
mechanism the rate of chemical reactions involving a pair of correlated radicals or other paramagnetic species
can be influenced by magnetic fields. Such fields can be due to hyperfine interactions with the nucleus (i.e. A or a)
or externally applied fields (i.e. B).

So, what factors determine the ratio of S to T? This is a complex question that
involves a number of competing mechanisms that are dependent on a large number
of electronic and magnetic parameters. In essence, it depends on what the initial

state of the correlated RP is and whether there is a mechanism to cause one of the



electrons in the pair to re-phase or flip its spin before the correlated (non-stationary)
state is lost. The initial state depends on the process which it has resulted from. If
diffusion leads to an encounter between to paramagnetic species then probability
determines that that 25 % of encounters will produce S states while 75 % will
produces T states. RPs formed this way are often referred to as F-pairs. The electrons
making up geminal RPs, which are formed from the breaking of covalent bonds or by
electron transfer, will retain the spins they had in the original molecule(s), as spin is
conserved during such processes. Thus, in the case of a broken bond the resulting RP
will always be S as electrons in a bonding orbital will always be anti-parallel due to

Pauli exclusion.

Spin evolution of a two electron system in an external magnetic field is

governed by the Hamiltonian below.

(1.1)
H = ugB(g:S; + 625,) + Z La,S; + Z La; S,
i ;

+ Z LDy Ss + Z B85y = I 2515)
i 7

The first term describes the Zeeman interaction with the external field where i is
the Bohr magneton, B is the externally applied magnetic flux density, g is the Lande
g-factor and S is the operator for the spin of the electron. The square bracketed
terms describe the hyperfine interactions (HFl) between each electron and any

magnetic nuclei present, where a is the component of the hyperfine coupling
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constant due to the Fermi contact interaction while D is the classical dipolar
interaction component of the hyperfine coupling constant. The final term is the
exchange interaction, where J is the exchange constant. For evolution or re-phasing
to occur, spin correlation and sufficient but not excessive proximity must exist for at
least as long as the spin re-phasing time (t). The first of these conditions is destroyed
by spin relaxation (T1 and T2) and the second by diffusion or recombination. T is
inversely proportional to the difference in the precession or Larmor frequencies (w)
of the two electrons of the radical pair (1.2). This can be seen in equations (1.2) to
(1.4) for S - Tp evolution, where J (discussed further below) is small compared to

other influences on Aw.

T=(w—wy)" ! =Aw™! (1.2)
W (1/2)(9l133 ot Z am; + ) D;m;) (1.3)
T= (1/2)(AguﬁB + AA) CA= Z a;m; +z Dym; (1.4)

Here m is the nuclear spin magnetic quantum number and A is the total hyperfine
coupling constant i.e. the sum of the Fermi contact and dipolar components. It can
be seen from this that there must be a difference between precession frequencies
(energies) of the electrons in the pair for spin re-phasing/flipping and hence the S to
T transition to occur. This generally means that there must be a difference between

hyperfine constants (AA) or g factors (Ag) of the pair and increases in this difference
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increase the probability of spin evolution by reducing the time required (t). An
explanation of why the difference in A or g is the driver of spin evolution is that a
change in the radical pair state from anti-parallel to parallel (S to T) or vice versa
requires a change in one member of the pair only. If both electrons flip their spins
then there will be no net change in the pair’s spin state. Thus, if A or g is large for
one electron but small or zero for the other, then there is a probability of spin
evolution occurring that is proportional to the difference (A or g) between the
electrons. If A or g is the same for both electrons then spin evolution will not occur

(assuming ] is negligible — see below).

The AA or hyperfine (nucleus-electron) interaction mechanism of spin
evolution operates with or without an external magnetic field and can be explained
as follows: If an electron in a radical pair orbits a nucleus that has a net spin and
hence a magnetic moment, then the hyperfine interaction (HFI) will cause a
proportion of the electrons to flip their spin from the high energy nucleus-electron
spin state to the low energy state (parallel or anti-parallel, depending on the atom or
molecule). When this spin flip occurs in one electron of the pair but not the other
then we get evolution from the initial S state to the T state or vice versa. This occurs

when the HFl is strong for one nucleus but weak or zero for the other, i.e. AA is high.

Unlike the HFI, The Ag mechanism operates only in the presence of an
external magnetic field (B > 0 in (1.4)). In an applied magnetic field, an electron with
its magnetic moment anti-parallel to the field will have a lower energy than one with
its moment parallel to the field. Hence, since the spin of the electron is always anti-

parallel to its magnetic moment, it is energetically more favourable for an electron to
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have its spin parallel to the field. Thus, an applied magnetic field will cause a
proportion of the electrons to flip their spin from the high energy electron spin state
to the low energy state (parallel). The energy difference between spin states in the
field is proportional to the g value of the electron (1.1) so if one electron in a radical
pair has a significantly higher g value than the other (Ag # 0), spin flipping will be
more energetically favourable (probable) for it compared to its partner, thus, in the

same manner as the HFI mechanism, the probability of spin evolution is increased.

At zero field the three T states (To, T+1, T.1) are close to degenerate. If a
magnetic field is applied, Zeeman splitting occurs and T,; and T_; states/levels are
raised and lowered in energy respectively. If the magnetic field strength is increased
further, these energy gaps can become so large that they are inaccessible from the S
level. This means that spin evolution can only occur between S and Ty and thus,

overall S to T conversion is reduced.

At short inter-electron distances the briefly aforementioned exchange
interaction, /, becomes very important. Either the S or T state will be strongly
favoured (determined) by J (1.5) which primarily arises from the coulombic

interactions of electrons and protons as well as the Pauli exclusion principle.

Jex — 5 i | (1.5)

] = 1 — g4 = E(AES—T)

where J,, is the exchange integral, C is the Coulomb integral and o is the overlap
integral. The energy gap between S and T states (AEs_7) when B and A =0 is 2J, so

that J generates a baseline AE_ that is insensitive to magnetic influences. J is very
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strong over short distances and will dominate over magnetic interactions in
determining whether an S or T state is favoured, but it is generally assumed that the

interaction decays exponentially with electron separation distance [41] so that,

J = Joexp (=Br) (i)

where r is the separation distance. J, may be positive or negative and § > 0. Once r
between a pair of electrons goes beyond ~ 1 nm ] becomes weak enough, that

magnetic effects can become significant [24, 26, 41, 42].

As well as competing with magnetic field effects, the presence of a significant
and constant / can also cause such effects if Zeeman splitting leads T. or T, energy
levels to cross with that of S. This is illustrated in Figure 1.3. Thus, under conditions
where two unpaired electrons are held at a relatively constant, close distance (e.g. a
biradical) for a sufficient period of time magnetic field stimulated spin evolution may

occur at small windows of B [24, 26].
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Figure 1.3: Crossing of singlet (S) and triplet (T) energy levels in an applied magnetic field due to Zeeman splitting
and a significant exchange interaction, J. Taken from Brocklehurst, 2002 [26]. The occurrence of crossing of S/T
energy levels allows for spin evolution from S to T levels or vice versa. This can be induced by external magnetic
fields and is one of the ways magnetic fields can alter chemical reaction rates via the radical pair mechanism. The
other major routes to magnetic field effects via this mechanism are outlined in Figure 1.2.

