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ABSTRACT

Hypothetical mechanisms by which magnetic fields may influence nerve
function were investigated. The motivation for this interdisciplinary research was
to devise a non-invasive method by which an anaesthetic effect may be
produced, without the use of drugs or injections. If achievable, such a method
would eliminate the risks to patient welfare posed by traditional anaesthetic

drugs and could minimise the cost of surgery.

Two hypothetical methods of non-invasive anaesthesia were evaluated, each
Intended to prevent the propagation of action potentials along nerve fibres. The
first method attempted to hyperpolarise a nerve with the use of a rotating
magnetic field. The second method hypothesised that the rate of diffusion of
sodium ions during the depolarisation of a nerve fibre could be reduced by a
magnetic field aligned with the axis of the nerve. These methods were analysed
by computer simulation of the electrical properties of a nerve fibre, in vivo
experimentation and by experiments with ion exchange membranes, using
applied magnetic fields in the range of 0.1-0.4 tesla. Both hypothetical

techniques of non-invasive anaesthesia were concluded to be unfeasible.

A further benefit of this research is to clarify some of the potential risks to

human health that may be caused by exposure to static magnetic fields.
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1.  INTRODUCTION

Electrical phenomena occur within all animals and are vital in sustaining life. For
example, muscle action is completely dependent upon electrical effects and in
the absence of these electrical phenomena the circulation of blood, occurring
due to the electrically mediated contraction of the muscle fibres of the heart,
would be impossible. One particularly interesting aspect of the electrical activity
within animals is the transmission of electrical signals through the nervous
system as a means of communication, decision making and memory. The
nervous system serves an important role in integrating the functions of
disparate organs of the body and life would cease without its vital controlling
influence. Despite the precision and efficiency of these electrical activities,
evolution has provided animals with an amazing level of ‘fault tolerance’
allowing normal bodily function to occur despite the wide variety of electrical

and magnetic fields which are encountered in everyday life.

The aim of this research is to investigate the electrical characteristics of the
nervous system, with a view to understanding the possible physiological effects
of magnetic fields. The catalyst for this research was a surgeon’s desire to
develop a method by which to achieve anaesthesia without the need for drugs.
Traditional anaesthetic agents present a significant risk to the welfare of
patients, therefore there is a clinical need to develop an alternative to these
drugs. ‘Non-invasive anaesthesia’ is a term used to describe techniques that

produce an anaesthetic effect without the use of drugs or injections.
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Two hypothetical methods of non-invasive anaesthesia were evaluated as part
of this research, both involving the use of an applied magnetic field to disrupt
the normal function of the nervous system. Devising a method to achieve non-
invasive anaesthesia is an ambitious goal. However, this research also has far
wider implications. The possible risks to human health associated with exposure
to magnetic fields and electromagnetic radiation is a topic which has recently

attracted much public concern. Therefore, the greater understanding of the

physiological effects of magnetic fields which has resulted from the study of
hypothetical non-invasive anaesthesia techniques can also be viewed as a

contribution to mankind’'s knowledge of the health implications of exposure to

magnetic fields.

The inherently interdisciplinary nature of this research has necessitated co-
operation between many disparate academic disciplines: engineering, medicine,
biology, physics and chemistry. Furthermore, the commercial potential of non-
invasive anaesthesia has resulted in collaboration between academia and
partners in the healthcare industry. However, this research has been
approached from the perspective of an electronic engineer, with emphasis given
to the quantitative appraisal of the effects of the magnetic field. It is envisaged
that this thesis will provide a valuable contribution to a research field of much

topical interest.
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1.1. Physiology of Neurons

Despite the interdisciplinary topic of research, this thesis is considered as
research within the field of electronic engineering. It is therefore necessary to
familiarise the reader with the anatomical structure of the nervous system and
the physiological processes that determine nerve function. This is not an
exhaustive treatment of neurobiology, but is merely intended to provide a
concise introduction to the biological concepts which are frequently referred to
throughout this research. It is also hoped that this introduction will help to
describe the context of the small area of neuroscience considered in this
research within the much larger biological framework. For a more thorough

treatment of the biological foundations of this work, the reader is referred to

references [1, 2, 3].
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1.1.1. Basic Anatomy of Neurons

Neurons, commonly known as nerve cells, are the means of information
processing and an important medium of communication within all animalis.
Neurons can be classified as either components of the central nervous system
(CNS) or of the peripheral nervous system. The CNS consists of all neurons
within the brain and spinal cord, whereas the peripheral nervous system
iIncludes all neurons external to the central nervous system [1]. Neurons can be
further described as afferent, efferent or interneurons. Afferent neurons transmit
information from receptor cells, for example the receptors for temperature and
pressure In the skin, into the CNS. Efferent neurons carry signals out of the
CNS to effector cells such as muscles or glands. Interneurons, the most

abundant type of nerve cell, exist within the central nervous system to connect

afferent and efferent neurons.

A typical neuron consists of two main sections, the cell body and the axon, as
shown in Figure 1.1. A large number of outgrowths from the cell body known as
dendrites serve as locations where inputs from other neurons are received and

processed. It should be noted that afferent neurons do not possess dendrites.
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Cell Body Axon

—

e

Dendrite
Axon Terminal

Figure 1.1  Structure of a typical neuron

The axon, or nerve fibre, is a much longer outgrowth from the cell body. Nerve
fibres can be hundreds of millimetres in length, thus allowing the transfer of
information over long distances within the body. Axons have an essentially
cylindrical shape with a diameter in the range of 0.3-20 um [4]. Many axons are
partially covered by an insulating layer of myelin (Figure 1.2). The myelin sheath
is formed when neighbouring cells wrap several times around the axon to create
a layer of electrical insulation. The myelin layer is not uniform along the length
of the axon and gaps in the insulating layer known as nodes of Ranvier occur at
frequent intervals. The myelinated regions of the axon between nodes of
Ranvier are known as internodes. The significance of myelin will be discussed
in Section 1.1.3. A nerve is the collective name given to a group of nerve fibres

and it is important to note the distinction between the terms ‘nerve’, ‘nerve fibre’

and neuron’.
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Figure 1.2 Schematic diagram of a myelinated axon

Axon terminals are a series of relatively short outgrowths at the end of the axon
which are capable of releasing chemicals known as neurotransmitters. The
axon terminals interface with the dendrites of other neurons via junctions known
as synapses. A small gap, the synaptic cleft, exists between the axon terminal
of one cell and the dendrite of another. Communication between neurons is
achieved by the release of neurotransmitter into the synaptic cleft. A large
number of neurons interconnected via synapses can be described as neural

networks, which are the means of decision making and memory utilised by

animails.

Like all animal cells, the nerve cell is enclosed by a cell membrane. This
membrane separates the contents of the cell, particularly the intracellular fluid,

from the extracellular fluid which surrounds the cell. The cell membrane acts as
a selectively permeable barrier which regulates the internal composition of the
cell, allowing the intracellular fluid to maintain a different composition to the

extracellular fluid. This very important membrane property can be explained by
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reference to the fluid-mosaic model of membrane structure shown in Figure 1.3

[1].
lon Channel
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lon Channel (cross-section)

Figure 1.3 Fluid-mosaic model of membrane structure

The major part of the membrane’s surface area is provided by a double layer
(bilayer) of lipid molecules. An important property of all lipids is their insolubility
in ‘polar’ solvents, such as water, whose molecules have no net charge but do
have an uneven charge distribution. Similarly, polar molecules are insoluble In
lipids as are ions, which are atoms or molecules with a net charge due to a
surplus or deficit of electrons. However, nonpolar molecules are soluble In
lipids. The intracellular and extracellular fluids contain a wide variety of solutes
iIncluding: nonpolar molecules such as oxygen and carbon dioxide; polar
molecules such as glucose; the ions of sodium, potassium and chlorine [1]. The

nonpolar molecules, due to their solubility in the lipid membrane, can easily

pass between the intracellular fluid and the extracellular fluid. Polar molecules
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and ions are insoluble in the membrane and thus the membrane retains these

solutes on one side of the membrane.

Despite their insolubility in the cell membrane, ions can traverse the membrane
by passing through ion channels. lon channels are formed by protein molecules
which span the membrane to form a small aperture through which ions can
pass. lon channels often exhibit a high degree of specificity and only conduct
one preferred species of ion. This specificity results from the diameter of the ion
channel and from the electric charge on the proteins which form the channel.
For example, sodium-specific channels are too small to allow the passage of

larger ions whereas chloride channels repel all positively charged ions.

Some ion channels may exist in either an ‘open’ or ‘closed’ state, with this so-
called channel gating occurring via changes to the shape of the channel
proteins. In the closed state, the ion channel becomes impermeable to the
passage of ions. Several factors can affect the gating of an ion channel. For
example, the permeability of a voltage-gated channel is determined by the
potential difference across the membrane. Application of a potential difference
across a voltage-gated channel exerts a force on charged groups within the ion
channel protein, causing the shape of the channel to distort and block the

passage of ions.
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1.1.2. Resting Potential of Neurons

It has been stated that the properties of the cell membrane allow the cell to
maintain different intracellular and extracellular fluid compositions. Several ions
are present in these fluids, including sodium (Na®), potassium (K"), calcium
(Ca**), magnesium (Mg?*), chloride (CI) and bicarbonate (HCOjz). Sodium,
potassium and chloride are the most abundant ions and typical concentrations

of these ions are presented in Table 1.1 [2, J].

| Intracellular Concentration | Extracellular Concentration
(MmM) (mM)
Potassium ion (K") 141.0 4.2
| Sodium ion (Na*) | 10.0 | 142.0
Chioride ion (CI') 4.3 | 103.0
Table 1.1 Intracellular and extracellular ion concentrations

It can be seen that the intracellular fluid contains a relative surplus of potassium
ions and a relative deficit of chloride and sodium ions with respect to the
extracellular fluid. A potential difference exists across the membrane as a result
of this separation of ions. To explain this concept, first consider a situation In
which the cell membrane is only permeable to potassium ions. Since there is an

unequal concentration of potassium ions across the membrane, the potassium
ions will diffuse down their concentration gradient, leaving the cell via ion
channels in the cell membrane. However, this movement of ions creates a

potential difference due to the separation of charge and leaves the intracellular
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region with a slight negative charge. This potential difference attracts the

positively charged potassium ions back into the cell.

This process of potassium ions leaving the cell due to a concentration gradient
and entering the cell due to a potential difference occurs until a point is reached
at which there is no net flow of ions across the membrane. The potential
difference across the cell membrane when there is no potassium ion flux is
known as the equilibrium potential (or Nernst potential) for potassium ions. The
Nernst equation can be used to calculate the equilibrium potential, Veq, for a

particular ion of valence z with intracellular and extracellular concentrations of

[C]; and [C], respectively, at temperature T [1]:

V,, = all In [C], (1.1)
TozF [C],

Using the concentrations in Table 1.1, the equilibrium potential for potassium
ions at body temperature (37°C) is -93.9 mV. A negative equilibrium potential
signifies that the intracellular region is negative with respect to the extracellular
fluid, which is assumed to be at zero potential. The same reasoning can be
applied to sodium ions by assuming a membrane permeable only to sodium, for
which the equilibrium potential can be calculated as +70.9 mV. A positive

equilibrium potential signifies that the intracellular region is positive with respect

to the extracellular region.