The other major field-sensitive drivers of spin evolution in radical pairs are
hyperfine interactions (HFI) due to the presence of magnetic nuclei (AA) and inter-
electron g-value differences (Ag). In the case of the former, weak to moderate
magnetic fields, up to the magnitude of A (10 uT - 25 mT), can further increase spin
evolution by removing the degeneracy of nuclear spin states and thus splitting S and
T energy levels in accordance with whether the nuclear spin is parallel or anti-parallel
with the external field. This creates extra pathways from the S state to the T states
(see Figure 1.2). If fields are increased much further spin evolution will be reduced
due to large Zeeman splitting of T energy levels. The Fermi contact interaction (Aa)
component of AA is isotropic and will always be subject to magnetic influence, but
the dipolar interaction (AD) is anisotropic so that on average it will have no effect
unless the interactions of the electron pair are geometrically constrained. Thus, AD

would be expected to influence spin evolution at many enzyme active sites whose
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geometry tightly constrains that of the reactants, but no influence would be
expected where freely diffusing radicals encounter in a bulk liquid. Although AD
could promote spin evolution at such constrained enzyme sites and thus contribute
to an MIE, it is unlikely that this effect would be significantly influenced by externally
applied fields, since on average each enzyme would have a random orientation in
relation to the external field. This MF insensitivity means that AD generally competes

against MFEs, while Aa enhances these effects [41, 42].

Another major spin evolution driver is Ag. This will generally be small for
freely diffusing organic radicals, but it can be very large where the electronic
environment of the RP is highly anisotropic, such as is the case when one of the
unpaired electrons is belonging to a ligand coordinated d-metal atom [17, 24, 43, 44].
Such transition metal coordination complexes are found at the active sites of many
important enzymes involved in energy production, protection against oxidative
stress, oxygen transport, nitric oxide signalling and DNA transcription. Unlike the HFI
mechanism, Ag only increases S < Ty transitions and it is proportional to B, with
relatively large magnetic fields necessary for significant effects, e.g. > 100 mT for
coordinated d-metal atoms and > 1 T for the small Ag values of most organic radical

pairs [17, 24, 26, 43, 44].
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1.3 Time-varying magnetic fields

TVMFs whose magnitude changes slowly over time compared with the rate of the
cellular process in question will exert essentially the same effects as those previously
described for SMFs. Since the TVMFs being investigated for bio-effects are most
commonly at frequencies of <100 Hz, the above SMF mechanisms could also explain
many of the cellular effects seen with TVMFs. Nevertheless, unlike SMFs, TVMFs will

induce an electric field and this is their major distinguishing feature.

1.3.1 Induced electric fields

An electric field, E will be induced by a TVMF and this can be described using
Faraday’s law of induction, according to which, the magnitude of E along a closed
loop, L (with radius r), is equal to the rate of change of magnetic flux, ¢, through the

area, A, enclosed by L:

fﬁ(t)-ﬂ:— a"b(t):—%f B(t)-dA ;¢ =B(t)-dA (1.7)
I

A

From this it can be seen that E is proportional to the area through which the time

varying magnetic flux (E(t)) is passing and as a result the induced electric fields
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experienced by cells are limited by the size of the object containing the cells,
whether it be an organism, organ, tissue sample or cell culture vessel. The field is
also dependent on the shape and symmetry of the magnetic field itself. Then, the
geometry and varied electrical properties of the exposed biological materials need to
be taken into account, particularly resistive and capacitive boundaries which lead to
charge accumulation. Charge accumulation plays a large role in determining the
actual E in the cellular environment and the total effective E induced by TMVF is in
fact a sum of the field induced via Faraday’s law and that produced by regions of

accumulated charge density [45, 46].

Eeffective = EFaraday * Echarge (1'8)

—

Echarge Will oppose EFaraday at some locations and add to it at others thus altering
the magnitude and direction of the effective electric field. All this means that the
simple formulation of Faraday’s law above (1.7) is only applicable under certain
simple centro-symmetric conditions and solving the full set of Maxwell’s equations is
usually necessary to get a realistic estimation. This has been done for in vitro cell

exposure in chapter 5 where induced electric fields will be discussed in more depth.

The electric fields induced by TVMFs applied to biological systems (Eparaday)
are usually weak, being in the range of 0.05 — 5 mV/m for continuous AC fields and 1

— 100 mV/m for pulsed fields, but for magnetic stimulation of neurons much larger
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pulses induce Eparaday from 50 — 500 V/m. With such strong pulsed magnetic fields
the mechanism of action clearly operates via the induced electric field, but for
weaker, slower changing fields like those used in continuous AC field studies the role

of the electric field is still up for debate.

1.3.2 Cyclotron Resonance

Another potential mode of biological action for MFs is via the Lorentz force (1.9)
which acts on moving charged particles such as the many ionic species involved in a

cell’s internal and external biochemistry.

F, = q(¥ x B) (1.9)

where F, is the Lorentz force, q is the charge of a particle (e.g. ion), ¥ is the velocity
of this particle (e.g. due to diffusion) and B is the magnetic flux density. The force
acts perpendicular to the directions of both the applied MF and the current (moving
charge). This causes paths taken by currents to form circles. The angular frequency

(w = 2nf) of this motion is given by

zeB (1.10)
w=—
m

where z is the particle’s charge, e is the elementary charge, mis the mass of the

particle and B is the magnetic flux density. This is known as the cyclotron resonance
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frequency and if an electric field is applied at this frequency, resonance will result in
acceleration of the moving charged particle. The oscillating electric field required to
satisfy this resonance condition can be generated via magnetic induction by AC
magnetic fields. This mechanism involving a combination of SMFs and TVMFs serves
as the framework used to explain many studies where cellular processes were
altered by application of ELF-MFs at the cyclotron resonance frequencies of various
biochemically relevant ions [1, 47-50]. Theoretical objections usually focus on the
large gyration radius (metres) of the cyclotron motion of ions in the weak low
frequency fields under study, when compared to the tiny (1nm to 1um) distances
being travelled by ions in cells [51]. Coupled with the huge amount of thermally
induced random molecular collisions occurring in this liquid environment and the fact
that the energy differences producing the Lorentz force and induced electric fields of
the MFs studied are far less than kT at physiological temperatures (37°C), it would
seem very unlikely that cyclotron resonance effects would influence cellular

processes.

Nevertheless, many more complex treatments of the theory have found ways
around the aforementioned problems [3, 51, 52] and the large number of studies
showing positive effects, particularly on calcium ions lends the theory support. On
the other hand, a number of studies have failed to detect any such effects on either
calcium or potassium ions. One of the most commonly reported cyclotron effects is
on the binding of calcium to calmodulin proteins such as myosin light chain kinase.
Both Lednev [53] and Markov et al. [54] reported field-induced changes in

phosphorylation of myosin light chain in two different calmodulin-dependent cell-
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free systems. A detailed attempt at replication of these results detected no effect of
a 20.9 mT sinusoidal field over a frequency range centred on 16 Hz, the cyclotron
frequency of the unhydrated Ca®* ion [55]. The same study also failed to detect an
effect of combined static and AC magnetic fields on myosin light chain kinase activity
over the same frequency range. A further direct attempt to replicate the findings of
Markov et al. [56] has also proved negative. Another study showing Gar cyclotron

resonance effects was found to be irreproducible by Prasad et al. [57].

1.3.3 Reported cellular effects

Studies investigating such effects can generally be divided into two categories,

continuous AC fields and pulsed magnetic fields (PMFs).

1.3.3.1 Continuous AC magnetic fields

Amongst the literature reports, such fields are generally weak to moderate (0.01 -5
mT) in amplitude and fall within a frequency range of 1 — 100 Hz. These fields are
commonly referred to as extremely low frequency magnetic fields or ELF-MFs. There
are many reports suggesting that ELF-MFs affect neuronal development and that
evidence from PC-12 and neuroblastoma cell lines seems to suggest that low
strength AC fields from 5 — 250 uT inhibit differentiation and promote proliferation

and thus possibly tumour development, but only within specific frequency windows
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[4, 6, 58, 59]. On the other hand higher strength fields 0.3 — 1 mT seem to have the
opposite effect, inducing differentiation by increasing influx of calcium ions into the
cell [59-61]. Lisi et al. also showed a 30% increase in cell death due to glutamate
induced excitotoxic Ca*" influx. A 60Hz, 0.7mT ELF was seen to protect against
oxidative stress induced by 3-nitropropionic acid in rat brains [62, 63]. ELF-MF
studies on osteoblasts have demonstrated effects on differentiation, morphology
and proliferation [64-66]. Effects on these cellular parameters have also been seen in

keratinocytes [67] using 50 Hz, 2 mT fields.

Although there are many more similar reports of ELF-MF effects in many
more cells types, it is important to bear in mind that a number of studies have shown
no effect [68-74] and also that many attempts at independent replication of ELF-MF
effects have failed [11], e.g. examples involving cyclotron resonance (section 1.3.2).
Also, more recently there have been a large number of studies investigating the
effects of much higher frequency fields in the radio (MHz) microwave (GHz) region.
This has been largely on account of the new found ubiquity of mobile phone and Wi-
Fi related MFs. Overall, many studies have shown effects while many have also

shown no effect [75].
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1.3.3.2 Pulsed magnetic fields

PMFs are approved by the FDA for treatment of chronic non-union bone fractures
[76, 77] and a number of encouraging, clinical studies of magnetic stimulation (MS) in
the treatment of depression [78] and Parkinson’s [79, 80] and the diagnosis multiple
sclerosis [81-83] as well as other neurological and psychological conditions have
been carried out - see Wasserman et al. [84] and Hovey et al. [85] for reviews. Such
effects are generally considered to be mediated solely through induced electric fields
and most effects have been observed in neural and bone cells where electric (ionic)
currents are known to play a major role in the functioning of the cell [86-89]. In the
case of bone repair, weak to moderate (Bmax 0.1- 10 mT, dB/dT = 0.5-5 T/s) strength
PMFs are used. Much stronger pulses (Bmax 1- 5 T, dB/dT = 1000 - 5000 T/s) cause
firing (action potentials) in neurons in vivo and this effect is probably the only
entirely undisputed and accepted magnetic field effect on a cellular process. Some
neuronal effects have been reported for pulses on the order of those used on bone.
For example, such fields have been shown to enhance neuronal differentiation as
represented by increased and directed neurite outgrowth [90], but have also been
shown to inhibit this in response to the differentiation inducing agent nerve growth

factor (NGF) [91].

PMFs have been shown to be effective in enhancing differentiation [92] in
MC3T3 pre-osteoblasts (bone cells), but also they have been shown to reduce this
process and increase proliferation [93]. In this case, again it was seen that a lower
field strength (0.1 mT) inhibited differentiation and increased proliferation, while a
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higher one (7 mT) did the opposite. Another study by [94] using a 1.8 mT PMF has
shown decreased proliferation and increased differentiation as evidenced by
increases in the expression of the differentiation marker proteins, alkaline
phosphatase, osteocalcin and collagen type . All of these PMF studies have used

various pulse trains at 15 Hz, which is the frequency used in many clinical bone

stimulators [92].
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2 Effect of static magnetic fields on mitochondrial superoxide

production

2.1 Introduction

Mitochondria are the cell organelles responsible for energy production (Figure 2.1).
They generate this via the movement of electrons down a chemical potential
gradient populated by a chain of protein complexes. These electrons are finally
transferred to O, and 4 H* which combine to form water and terminate the chain
(Figure 2.2). This electron transport chain (ETC) forms part of the mitochondrion’s
inner membrane and it uses the energy from electron motion to pump protons
across the membrane, thus forming a steep proton gradient which causes protons to
flow back across the membrane mainly through Complex V (ATP synthase) where the
current drives a nanoscale protein rotor which eventually converts the mechanical
energy to chemical energy in the form of adenosine triphosphate (ATP). The original
electrons and therefore, energy, come from the by-products of food breakdown e.g.

glutamate, malate, succinate.

25



Figure 2.1: Mitochondria are organelles within all eukaryotic cells that convert metabolites from food breakdown
into stored chemical energy in the form of adensosine triphosphate (ATP). This is then used as a fuel for energy
demanding cellular processes.

If electron transport along the chain is blocked or slowed down (e.g. by
chemical inhibitors or damage to protein complexes) these electrons have the
chance to be transferred to O, thus forming the free radical, superoxide (0;¢). Even
at optimal ETC rates there is leakage of electrons onto O,, so superoxide is an
inevitable by-product of mitochondrial energy production. This normal level of
superoxide, which is generally not toxic and has a role in cell signalling [95], is greatly
increased by ETC inhibitors, many diseases like stroke and Parkinson’s [96-98] and in
aging [99-101]. Here, the high levels of superoxide lead to interactions with
endogenous anti-oxidants, iron ions and nitric oxide to produce highly reactive and
damaging species such as OH"", ONOO"~ and H,0, (Reactive oxygen species or ROS) —
see Figure 2.3. The result is termed oxidative stress and it leads to damage of many

cellular components particularly lipid membranes and DNA.
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Figure 2.2: Mitochondrial electron transport chain (ETC) showing electron transport, Hydrogen ion pumping,
inner membrane potential (AWm), inhibitor (rotenone, antimycin A) sites of action, superoxide production and

ATP production. Adapted from Miller, Karl J. Overview of the Pathway
http://www.gwu.edu/%7Empb/oxidativephos.htm, 1998
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Figure 2.3: Pathways to reactive oxygen species (ROS) production in mitochondria. These species can lead to
damaging oxidative stress, which is a feature of a number of diseases such as heart disease and Parkinson's

disease.
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ELF-MF effects on electron transfer between electron transport chain (ETC)
enzyme, complex IV, and Cytochrome C have been studied by Goodman and Blank
[102, 103] and they demonstrated increased reaction rates which were maximised at
frequencies correlating with the enzyme’s turnover number, while Nossol et al. [104]
demonstrated up to 2 fold increases in rates but only in specific field strength
windows, at around 0.3 and 10 mT. These effects were found for both 50 Hz AC fields
and static fields varied continuously over time from 0.05 — 100 mT. Although
complex IV is not known as a site of superoxide production it is part of the ETC and
therefore could influence other ETC superoxide producing sites. A number of studies
have reported MF effects on ROS and oxidative stress [31, 105-107]. In U937 cells
reactive oxygen species production and apoptosis were increased by a 6 mT SMF
[31]. A 60Hz, 0.7 mT AC MF was seen to protect against oxidative stress induced by 3-
nitropropionic acid in rat brains and synaptosomes [62, 63]. Decreased oxidative
damage due to experimentally induced stroke was seen in rabbits treated with 2.8
mT, 75Hz, PMF [108]. Finally, in E. coli bacteria exposed to a static field of 9 T for 24

hrs, an 80% increase in superoxide production was reported [109]