The membrane of a neuron is permeable to both sodium and potassium ions

but with a much greater permeability to potassium ions than to sodium ions.
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Therefore, potassium ions have a greater influence on the membrane potential
than sodium ions. Hence the resting potential of the membrane, the potential at
which there is no net movement of ions across the membrane, has a similar
value to the potassium equilibrium potential. The exact value of the cell’s resting

potential can be calculated with the Goldman equation [1]:

, _RT P [KI, + Py, -[Na],
r F Pk'[K]i+PNa'[Na]f

(1.2)

Using the concentrations above, a sodium permeability constant (Pys) of 1.78 X
10° cm s and a potassium permeability constant (Px) of 148 x 10° cms™ [5,
6], the resting potential Is calculated as -84.8 mV. Since this resting potential is
not at the equilibrium potential for either sodium or potassium ions, a net efflux
of potassium ions and a net influx of sodium ions would be expected due to the
concentration gradient across the cell, causing the membrane potential to decay
towards zero. This situation is prevented by ion pumps (Na,K-ATPase pumps)
which maintain the concentration gradients by actively transporting potassium
lons into the cell whilst transporting sodium ions out of the neuron. Hence the

concentration gradients and the resulting membrane potential can be

maintained indefinitely.

Table 1.1 shows that there is a significant concentration of chloride ions in the
extracellular fluid. In fact, these chloride ions have no effect on the resting
potential of the neuron. This is because neurons have no chloride pumps and
so the chloride concentration gradient is free to adjust until the equilibrium

potential for chloride ions is equal to the neuron’s resting potential. Since the
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majority of chloride ions are in the extracellular fluid this suggests that they are
not responsible for the neuron’s net negative charge. The negative charge Is
largely created by a high intracellular concentration of negatively charged

molecules such as proteins, which are unable to cross the membrane and thus

create an intracellular surplus of negative charge.
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1.1.3. Electrical Properties of Neurons

Certain factors can influence the potential difference between the intracellular
and extracellular regions of the nerve cell and this property of neurons is utilised
whenever a neuron transmits information. Long range communication Is
achieved by a voltage pulse, known as an action potential, which is transmitted

along the axon.

Figure 1.4 shows the variations in membrane potential that occur during a
typical action potential. Initially the membrane is at rest and the membrane
potential is equal to the neuron’s resting potential of approximately -85 mV.
Since there is a potential difference and a separation of charge across the
membrane, the membrane is described as polarised. At approximately 0.2
milliseconds, the membrane potential rapidly increases towards zero. The
degree of charge separation across the membrane decreases, therefore this
process is called depolarisation. For large nerve fibres, overshoot occurs and
membrane potential becomes greater than zero due to a net intracellular
surplus of positive charge. The phenomenon of overshoot does not occur in
smaller neurons. At around 0.3 milliseconds, the membrane begins to repolarise
and the membrane potential decreases towards its initial resting potential. The

process of repolarisation is slower than depolarisation and the entire duration of

the action potential is generally a few tenths of a millisecond.
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Action potentials result from rapid changes to the ionic permeabilities of the cell

membrane. Membranes which are capable of generating action potentials are
said to be excitable. Two varieties of voltage-gated ion channels are involved,
voltage-gated sodium channels and voltage-gated potassium channels. When
the membrane is at rest, both types of voltage-gated channel are in the ‘closed’
state and are impermeable to sodium and potassium ions. In addition to the
voltage-gated channels, leakage channels are present which exist permanently
in the ‘open’ state and are insensitive to voltage changes. Three components

are involved In the generation of an action potential (Figure 1.5):

1. Sodium current, iy, — A sufficiently large depolarisation of the membrane will
cause the activation or opening of voltage-gated sodium channels. Activation of
sodium channels increases the membrane’s permeability to sodium ions,
allowing extracellular sodium ions to diffuse down their concentration gradient
iInto the neuron. This influx of positive charge reduces the potential difference
across the nerve cell membrane, which results in further activation of voltage-
gated sodium channels and an increased influx of sodium ions. This positive

feedback cycle is summarised in Figure 1.6.
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Figure 1.6 Positive feedback cycle for sodium ton permeability

The feedback cycle causes a rapid flow of sodium ions into the membrane
which is represented by the sodium current, ina, plot in Figure 1.5. ina IS given a
negative magnitude because the flow of current (and hence positive ions) out of
the membrane is considered to be the positive direction. Depolarisation of the
membrane due to the influx of sodium ions continues until a membrane
potential is reached at which the voltage-gated sodium channels begin to close
and become deactivated. Deactivation of the sodium channels causes the
membrane’s permeability to sodium ions to decrease rapidly, which can be
seen from the rapid decay of ino. The net effect of the activation and
deactivation of sodium channels is to significantly depolarise the membrane, or

even cause the overshoot seen in Figure 1.4.