In this set of experiments static MFs, with field strengths in the range of 100
mT to 1 T, were examined for their ability to alter the rate of mitochondrial
superoxide production under toxic (inhibited) and normal non-toxic conditions. ETC
inhibitors, rotenone and antimycin were used to induce oxidative stress in isolated
rat brain mitochondria. Acting at complex | and lll respectively, these inhibitors,
particularly rotenone are often used to model the dysfunctional mitochondrial states

typical of neurodegenerative diseases like Parkinson’s [110, 111]. They act by

28



inhibiting electron transfer between redox sites within the target ETC complex,
thereby reducing electron flow along the ETC. This leads to an increase in the
proportion of reduced (electron-rich) redox sites upstream of the inhibitor’s site of
action. This, in turn, increases the probability of an electron being transferred from
one of these reduced sites to dissolved molecular oxygen to form the superoxide
radical. See the discussion section (2.4) of this chapter for a detailed account of

antimycin A’s mechanism of action.
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2.2 Methods and materials

2.2.1 Isolation of rat brain mitochondria

Non-synaptic brain mitochondria (i.e. those from all parts of the neuron except the
axon terminals) were prepared/isolated using a discontinuous ficoll gradient,
according to the method of Lai and Clark [112]. The procedure was as follows. Before
the preparation began, all buffers were placed on ice and all instruments and
centrifuge tubes rinsed with the appropriate buffer. For each preparation, two
female Wistar rats (Bioresources Unit, Trinity College Dublin) were first stunned and
then killed by cervical dislocation. All animal procedures were performed according
to Irish and European Union regulations. They were quickly decapitated, their brains
extracted and placed in ~40 ml STE buffer (320 mM sucrose, 10 mM Tris, 1 mM
EDTA, pH 7.4). The brains were chopped into small pieces using a scissors and
allowed to settle to the bottom. The bloody buffer was decanted and replaced with
fresh buffer, and the process was repeated 2-4 times. When the blood had been
removed from solution and the brains were finely chopped, the pieces were placed
in a glass Kontes homogenising tube with ~30 ml STE buffer and homogenised with
at least 8 down and up strokes of a tight-fitting glass pestle. The homogenate was
poured equally into two 50 ml centrifuge tubes and topped up to and balanced at 40
ml with STE buffer before centrifugation at 3000 rpm for 3 min at 4°C to remove all
unwanted material. The supernatant was decanted and spun at 10,000 rpm for 10

min. The remaining crude mitochondrial pellet was carefully removed, leaving any
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traces of blood in the centrifuge tube, topped up to 9 ml with STE buffer and
homogenised using the tight-fitting pestle. The homogenate was placed on top of a
discontinuous Ficoll gradient (9 ml of 7.5% Ficoll w/v in dH,0 on top of 18ml of 10%
Ficoll w/v in dH,0) and centrifuged at 28000 rpm for 45 min at 4°C. This resulted in 3
layers. The uppermost layer of myelin was removed by aspiration and the middle
synaptosome layer was used by other lab members. The bottom layer which
consisted almost entirely of non-synaptic mitochondria was homogenised using the
tight-fitting pestle and re-suspended in approximately 1ml of STE buffer. This
mitochondrial suspension was kept on ice for approximately 2 hours until the time of
the experiment. During this time the total mitochondrial protein concentration of the
suspension was determined (see below) and the experimental reagents and

exposure equipment were prepared.

Mitochondria were quantified by the concentration of protein/ml. Total
protein concentration in the mitochondrial suspension was determined by the
Bradford assay [113]. A range of bovine serum albumin (BSA) concentrations
(standards) were set up in 1.5 ml Eppendorf tubes as shown in Table 2.1. 10 pl of
mitochondrial suspension was diluted 1:100 to 1ml with dH,O and 100pul of this
added to 700 pl of ultra pure H,0 in triplicate. 200 pl of Bio-rad dye (Bio-rad
Laboratories, CA, USA), a colourometric protein indicator, was added to each tube
and these were then thoroughly mixed before being incubated at room temperature

for 30 min.
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Tube Contents Mito BSA Standards

Protein [BSA or mito] (ug/ml) X 0 2 5 10 15 20
dH,0 (ul) 700 800 780 750 700 650 600
BSA (0.1 mg/ml) or mito added (p) 10088 O 20 50 100 150 200
BioRad dye added (ul) 200 200 200 200 200 200 200
Total vol. (ml) ik al 1 1 1 1 1

Table 2.1: Contents of solutions used in the Bradford assay. This is a colourometric assay indicating the total
protein concentration of a sample. The assay was carried out to quantify the concentration of mitochondria
present in the initially prepared suspension.

The contents of each Eppendorf were transfered into 1ml cuvettes and the
absorbances read at 595 nm by a spectrophotometer (Agilent, CA, USA). Using the
slope of the resulting standard curve, the mitochondrial protein concentration could

then be determined.

2.2.2 Application of static magnetic fields

2.2.2.1 Studyl

Two suspensions of brain mitochondria, with or without 0.5 uM of the complex |
inhibitor rotenone, were placed in a homogenous 1 T static field produced by a
Hallbach cylinder array of NdFeB permanent magnets (Magnetic Solutions,
Ireland)for 30 min (Figure 2.4). During this time the mitochondrial suspensions were
held in a sealed aluminium container connected via rubber tubing to a standard
laboratory water bath. Continual circulation of heated water from the bath kept the

temperature inside the container at 37°C. Measurements of mitochondrial
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superoxide production took place 5 min (time for addition of reagents and transfer to

96 well plate) after completion of the MF exposure.
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2.4: Schematic showing front view (A) and top down view (B) of exposure of untreated control (C) and rotenone
treated (R) mitochondrial suspensions to a 1 T static magnetic field. This field was produced by a Hallbach cylinder
made up of an array of NdFeB segments arranged with their magnetisations directed as shown by the white
arrows in B [114]. This produces a homogenous 1 T field (perpendicular to cylinder axis; B) in a ~ 100 cm? region
at the centre of the cylinder bore. The two suspensions were placed in this region and maintained at a
temperature of 37°C during the 30 min exposure period via circulation of temperature controlled water. A pair of
identical suspensions were kept at 37°C in a water bath but were not exposed to the field. The rates of
superoxide production by field exposed and non-exposed groups were compared.

2.2.2.2 Studyll

In the second case, a static magnetic field was applied to the brain mitochondria
during measurement of superoxide production. This was produced via an array of
permanent NdFeB magnets (Neotexx, Germany) arranged within an adapted black 96

well plate (see Figure 2.5 for setup). The plate consisted of a number of regions each

33



experiencing one of three distinct magnetic field conditions, 60 + 8 uT (no MF), a
relatively inhomogeneous MF with a high Bayerage (+ SD) of 273 + 82 mT (HMF) or a
slightly more homogenous MF with a lower Bayerage (+ SD) of 148 + 37 mT (LMF).
These fields were modelled in 3D using the COMSOL Multiphysics (COMSOL, Sweden)
FEM package (Figure 2.6 and Figure 2.7) since accurate experimental determination
was not possible due to size of the hall probe relative to the microplate well. For
each magnetic condition there were 3 chemical treatment conditions, 0.5 uM
rotenone (Rot), 1 uM antimycin A (AntiA) or untreated (Ctrl). The modified plate was
inserted into a microplate spectrofluorometer (Gemini XPS, Molecular Devices, USA)

and ROS production during MF exposure was monitored over a period of 30 min.

Well Conditions Modified 96 Well Plate Magnet Array Details

@ cCtr

) Rot (0.5uM) | EFSENiEW

AntiA (1uM)

HMF Ctrl

HMF Rot

L 28 2B 28 2B 2R R

HMF AntiA

LMF Ctrl

LMF Rot

LMF AntiA

Figure 2.5: Modified 96 well plate with array of NdFeB magnets. Used for exposure of mitochondria to magnetic
field simultaneous with fluorescence measurement. Ctrl = untreated; Rot = Rotenone; AntiA = antimycin A.
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Skea: Magnetc fhux densty, nom [T] Arrow: Magnetic fux densty 1]

Figure 2.6: Simulated magnetic field profile of HMF in a vertical cross-section through the centre of the well. The
well, magnets and liquid surface are represented by the dashed lines, grey shapes and solid line respectively.
Colour map represents flux density in T, while arrows indicate the field direction. White area below the well is
above the maximum value of the flux density range.

Ske: Magnetic flux densiy, nom [T] Arrow: Magnetic fiux densty (1]

Figure 2.7: Simulated magnetic field profile of LMF in a vertical cross-section through the centre of the well. The
well, magnets and liquid surface are represented by the dashed lines, grey shapes and solid line respectively.
Colour map represents flux density in T, while arrows indicate the field direction.
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2.2.3 Measurement of superoxide

Superoxide reacts extremely fast once it has been generated so it is very difficult to
measure directly by chemical means. Most of it is converted almost immediately to
hydrogen peroxide (H,0,) by the mitochondrial antioxidant enzyme superoxide
dismutase (SOD) (Figure 2.3). Thus, H,0, can be used as a proxy to measure
superoxide production. We used the extremely sensitive amplex red assay for H,0,.
In the presence of horseradish peroxidase (HRP), the amplex red reagent reacts with
H,0, in a 1:1 stoichiometry to produce the red fluorescent oxidation product,
resorufin. This allowed the rate of mitochondrial H,O, production to be assessed
using fluorescence measurements performed on a microplate spectrofluorometer
(Gemini XPS, Molecular Devices, USA) in a black 96 well plate (Greiner) maintained at
37°C. Mitochondria were added to a standard incubation buffer that contained: 125
mM KCl; 2 mM K;HPO,4; 5 mm MgCl,; 10 mM HEPES (pH adjusted to 7.0 with KOH);
10 mM EGTA. Substrates, 5 mm of glutamate and 5 mm malate were added
separately. Hydrogen peroxide was measured using 2 um amplex red (Invitrogen, OR,
USA) and 1 U/mL of HRP (Sigma-Aldrich, MO, USA). Measurements were carried out
at excitation/emission wavelengths of 560/590 nm. For all experimental groups
(conditions) there were 3 replicates and the concentration of mitochondria was
diluted to 0.2 mg/mL of protein based on previous measurement of the protein
concentration in the original mitochondrial suspension. The addition of superoxide
dismutase to the assay medium did not further increase the signal (data not shown)
indicating that the endogenous dismutase capacity was sufficient to metabolise all of

the superoxide produced in this system.
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2.2.4 Statistical analysis

Data were expressed as mean + SEM. A one-way analysisof variance (ANOVA-1) was
employed followed by a Bonferroni test to compare magnetic field vs. no magnetic
field data (Prism; GraphPad Software Inc., USA). p < 0.05 was considered statistically
significant. 4 independent replicate experiments were carried out. For more

information on statistical methods used see appendix 0.
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2.3 Results

2.3.1 Superoxide production

As expected, the complex | inhibitor, rotenone, greatly increased the rate of H,0,
(superoxide) production (> 2 fold), but it can be seen in Figure 2.8 that the strong
homogenous 1 T static field had no significant impact on this rise. Also, comparing
the control mitochondria, which had not been treated with the toxin, it was found
that the magnetic field had no significant effect on superoxide production. These
rates being measured here were those occurring post-exposure to the MF, so
although the results indicate that a homogenous 1 T MF does not induce an effect on
mitochondrial superoxide that can outlive its presence, it does not rule out the

possibility of the effect existing during the exposure.
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Study |

Fold change in H,0O, rate vs Ctrl

Ctrl 1T Rot Rot+1T

Figure 2.8: Rate of H,0, (superoxide) production in isolated mitochondria after 30 min exposure to a
homogenous 1 T field + 0.5 uM rotenone (Rot). The charts represent the average (+ SEM) of 4 independent
experiments, where in each case the rate of H,0, production was normalised to that of the control (Ctrl), thus
indicating the fold change in the treated groups relative to this. No significant changes were seen in response to
30 min magnetic field exposure. ANOVA-1; Bonferroni test significant if p < 0.05; n = 4.

This limitation was overcome in the second set of experiments since we
measured superoxide production rate during MF exposure, but this meant having the
mitochondria inside a fluorometer and thus only an array of small magnets could be
used. Instead of the very strong homogenous field produced by the Hallbach magnet,
two distinct, relatively inhomogeneous weaker fields, the lower strength, LMF (148 +
37 mT) and the higher strength HMF (273 £ 82 mT) were produced in the wells
(Figure 2.6 and Figure 2.7). The LMF was seen to have a significant effect (p < 0.01)
on antimycin-A induced superoxide, causing a 17% decrease (Figure 2.11 and Figure
2.12). On average, all groups exhibited a decrease in the LMF, but the changes were
very small and only the aforementioned antimycin A LMF result was of statistical

significance (Figure 2.9, Figure 2.10 and Figure 2.11).
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Figure 2.9: Rate of H,0, (superoxide) production in untreated mitochondria during a 30 min exposure to 3
magnetic field conditions, no MF, LMF and HMF with average values of B were 0, 148 + 37 mT and 273 + 82 mT.
No significant field effects were seen. ANOVA-1; Bonferroni test; significant if p < 0.05; n = 4.
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Figure 2.10: Rate of H,0, (superoxide) production in rotenone treated (0.5 pM) mitochondria during a 30 min
exposure to 3 magnetic field conditions, no MF, LMF and HMF with average values of B were 0, 148 + 37 and 273
+ 82 mT. No significant field effects were seen. ANOVA-1; Bonferroni test; significant if p < 0.05; n = 4.
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Figure 2.11: Rate of H,0, (superoxide) production in antimycin A treated (1 uM) mitochondria during a 30 min
exposure to 3 magnetic field conditions, no MF, LMF and HMF with average values of B were 0, 148 + 37 and 273
+ 82 mT. A significant decrease (** p < 0.01) was seen in antimycin-A induced H,0, in the presence of the 148 mT
field. ANOVA-1; Bonferroni test; significant if p < 0.05; n = 4.
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Figure 2.12: Representative fluorescence trace of antimycin A induced H,0, production in isolated rat brain
mitochondria. Each data point represents the average of 3 replicate wells. The Rate measurement was taken
from the slope of the linear portion of the graph (between blue lines). The same region (time period) of the graph
was used for all measurements within each experiment. A significant reduction in H,0, production rate is seen for
exposure to the low magnetic field (LMF; 148 + 37 mT) but not for the high magnetic field (HMF; 273 + 82 mT)
where the rate differed little from the no magnetic field condition (no MF).
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2.4 Discussion