2. Potassium current, ix — Depolarisation of the cell membrane also causes
activation of voltage-gated potassium channels. Activation of potassium
channels increases the permeability of the membrane to potassium ions,

allowing potassium ions to diffuse out of the cell. This efflux of potassium ions,
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represented by the potassium current, ik, in Figure 1.5 opposes the sodium
current and serves to repolarise the cell. However, activation of potassium
channels takes significantly more time than the activation of sodium channels,
which can be seen by the relative timing of the peaks of ix and iy, in Figure 1.4.
The slight delay in the onset of potassium channel activation allows the sodium
current to achieve depolarisation of the membrane before the repolarisation

process begins.

In non-mammalian nerve fibres the action potential can be almost entirely
accounted for by sodium and potassium currents through voltage-gated
channels, as demonstrated for squid axons by Hodgkin and Huxley [7] and for
frog axons by Frankenhaeuser and Huxley [8]. Horackova et al. [9] observed
during experiments on rat axons that the potassium current is relatively
insignificant in mammalian nerve fibres. Chiu et al. [10] (and later Schwarz and
Eikhof [6]) accounted for the lack of voltage-gated potassium channels and the
reduced potassium current iIn mammalian axons by demonstrating the

importance of a third transmembrane current component, the leakage current:

3. Leakage current, i; — As previously mentioned, leakage channels exist which
are not voltage-gated and have a fixed conductivity. When the membrane is at
rest, there is no net flow of current through the leakage channels. However,
when the membrane is depolarised by an action potential, there is a net flow of
positive charge into the neuron through leakage channels. This leakage current,
represented by i, in Figure 1.5, flows as a result of the membrane’s deviation

from resting potential. Since the leakage current is produced by the change in
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membrane potential, the shape of the iy plot is similar to the shape of the action
potential. Leakage channels are described as unspecific since they are
permeable to a variety of ion species. In mammalian nerve fibres, the leakage
current is significantly greater than the potassium current and is therefore

mostly responsible for repolarisation of the neuron.

An action potential may be initiated in many ways. Synaptic input to the neuron
via the dendrites, or the action of receptor cells on afferent neurons may cause
sufficient depolarisation of the axon to elicit an action potential. Alternatively,
electrodes placed within the neuron or extracellular fluid can be used to produce
an action potential. In order to successfully initiate an action potential, the
membrane must be depolarised to a threshold voltage. Any stimulus which does
not generate an action potential is described as sub-threshold whereas stimuli

with magnitudes greater than threshold are described as supra-threshold.

The duration of the depolarising stimulus is an important factor in determining
whether threshold is achieved or not [3]). Threshold depolarisation of the nerve
fibre may be achieved by intense stimuli of short duration, or by weaker stimuli
of longer duration. However, some stimuli may have insufficient strength to
initiate an action potential, even when applied for an infinite duration. The

inverse relationship between the magnitude and duration of threshold stimuli is

llustrated in the strength-duration curve of Figure 1.7.

36



-1200

<
=
c
5 .00
-
O
N
-
> -600
=
N
L™,
S -400 -
L
)
QL
=

-200 -

O I e [ L T S e e e e T LS O
0 0.05 0.1 0.15 0.2 0.25

Stimulus Duration (ms)

Figure 1.7  Strength-duration curve

In order to achieve long range communication via a nerve fibre, it is necessary
for the action potential to propagate along the axon. The intraceliular and
extracellular fluids are electrolytes which act as reasonable conductors of

electricity with resistivities of the order of 1 QO m [5]. Their ability to conduct

electricity arises from the presence of free ions In an aqueous solution, which
act as the charge carriers when a voltage is applied. When an area of the

membrane depolarises whilst generating an action potential, the potential

difference between the depolarised area and adjacent regions of resting
membrane causes current to flow through the intracellular fluid of the axon (the
axoplasm). This localised current flow causes the depolarisation of adjacent
regions of resting membrane, which will generate an action potential if

depolarised to threshold. Therefore, the action potential propagates via the

spread of depolarisation along the length of the axon.
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An unmyelinated axon is excitable along its entire length and all regions of an
unmyelinated fibre generate the propagating action potential. For a myelinated
axon, the insulating myelin layer prevents the flow of ions across the
membrane. Therefore, the unmyelinated nodes of Ranvier are the only regions
of a myelinated axon to generate an action potential during propagation. This
method of propagation, saltatory conduction, serves to increase the speed of

propagation of action potentials since the presence of myelin prevents the flow

of ions across the membrane and thus minimises charge loss from the axon.
This allows a larger current to flow along the length of the axon which facilitates
depolarisation at the node of Ranvier and permits the spread of depolarisation
along the fibre to proceed at a greater speed. Additionally, since there is a
reduced flow of ions across the cell membrane, less metabolic energy Is
expended by the sodium-potassium pumps in restoring and maintaining ionic
concentration gradients. Conduction velocities for unmyelinated fibres are

typically around 1 m s and of the order of 10 m s™' for myelinated axons [2, 3].

Following the generation of an action potential, the neuron experiences a period
of reduced excitability known as the refractory period. The refractory period can
be divided into two consecutive time intervals, known as the absolute and
relative refractory periods. During the absolute refractory period, the neuron is

unable to generate an action potential even when a large stimulus is applied.
The absolute refractory period arises because voltage-gated sodium channels
remain in an inactivated state for a short time after the membrane has returned
to its resting potential, preventing the influx of sodium required to initiate an

action potential. Typically around 0.4 ms [2], the absolute refractory period
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places a fundamental limit upon the maximum rate of action potential

generation. The relative refractory period follows the absolute refractory period
and is the period of time during which an increased stimulus strength Is required
to generate an action potential. The relative refractory period occurs because
some sodium channels are still inactivated whilst the potassium channels
remain activated following repolarisation, thus impeding the net influx of positive
charge required to cause threshold depolarisation. The duration of the relative

refractory period is approximately four times that of the absolute refractory

period [11, cited in 5].

The peak depolarisation achieved during an action potential is determined
solely by ionic concentrations and the kinetics of membrane ion channels. The
magnitude of all action potentials in any given nerve fibre is constant,
regardless of the magnitudes of the stimuli which created them. This concept Is
known as the all-or-nothing principle. Therefore, the nerve is unable to
communicate information regarding the magnitude of a stimulus through
variations in the magnitude of the resulting action potential. Instead, stimulus
strength is encoded by the frequency of a series of action potentials. If a supra-
threshold depolarising stimulus is maintained following the generation of an
action potential, further action potentials will be generated until the stimulus Is

removed. Since large stimuli can generate these repeated action potentials
earlier in the relative refractory period than smaller stimuli, the interval between
action potentials will be shorter for large stimuli than for small stimuli. Hence,
large stimuli are represented by a high frequency series of action potentials,

while smaller stimuli are represented by a lower frequency sequence of action

39



notentials. The number of action potentials generated is determined by both the

magnitude and the duration of the depolarising stimulus.

40



1.2. Anaesthesia

Anaesthesia is a reversible state of reduced perception, in particular the
perception of painful stimuli. Anaesthesia is induced by the administration of
drugs and is commonly used to prevent physical discomfort to patients during
surgical procedures. There are two classes of anaesthetic drugs, local

anaesthetics and general anaesthetics, which differ in their effects and method

of action.

Local anaesthetics act by preventing the propagation of action potentials in the
peripheral nervous system [12, 13, 14]. Topical local anaesthetics are
administered by application to areas on the surface of the body, such as the
skin or mucous membranes. More commonly, a local anaesthetic drug iIs
injected into the body in the vicinity of the target nerve, from where it diffuses
into individual nerve fibres. Once inside the nerve fibre, the anaesthetic agent
blocks sodium channels, either by binding with receptors in the channel or by
physically blocking the pore. By blocking sodium channels, the influx of sodium
ions necessary to depolarise the nerve fibre is prevented and the nerve fibre is
unable to conduct action potentials. If the local anaesthetic drug acts upon a
sensory nerve, the nerve is unable to communicate information to the brain

which results in a reduced perception of stimuli.

In contrast, general anaesthetic drugs act upon the central nervous system [14].
General anaesthetics prevent the perception of stimuli by depressing brain

function and inducing unconsciousness in the patient. However, the precise
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method of action of general anaesthetic agents is not fully understood. General
anaesthetic drugs may be administered via an intravenous injection or may be

iInhaled in a gaseous form.

Anaesthetic drugs have traditionally presented a significant risk to patients, with
children and the elderly being most at risk from the undesirable side-effects of
these drugs [14, 15]. General and local anaesthetics both carry the risk of
inducing allergic reactions in patients. The administration of an injected local
anaesthetic is often uncomfortable and large doses may cause injury. Local
anaesthetic drugs also diffuse into the central nervous system, where they may
cause undesirable side-effects including drowsiness, convulsions or
cardiovascular effects. General anaesthetics are potentially hazardous since
they depress brain function and can prevent important protective reflex actions.
Depression of respiratory function and cardiac dysrhythmia are possible side-
effects of some general anaesthetic drugs. Additionally, it takes considerable
time for patients to recover from the effects of general anaesthesia and its use

is often precluded in patients who are intoxicated, are taking other medicines or

have recently eaten.

Due to the shortcomings and dangers of traditional anaesthetics, it is desirable

to discover a non-invasive method of inducing anaesthesia in patients without

the need for drugs. An ideal non-invasive anaesthetic technique would be safer

than anaesthetic drugs and could be operated by unskilled staff. In contrast to
anaesthetic drugs, an ideal method of non-invasive anaesthesia would provide

an Instant effect and have a short recovery time. By removing the need for a
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skilled anaesthetist and minimising the time taken for patients to recover from

the effects of anaesthesia, non-invasive anaesthesia could minimise the cost of

minor surgery.
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1.3. The Effects of Magnetic Fields on Biological Systems

The possible harmful effects on human health caused by exposure to
electromagnetic fields is a topic which has recently been the subject of much
media attention and public concern. Low frequency electric and magnetic fields,
particularly those produced by power transmission lines, and radio frequency
electromagnetic radiation, as generated by mobile telecommunications devices,
have all been subject to scrutiny. There is a growing body of evidence which
suggests that electromagnetic fields may have a diverse range of effects upon
biological organisms, including an increased likelihood of cancer, neurological
effects, and abnormal growth rate. This evidence is summarised in the review
article by Azanza and del Moral [16] and in the EMF Working Group Report
published by the National Institute of Environmental Health Sciences (part of the

United States National Institutes of Health) [17].

The research in this thesis is focused upon the effects of magnetic fields on
nerve function. Previous studies of the influence of magnetic fields on nerve
function can be broadly divided into two categories: those that study the effects

of static magnetic fields and studies of the effects of time-varying fields. The

effects of static magnetic fields on nerve conduction are of particular relevance

to this research.