Exposure of mitochondria to a homogenous static field of 1 T for 30 min (study I)
does not seem to affect superoxide production in isolated rat brain mitochondria
under normal conditions or with rotenone treatment. This suggests that such fields
would not affect normal healthy mitochondria for better or worse and also that the
superoxide generation at complex | is not a target of static magnetic fields of this
magnitude. Nonetheless, only the post exposure rates of superoxide production
were measured due to practical constraints, so it remains possible that these rates
were altered during exposure, but then returned normal levels once the field was

removed.

In the second part of the study this issue was addressed, but using lower field
strengths and an extra ETC inhibitor, antimycin A. Using real time measurement of
supercxide production in a static magnetic field, we have demonstrated that such
fields can decrease superoxide production rates in isolated rat brain mitochondria
(Figure 2.11). A statistically significant (P < 0.01), 17% decrease was recorded for
antimycin A treated mitochondria when a 148 + 37 mT magnetic field (LMF) was
applied. As well as this significant effect, some statistically unreliable, yet interesting
trends were observed. All groups of mitochondria, untreated, rotenone treated and
antimycin treated, showed a decrease in average superoxide production in the LMF
compared with zero field, while an increase was seen for the untreated and rotenone
treated mitochondria in the HMF (273 + 82 mT). In the same HMF a decrease was

seen for the antimycin A group, but this decrease was smaller than that exhibited in
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the LMF. This may indicate that the underlying mechanism is sensitive to field

strength in a bi-phasic manner.

The radical pair mechanism (RPM) is known to be sensitive to a magnetic
field’s magnitude, and effects are often not monotonic with this magnitude [36, 39,
115]. In studies by Grissom and colleagues, the rate of product formation (V,,0./K:n)
in ethanolamine ammonia lyase (EAL) decreased with MF strength to a minimum of
~75% of the zero field value at ~100 mT. The rate then began to rise with field
magnitude to a maximum of ~120 % at ~200 mT. Although in our study only two field
strengths of 148 £ 37 mT and 273 + 82 mT (relatively high inhomogeneity was also an
issue) were applied, the size and direction of the effect (17 % decrease), the
magnitudes of the effective field and its bi-phasic field strength dependence do bare
surprising similarity to the EAL effect. This suggests that the observed mitochondrial
effect may be due the RPM, since this was used by Grissom et al. to explain the EAL
effects and then later, Eichwald and Walleczek [44] showed the results to be in
relatively good agreement with their RPM-based model of the EAL reaction. It is
suggested by these authors that the dip in product formation at around 100 mT is
due to the Zeeman interaction reducing HFI induced spin evolution by energetically
isolating the T, states, which leads to increased probability of the recombinative,
product diminishing singlet (S) state. On the other hand the rise at higher fields is
suggested to be due to the Ag mechanism increasing spin evolution from S to To.
Such an explanation is also plausible for the effect we have demonstrated,
particularly since the chemical species involved in antimycin A induced superoxide

production at complex Il (Cll) include radicals as well as paramagnetic d-metal (Fe**

43



and Fe*) -porphyrin complexes with similarities to the Co(lll)-porphyrin complex of

EAL.

The exact mechanism of antimycin A induced superoxide production at Clll is
still debated [116-118], but the latest experimental studies of the mechanism, Yin at

al. [118] and Yang et al.[117], suggest the two schemes shown below in Figure 2.13.
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Figure 2.13: (A) Mechanism of antimycin A induced superoxide (O, ) radical production at complex Ill as
proposed by Yin et al., 2010 [23]. (B) Mechanism of antimycin A induced superoxide production proposed by
Drose and Brandt, 2008 [119]. These mechanisms provide a number of steps where pairs of radicals and other
paramagnetic species exist. This, in turn, provides for the possibility of radical based magnetic effects on the
superoxide production. Examples are most clearly seen in B, where ubisemiquinone (Q*) could encounter
superoxide or molecular oxygen (paramagnetic) to form a radical pair state. Symbols and acronyms are explained
in the text of the discussion below.

According most proposed mechanisms [110, 116-118, 120, 121] of electron transport
through Clll [116], including those in Figure 2.13, during normal electron transport, a
bifurcated electron transfer from ubiquinol (QH,) to an iron sulphur protein (ISP) and
low spin cytochrome b moiety (cyt b, or bL) occurs [116]. Following the cytochrome b
pathway, next an electron is transferred from the now reduced (Fe** centre) low spin

cytochrome b to a nearby (0.21 nm) high spin cytochrome b (cyt by or bH) and then
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from here an electron is transferred to an ubiquinone (Q) molecule, forming Q-
before reforming QH; via protonation. This redox cycle of ubiquinone is known as the
Q-cycle and it is responsible for the pumping of protons across the inner
mitochondrial membrane (TM in Figure 2.13) and hence also for the proton gradient

necessary to drive oxidative phosphorylation of ADP at complex V.

Molecular oxygen dissolved in the lipid membrane can pick up an electron
from along this transport chain to form the superoxide radical, O, s. Antimycin A
increases the rate of this occurrence by inhibiting the electron transfer from
cytochrome by to Q, thereby slowing down electron flow along the transport chain,
which leads to increased ‘leakage’ of electrons onto O, [110, 116, 118, 119]. It is
accepted that this occurs at the Qg binding pocket (centre P in Figure 2.13) [116, 118,
119], but which species actually provides the O, reducing electron is not known for
sure. The most widely suspected donor is the Q' radical which can be produced
during either sequential or concerted mechanisms for cyt by reduction [116, 121].
Production of this reactive Q' could also occur by reverse electron (e-) transfer from
the ferric/reduced heme (Fe?*) of cyt b as is proposed by Drose and Brandt [119]
(Figure 2.13 B). Another possible single electron donor is cytochrome b itself. This is
suggested as part of Yin et al.’s proposed mechanism [118] (Figure 2.13 A) and it is
known that ferric/reduced heme (Fez*) reduces O, binding it in the form of O,
coupled to Fe®* [122]. In fact, reduced heme is a potent pro-oxidant and its potential

clinical application as a blood substituent has been limited largely by this fact [123].

From the above mechanisms of electron transport and reduction of O, it is

clear that there are numerous potential pairs of paramagnetic species involved.
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These include: Q¢ and O, (paramagnetic) prior to e- transfer; Qe+ and the
paramagnetic heme (Fe®*) of cyt b, prior to e- transfer; Qe and the paramagnetic
heme of cyt by (Fe2+) after e- transfer; cyt b, and cyt by; cyt by or cyt by and Oy; cyt by
or cyt by and O, . All of these paramagnetic (‘radical’) pairs could be susceptible to
magnetic field effects under the right conditions. Pairs consisting of combinations of
Q'+ and cytochromes will be held in position for prolonged or indefinite (cyt b, and
cyt by ) periods with separation distances on the order of 0.5 to 2 nm [116, 120] and
these conditions are likely to provide the low exchange energies and long radical pair
life times necessary for magnetic influence over spin evolution. Pairs involving O;«
coupled to Q* and cytochromes would likely have more variable separation distances
and hence also exchange energies, but the geometric constraints of the binding sites
and the fact at least one member of the pair is in a relatively fixed position could

allow for long radical life times and favourable MFE conditions.