44



1.3.1. Effects of Static Magnetic Fields on Nerve Function

Research into the influence of static magnetic fields on nerve function can be
divided into three categories: theoretical studies, usually based upon a
consideration of microscopic phenomena such as membrane structure or the
motion of charge carriers in a magnetic field; laboratory studies of the effect of
an applied magnetic field on the properties of nerves or isolated neurons, either
in vitro or in vivo; or in vivo clinical studies, in which the ability of magnetism to
produce pain relief is assessed. Laboratory studies generally examine well-
defined and directly measurable properties of a single nerve or nerve fibre. In
contrast, the results of clinical studies are based upon loosely defined criteria,
such as a patient's perception of his/her pain. Furthermore, the biological
system under consideration in clinical studies is vastly more complex, since any
study which attempts to measure perception and sensation is indirectly

influenced by the central nervous system.
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1.3.1.1 Theoretical Effects

Several years before the effect of magnetic fields on nerve function became a
popular field of research, Labes published a hypothetical mechanism of
interaction between magnetic fields and biological systems [18]. The scope of
Labes’ article was not limited solely to the effects of magnetism on nerve fibres,
but has been frequently cited by researchers to explain magnetically induced
variations in nerve function. Labes noted research which had demonstrated that
liquid crystals could be oriented by an applied magnetic field and reports that
liquid crystalline material had been discovered in biological systems. He
suggested that these biological liquid crystals may be oriented by the presence
of a magnetic field, causing a change in the properties of the biological system.
Labes hypothesised that by this mechanism an applied magnetic field of at least

0.1 T may effect charge transport, mass transport and reaction rate within an

organism.

Liboff considered two theoretical methods by which an action potential in a
nerve fibre may be affected by an applied magnetic field [19]. The first
mechanism considered by Liboff was the Hall effect. The Hall effect describes
the phenomenon where a voltage, the Hall voltage, is produced by a change in

the direction of charge carrier motion under an applied magnetic field. Liboff
estimated that a magnetic field of approximately 2.5 x 10° tesla would be
required for the Hall voltage to be 1% of the amplitude of an action potential.
Clearly, generation of such a strong magnetic field is not currently possible and

it is doubtful that the small Hall voltage produced by a 2.5 kT field would have a
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significant effect upon nerve function. Liboff also examined the inductive effect
of a static magnetic field on current flow during the propagation of action
potentials. He concluded that significant inductive effects would only occur if the
distribution of current flow was considerably non-uniform over the circumference
of the nerve fibre. Liboff calculated that an applied flux density of 0.26 T would
result in a significant distortion to a perfectly asymmetric current flow, but much
larger fields would be necessary to affect a realistic flow of current with a

greater degree of symmetry.

Wikswo and Barach considered the possible effects of a distortion of ionic
currents caused by the Lorentz force in the presence of a magnetic field [20].
They calculated that a 24 T applied magnetic field would result in a 10%
deflection of ions, for typical nerve fibre parameters. However, this magnetic
field estimate must be treated with caution because the researchers did not
explain a mechanism by which this distortion in ion motion would cause a
physiological effect. Wikswo and Barach’s requirement of a 10% deflection of
ilon motion is highly arbitrary, therefore the magnetic field necessary to cause a
measurable change in nerve function may differ considerably from their

estimate of 24 tesia.

These theoretical considerations show a large variation in the estimates of
magnetic field required to influence nerve cells. Labes suggested that significant
physiological effects may occur in the presence of a relatively weak 0.1 T field,
Wikswo and Barach estimate that 24 T may be necessary to affect nerve

function, while Liboff considered that a field of at least 2.5 kT would be required
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to influence the nerve via the Hall effect. The real merit of these theoretical
estimates is to assist with the explanation of the experimentally observed

effects of magnetism on nerve function.
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1.3.1.2 Laboratory Studies

The earliest known investigation into the effect of magnetic fields on nerve
function was reported in 1879 by McKendrick, who placed a frog's leg onto the
insulated poles of a horseshoe electromagnet [21]. McKendrick observed that
contraction of the muscles of the frog’s leg, elicited by touching the sciatic nerve
with copper wire, occurred normally when the axis of the nerve was
perpendicular to the direction of the magnetic field. However, the excitability of
the nerve was reduced when it was aligned parallel to the magnetic field and

muscle contraction failed to occur as a result of nerve stimulation.

Schwarz performed several in vitro experiments upon lobster nerve in an
applied field of 1.2 T. In his first set of experiments, Schwarz aligned the
magnetic field in either a parallel or perpendicular direction with respect to the
nerve [22]. The nerve was exposed to the magnetic field for a period of 20 to 30
minutes. Schwarz measured the conduction velocity of the compound action
potentials which are produced by the summation of the individual action
potentials in each of the many nerve fibres that constitute the nerve. He
reported that the magnetic field had no significant effect upon the conduction

velocity of compound action potentials. Schwarz compared his results to those

of a similar study by Reno [23, cited in 22] in which a 1.16 T field had
significantly reduced the conduction velocity of frog nerve. Schwarz suggested

that his experiments may have failed to reproduce Reno’'s results due to
Inadequate temperature regulation, inhomogeneity of the applied magnetic field

or because of structural differences between frog and lobster nerves.
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In a second series of experiments, Schwarz performed voltage clamp
experiments on a lobster giant axon [24]. As with the first set of experiments,
the magnetic field was applied in two directions, either parallel or perpendicular
to the nerve fibre. Neuron resting potential, action potential amplitude and
membrane current during action potentials were found to be unaffected by the

presence of the magnetic field.