Despite the clear potential for an RPM much more information on the
mechanisms and kinetics of superoxide production at Clll as well as the nature of our
MF effect over a wide range of magnetic field strengths is required before a definite
RPM based mechanism can be proposed. Investigation of the influence of different
biochemical factors, particularly other Clll inhibitors such as myxothiazol (Myxo) and
stigmatellin (Stig) should shed further light on the effect’s mechanism and its specific
locus of action. The acquisition and analysis of such data should be the focus of

future studies on the subject.

As a final note, it is worth mentioning that RPM based magnetic field effects

have in fact been reported for the horseradish peroxidase (HRP) enzyme that we
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have used for our enzyme coupled fluorescence measurements (amplex red assay)
[34, 124]. Nevertheless, these effects have since been shown to be non-existent and
in actuality, the result of errors made during fitting of the data [125]. This has been
acknowledged by the authors of the original studies. Thus, we consider our effects to
be independent of the HRP measurement system used. This is further emphasised by

the fact that a distinct effect was seen for antimycin A which targets Clll and not HRP.

In conclusion, it was found that a moderate, 148 + 37 mT (inhomogenous)
static magnetic field reduces, by 17%, mitochondrial superoxide production due to
antimycin A treatment. This effect was only seen under toxic, high oxidative stress
conditions, thus there is unlikely to be major implications for superoxide signalling,
but the effect may offer some protection against oxidative damage caused by stroke
and neurodegenerative diseases such as Parkinson’s. The most likely explanation for
the effect is a radical pair mechanism, but further investigation of its field strength
dependence is necessary in order to give further insight into the mechanism involved
as well as indicating whether the effect could be increased to a magnitude sufficient
to provide any real clinical benefit as an anti-oxidant. Effects on untreated and
rotenone treated mitochondria should also be investigated over a wider, more
precise range of fields. This could result in some of the observed trends toward a
magnetic field effect to rise above the errors and become significant. Methods of
applying strong homogenous fields (up to >1T), while measuring radical production in

multiple samples, would be of great benefit to any such future investigations.
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3 Examination of the magnetic isotope effect in creatine kinase

catalysed ATP formation

3.1 Introduction

The influence of magnetic fields on chemical reactions that proceed via the radical
pair mechanism is well established, yet there are few biological examples [24, 26,
38]. Perhaps the most interesting example is found in a series of papers published
over the past seven years by Buchachenko and Kouznetsov (B & K) with various co-
workers [8, 16, 20, 21, 32, 126-130] who show that the production of ATP is very
sensitive to the nuclear spin of the magnesium isotope that is involved in the
phosphorylation reaction. The results were summarized in a sentence [131], ‘It is
universally observable that enzymes with the magnetic-isotopic nucleus of
magnesium produce two to three times more ATP than the same enzymes with
nonmagnetic nuclei under the same conditions’. We wished to test this striking

observation.

Magnesium has three stable isotopes: Only 25Mg (10% natural abundance)
has a nuclear spin, | = 5/2. The nuclei of the other two, **Mg and **Mg have no spin, |
= 0. B & K show huge increases (2-3 fold) in the rate of ATP production from ADP
with a variety of enzymes. These are mitochondrial ATP synthase [16, 32, 130]
phosphoglycerate kinase [20, 21, 128], pyruvate kinase [8] and creatine kinase [8, 21,

128, 129]. The effects increased linearly with the amount of Mg in the isotopic
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mixture [8, 126]. Furthermore, B & K demonstrate a large influence of magnetic field
on ATP production (~ 50% further increase at 50 mT) when the magnetic isotope of

magnesium was used [8, 21].

To explain this magnetic isotope effect (MIE), B & K propose a new radical
pair mechanism involving Mg" in the enzymatic synthesis of ATP [8, 20, 127, 132]
(see Figure 3.1). According to the proposed mechanism the magnetic isotope exerts
an influence since the radical ion pair (Mg"™ and ADP”) initially exists in the singlet
state but evolution to the triplet state can be increased by hyperfine coupling of the
unpaired electron’s spin to that of the magnetic nucleus. Recombination of the
radical pair to reform the reactants can occur in the singlet state while it is forbidden
by Pauli exclusion for the triplet state. All this means that increasing the %
abundance of a magnetic nucleus (25Mg) increases the triplet population via
hyperfine coupling which in turn, leads to increased product (ATP) formation as the

reaction can only go forward and not backward from this state.

Magnesium ions are well known to catalyze the reactions of adenosine
triphosphate (ATP) producing enzymes (3.1) by altering the conformation and

energies of reactants at the active site of the enzyme [133, 134].

E ,M 2+
APP 4P — T amp (3:)

This altered conformation promotes nucleophilic attack by the adenosine
diphosphate (ADP) oxygen on the phosphorous of the phosphate (P). Depending on

the enzyme in question, this P can be part of a phosphate donating compound like
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phosphocreatine or simply take the form of an isolated (inorganic) phosphate
molecule. According to B&K, at Mg concentrations greater than 50 times normal
intracellular Mg concentrations [132], the reaction mechanism changes to one
involving an ion radical pair. This new reaction mechanism, proposed by B&K, is
shown below (Figure 3.1) for mitochondrial ATP synthase (Complex V). This same
mechanism is also proposed for all other such enzymes exhibiting an MIE i.e.
phosphoglycerate kinase, pyruvate kinase and creatine kinase. B&K find that the MIE

does not operate on the reverse reaction involving energy release by ATP hydrolysis

[8].
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Figure 3.1: Mechanism of ATP synthase catalysed phosphorylation of ADP proposed by Buchachenko et al. [127].
The reaction involves the formation of a radical pair that can exist in both singlet and triplet states. Inter-
conversion between these states is influenced by magnetic fields. Increased triplet formation leads to increased
product (ATP) formation as the back reaction k.4 is spin-forbidden from this state. Taken from Buchachenko et al.,
2007, Chemical Physics Letters, [127].
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In the first step of the proposed mechanism we see that an electron is transferred
from an O of the ADP molecule (AMP-P; P = phosphate) to a Mg®* ion to form an ion
radical pair in the S state. This S radical pair can recombine to form the reactants (k .
1) or progress with the forward reaction (k) thus forming ATP and reforming the
catalytic radical ion. The unusually strong coupling (a = 21 mT) of a magnetic Mg
nucleus promotes spin evolution from S to T, thus opening a new channel for the
forward reaction only since recombination can’t occur. In this way the rate of ATP
production is increased in the presence of purely Mg ions compared to natural
abundance Mg ions (79 % **Mg : 10 % Mg : 11 % *°Mg). Of its 3 isotopes only 25Mg
(I = 5/2) has a magnetic moment. Phosphorous occurs only as >'P and so it is also
magnetic (I = 1/2, a = 3 mT), but effects here are dominated by the much stronger

magnetic field of the Mg atom.