Edelman et al. measured the amplitude of the compound action potential of frog
nerves under an applied static magnetic field [25]. The researchers measured
no change in compound action potential amplitude when magnetic fields with
flux densities in the 0.1-0.7 T range were applied in a direction parallel to the
nerve. However, Edelman et al. observed that the amplitude of compound
action potentials slowly increased after 15-20 minutes of exposure to a similar
magnetic field applied in a perpendicular direction. The compound action
potential reached a stable maximum value after 45-60 minutes of exposure to
the magnetic field. When the magnetic field was removed, the amplitude of
compound action potentials gradually decreased but did not reach its original
amplitude. One suggested explanation of this phenomenon was a decrease In
the resistance of the fibres, causing an increased sodium current and resulting
In more nerve fibres contributing to the compound action potential. Alternatively,
Edelman et al. hypothesised that the threshold potential of the nerve fibres was

reduced by exposure to the magnetic field, again resulting in an increased

number of fibres contributing to the compound action potential.
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Gaffey and Tenforde also conducted in vitro experiments on frog nerves [20]. In
their first set of experiments they exposed the frog nerves to a 2.0 T magnetic
field, aligned in either a parallel or perpendicular direction with respect to the
nerve, for a four hour period. The researchers measured no significant effects
upon the amplitude or conduction velocity of compound action potentials in the
nerve. Additionally, they observed no change in the absolute or reiative
refractory periods of the nerve. In a second set of experiments, the excitation
threshold of the frog nerve was found to be unaffected by exposure toa 1.0 T
magnetic field aligned perpendicular to the axis of the nerve. Gaffey and
Tenforde suggested that the effects of a static magnetic field on nerve function

reported by Reno [23] and Edelman et al. [25] were experimental artefacts

caused by inadequate temperature regulation.

Hong et al. observed the in vivo effects of static magnetic fields on rat nerves
[27]. In this study, the researchers electrically stimulated the tail nerve of
anaesthetised rats and measured the resulting compound muscle action
potential (CMAP). Muscle fibres exhibit electrical excitability and, like nerve
fibres, are able to produce action potentials. The CMAP results from the
summation of action potentials produced by a number of individual fibres within
the muscle. Analysis of the CMAP gives an indication of the properties of the
nerve that innervates the muscle. In the first of their experiments, Hong et al.
exposed rat's tails to magnetic fields of up to 1.2 T for 60 seconds. They
measured no significant variations in amplitude of the CMARP or of the latency of
onset of the CMAP resulting from exposure to the magnetic field. In a second

experiment, the researchers applied submaximal stimuli to the tail nerve in
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order to produce submaximal compound muscle action potentials. The tail
nerve was exposed to magnetic fields of up to 1.2 T for 30 or 60 seconds. Hong
ef al. observed a significant increase in amplitude of the CMAP when the nerve
was exposed to fields greater than 0.5 T for periods longer than 30 seconds.
This infers that the excitability of the rat nerve was increased by exposure to a

magnetic field.

Hong et al. explained the increased excitability of the nerve by reference to an
earlier paper by Labes [18] in which it was suggested that molecules In
biological membranes may be oriented in the presence of a magnetic field. This
rotation is suggested to occur because the molecules possess diamagnetic
anisotropy, which causes them to align with an applied magnetic field. Hong et
al. speculated that rotation of the molecules causes an increase in membrane

permeability and thus an increase in the excitability of nerve fibres.

Hong also performed a similar series of in vivo experiments upon human nerves
[28]. He exposed human forearms and legs to 1 tesla magnetic fields for 15
seconds. Hong reported that the conduction velocity of action potentials was
unaffected by exposure to the magnetic field. However, Hong observed a
significant increase in the excitability of human nerves, indicated by an increase
in the amplitude of submaximally evoked compound muscle action potentials.
This supports the results of Hong et al.’s experiments on rat nerves [27]. As

before, Hong suggested that the increase in nerve excitability resulted from the

alignment of magnetically anisotropic molecules in nerve fibre membranes.
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Azanza and del Moral published several papers on the effects of magnetism on
snall neurons in vitro. They applied static magnetic fields of 0.116 and 0.26 T to

snall nerve cells, and observed that exposure to the field hyperpolarised the
membranes of the majority (86%) of neurons [29]. The excitability of these
neurons was inhibited as a result of this membrane hyperpolarisation. However,
a significant minority (14%) of neurons were excited by exposure to the
magnetic field. No neurons were reported to be unaffected by the magnetism.
The researchers attributed the effects of the magnetic field to an increase in the
concentration of free calcium ions in the intracellular fluid. The increase In
intracellular calcium ion concentration activates Ca®’-dependent-K*-channels,
allowing an influx of potassium ions which results in hyperpolarisation and
inhibition of the nerve cell. Azanza and del Moral accounted for the excitation of
some neurons by suggesting the magnetic field also causes in increase in the
extracellular concentration of free calcium ions. These calcium ions then diffuse
into the cell through nonspecific channels, causing depolarisation of the
membrane and subsequent excitation of the neuron. A similar study by Azanza

confirmed the results of the previous experiment [30].

Del Moral and Azanza proposed a model to explain the increase in intracellular
calcium ion concentration caused by the exposure of neurons to a static
magnetic field [31]. Using similar reasoning to that of Labes [18], they
hypothesised that the lipid molecules that compose the neuron membrane are

diamagnetically anisotropic. In a process they describe as ‘cooperative

superdiamagnetism’, clusters of membrane lipids rotate in order to align

themselves with an applied magnetic field. As a result of the physical motion of
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lipid molecules, calcium ions bound to the lipid molecules experience increased
electrostatic repulsive forces due to a reduced distance of separation from their
nearest neighbours. If the repulsive forces are sufficiently large, calcium ions
may be released into the intra- or extracellular solution from their binding sites
on the lipids. The extracellular calcium ions can then diffuse into the nerve cell,
further increasing the intracellular calcium concentration. Del Moral and Azanza
estimated that a field of the order of 1.4 T is required to cause such an effect, a

flux density comparable to the 0.26 T used in their experiments.

In another experiment by Azanza and del Moral, the frequency of action
potentials in spontaneously firing snail neurons in vitro was recorded as the
magnetic field was increased in the range 0.003-0.72 T [32]. They observed that
an increase in the applied magnetic flux density resulted in a decrease in the

firing frequency of the neurons. At a threshold of 0.57 T, spontaneous firing of

the nerve cell ceased. The researchers considered that these observations

were consistent with their model of increased intracellular calcium ion

concentration in the presence of a magnetic field [31].

A further study of snail neurons in vitro by Azanza and del Moral involved

measurement of the amplitude of action potentials as the flux density of an
applied magnetic field was increased from 0-0.7 T [33]. Azanza and del Moral
noted that the amplitude of the action potentials decreased as the applied flux
density was increased over the course of the experiment. They explained this
effect by suggesting that the Na,K-ATPase pump, which maintains the

concentration gradients of sodium and potassium ions across the cell
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membrane, has anisotropic diamagnetic properties. The researchers suggested
that the Na,K-ATPase protein orientates under the magnetic field, in a similar
way to their previous model of membrane lipid orientation [31]. Azanza and del
Moral hypothesised that the efficiency of the protein in pumping sodium and
potassium ions was reduced by the orientation, thus allowing the membrane
concentration gradients to decrease over a period of time. The resulting
equalisation of intra- and extracellular sodium ion concentrations caused the

amplitude of action potential depolarisation, due to the influx of sodium ions, to

decrease.

Balaban et al. also studied the effects of magnetic fields on the function of snail
neurons in vitro [34]. The neurons were exposed to magnetic fields of 0.023,
0.12 or 0.2 T for 20 minute periods. In agreement with Azanza and del Moral
[32], they observed a significant decrease in the firing frequency of
spontaneously firing nerve cells. Furthermore, the input resistance of
spontaneously firing neurons was found to be decreased by exposure to the
magnetic field, while that of non-spontaneous neurons was found to increase.
The researchers considered that the dependence of the change in input
resistance on the type of neuron gave evidence of a genuine effect of the
magnetic field. Balaban et al. reported that removing the perineuronal glia from
the neurons removed the magnetic field’'s effect upon the input resistance of the

neuron. Therefore, the researchers suggested that the mechanism by which the
applied magnetic field influences nerve function is mediated by glial cells,

although the precise mechanism of action was unknown.
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Holcomb, MclLean and colleagues performed a number of experiments upon
cultured mouse sensory neurons in vitro. The researchers were testing the
efficacy of a proprietary magnetic device, Magna Bloc, designed to provide pain
relief by preventing the conduction of action potentials in nerve fibres [35]. This
device consisted of four alternating magnetic poles with a maximum flux density
of 10 mT. McLean et al. found that exposure to the magnetic device reversibly
inhibited the propagation of action potentials in sensory neurons [36, 37). The
researchers also reported that a similar array of four alternating poles, but with
much smaller physical dimensions and a flux density of 1 mT, induced a similar
failure of action potentials. The resting potential and input resistance of the
neurons were unaffected by the magnetic field. The effectiveness of these
devices was found to reach a maximum after 200-250 seconds of exposure and
nerve function returned to normal 400-600 seconds after the magnetic field was

removed.

They compared the effectiveness of these devices to those of an array with four
magnetic poles of the same polarity and 35 mT flux density; an array with two
magnetic poles of alternating polarity and 28 mT peak flux density; and a single
magnet of 88 mT flux density. McLean et al. reported that the array of four like
poles reduced action potential propagation to a lesser extent than an array of
four alternating poles, but the dipolar and monopolar arrays did not significantly
reduce the firing of action potentials. The researchers concluded that the spatial
gradient of the magnetic field, which was greatest for the arrays with four

magnetic poles, was more important than the absolute value of the applied

magnetic field [36, 37, 38].

o6



McLean et al. suggested a number of possible explanations for the blockade of
action potentials in an applied magnetic field, including conformational changes
to voltage-gated sodium channels, a modulation of ion channel activity through
changes to phosphorylation of the channels, altered lipoprotein interactions or

the creation of interfering ionic flow patterns around the membrane [36, 37].

A summary of the results of experimental studies on the effects of static
magnetic fields on nerve function is presented in Table 1.2. Although some
research has concluded that magnetic fields have no observable influence on
nerve cells, a considerable number of studies have presented convincing
evidence to the contrary. A wide variety of effects on nerve function have been

reported, occurring over a large range of applied magnetic flux densities from 1

millitesla to 2.0 tesla. Clearly, there is no consensus on the interaction between

magnetic fields and the nervous system and this is an area worthy of further

research.
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1.3.1.3 Clinical Studies

One of the earliest clinical studies of the use of magnetism for pain relief was
published by Hansen in 1938 [39]. Some of Hansen's experiments involved the
application of a magnetic field directly to the site of the pain and show no direct
evidence of an interaction between magnetism and the nervous system.
However, patients suffering from sciatica reported pain relief when the poles of
an electromagnet were moved along the course of the sciatic nerve and spinal
column for a period of between two and fifteen minutes. Although the conditions

of this trial were not carefully controlled, Hansen was convinced of the ability of

magnetic fields to provide pain relief.

Possibly the most striking effect of an applied magnetic field on nerve function
was repor<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>