From a model of the above reaction [127] it was found that the increased ATP
rates due to this MIE would be further increased by 50 % by applying an external
field of 50 mT. The rate constants k _; and k are not known at present, but by using 3
sets of values that fit with the experimental findings, the model was used to predict
overall reaction (ATP production) rates in the presence of a range of magnetic fields

(Figure 3.2).
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Figure 3.2: Magnetic field dependence of the rate of ATP production in presence of 25Mg (MIE) relative to that in
zero field (left). The parameter values for the intrinsic rate constants for the backward and forward electron
transfer {k-1,k} are: red line (=) {10, 0.1} ns-1, green dashed iine {100, 0.01} ns-1, black-dashed line: {1000, 0.01}
ns-1. ATP production increases with field up to ~ 50 mT and levels off. Dependence over a much wider range of
magnetic field values are shown on the right, where it can be seen that high field strengths cause ATP production
to diminish towards zero field values and lower. Taken from Buchachenko et al., 2007, Chemical Physics Letters,
[127].

From Figure 3.2 we can see that, at field strengths much higher than 50 mT, this
magnetically induced rate increase diminishes and for one of the k ; and k parameter
sets (10, 0.1) the MIE is even inhibited by about 15 %. Inhibition of ATP production by
about 8% under isotopically non-enriched conditions (natural Mg ions) was also
predicted when fields of up to 100 mT were applied. These predicted magnetic field
effects (MFE) were examined experimentally by B&K in another ATP producing
enzyme, creatine kinase (CK) [21]. They tested fields from 0 to 80 mT and found that
a 50 mT field augmented the MIE by ~50 % as predicted, although at higher fields (80

mT) the ATP yield increases even further rather than plateauing like the model.
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Figure 3.3: The yields of ATP produced by creatine kinase (from V. Xanthia) with 25Mg2+ (black points) and
2"'stgz* ions (open circles), respectively, as a function of magnetic field. Taken from Buchachenko et al., JACS,
2008 [21].

In this study we have attempted to reproduce this magnesium magnetic

isotope effect in creatine kinase. The reaction under examination is as follows:

Creatine Kinase, Mg?*

ADP + Phosphocreatine > ATP + Creatine (3.2)

The production and hydrolysis of ATP are critical for metabolic processes in
living organisms. Creatine kinase and ATP synthase are for the key enzymes involved
in ATP production and regulation [133, 135] and the ability to modify their reactions
via magnetic isotopes or magnetic fields would have significant implications for
health. Of particular interest would be the treatment of ischemic conditions such as
stroke and heart disease, where reduced oxygen supply to the affected tissue leads

to a severe reduction in the cell’s ability to produce ATP. Indeed B&K have been
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involved in developing an ischemic therapy using a porphyrin adduct of Cg to deliver
Mg”* ions to affected heart tissue. 80% decreases in ischemic damage have been
reported in pre-clinical trials on mammalian heart muscie [33, 35, 136]. There are
also potential ramifications if ATP production can be influenced by modest magnetic

fields.

We are unaware of any independent corroboration of B & K’s work since the
publication of their first results in 2004. The claims are well suited for independent
investigation because the effects are large, they appear to be general since they have
been reported for a variety of enzymes and they have potentially wide significance.
Here we have chosen to work with creatine kinase (CK), because it is a readily
available enzyme which is reported to show a large effect — a 2 fold increase in the
production of ATP when highly enriched Mg is used instead of natural Mg (denoted

as Mg).
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3.2 Methods and materials

The experimental work covered in this chapter was carried out in co-operation with

Soumya Poddar (summer internship with Prof. Coey).

3.2.1 Chemicals

Isotopically enriched magnesium oxide (*MgO) was purchased from Isoflex (CA,
USA). The luciferase based ATP determination kit (0.5 mM D-luciferin, 1.25 pg/mL
firefly luciferase, 25 mM Tricine buffer, pH 7.8, 5 mM MgS0O,, 100 uM EDTA and 1
mM DTT ATP) was purchased from Invitrogen (cat # A22066, OR, USA). All other
chemicals, including enzymes and MgO, were purchased from Sigma-Aldrich (MO,
USA). Creatine kinase MM type | was from rabbit muscle and MM type Ill was from
bovine heart. All water was purified using a Barnstead Nanopure (Thermo Scientific,

MA, USA).

3.2.2 Preparation of Magnesium chloride

Enriched and non-enriched magnesium chloride salts (**MgCl, and MgCl,) were
prepared by adding five times excess (0.1 ml/mg) concentrated molecular biology
grade HCI to enriched and non-enriched MgO powders respectively. Both samples

were then sonicated for 30 min to aid dissolution. Next, the acid was evaporated off
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at 60°C to make MgCl, and »MgCl, salts. The resulting salt was washed 4 times with
0.5 ml of ultra-pure water i.e. water was added to the salt and then evaporated at
60-80°C. Inductively coupled plasma-mass spectroscopy (ICP-MS) was done to
determine Mg concentrations in each sample and to verify their expected natural
and enriched isotopic distributions (Table 3.1). It also allowed us to look at the
concentrations of other potentially interfering trace metals (Table 7.1 of appendix).
The concentrated MgCl, solutions, which were initially prepared by the
aforementioned method, needed to be diluted 1:100,000 for ICP-MS. This put all
trace metals but zinc below the detection limit of 1 pg/l (ppb) and zinc was just
above this at 1.17 pg/l. Therefore, no contaminating metals were present in the
concentrated solutions at levels higher than 117 pg/l (ppm) or 0.3 % of total mass of
metal and that none were higher than 1.17 pg/l in the buffer used for the enzyme
reactions. Magnesium levels were found to be 334 pg/l and 375 pg/l in the MgCl,
and 25MgCIz solutions respectively. This implies that the levels of other metals were
always at least 300 times lower than those of magnesium. *MgCl, and MgCl,
concentrations were then equalised by dilution before being used in the creatine

kinase reaction.

Non-
Isotope | enriched | Non-enriched (measured) | Enriched
(Known)
“Mg 79 % 78.12 % 1.5324 %
Mg 10 % 9% 97.7%
**Mg 11% 12% 0.8 %

Table 3.1: Isotopic distributions in enriched and non-enriched (natural) MgCl, solutions used for the creatine
kinase experiments. Values were determined by inductively coupled plasma mass spectrometry (ICP-MS).
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3.2.3 Creatine kinase reaction

The creatine kinase (CK) reaction was carried out in HEPES buffer, at room
temperature at pH 6 in a 96 well plate (reaction plate) using quadruplicates for each
reaction condition. The reagent concentrations and other reaction conditions used
for the experiments can be seen in Table 3.2. For the sake of comparison this table
also shows those conditions used by B&K, as reported in JACS, 2008 [21]. The
reaction mixture minus the enzyme (10 mM HEPES, 8 mM ADP [K,, x10], 50 mM
phosphocreatine [K;, x 10], 15 uM BSA [0.1% w/v], 14 mM MgCl, or 25MgCIz) was
made up first and then 90 ul was added to the appropriate wells of the plate. Water
was added to 2 sets of quadruplicate wells (8 in total) to give the blank/background
ATP levels. One set contained the react<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>