
Protein-patterned EMF as enzymatic moderators: evidence for a non-invasive method of
cellular manipulation

By

Adam Plourde-Kelly

A thesis submitted in partial fulfillment

of the requirements for the degree of

Master of Science (MSc) in Biology

The Faculty of Graduate Studies

Laurentian University

Sudbury, Ontario, Canada

© Adam Plourde-Kelly, 2022



THESIS DEFENCE COMMITTEE/COMITÉ DE SOUTENANCE DE THÈSE
Laurentian Université/Université Laurentienne

Office of Graduate Studies/Bureau des études supérieures

Title of Thesis
Titre de la thèse Protein-patterned EMF as enzymatic moderators: evidence for a non-invasive

method of cellular manipulation

Name of Candidate
Nom du candidat Plourde-Kelly, Adam

Degree
Diplôme Master of Science

Department/Program Date of Defence
Département/Programme Biology Date de la soutenance septembre 16, 2022

APPROVED/APPROUVÉ

Thesis Examiners/Examinateurs de thèse:

Dr. Blake Dotta
(Co-Supervisor/Co-directeur(trice) de thèse)

Dr. Frank Mallory
(Co-supervisor/Co-directeur(trice) de thèse)

Dr. Rob Lafrenie
(Committee member/Membre du comité)

Approved for the Office of Graduate Studies
Approuvé pour le Bureau des études supérieures
Tammy Eger, PhD
Vice-President Research (Office of Graduate

Studies)
Dr. Neil Fournier Vice-rectrice à la recherche (Bureau des études supérieures)
(External Examiner/Examinateur externe) Laurentian University / Université Laurentienne

ACCESSIBILITY CLAUSE AND PERMISSION TO USE

I, Adam Plourde-Kelly, hereby grant to Laurentian University and/or its agents the non-exclusive license to archive
and make accessible my thesis, dissertation, or project report in whole or in part in all forms of media, now or for the
duration of my copyright ownership. I retain all other ownership rights to the copyright of the thesis, dissertation or
project report. I also reserve the right to use in future works (such as articles or books) all or part of this thesis,
dissertation, or project report. I further agree that permission for copying of this thesis in any manner, in whole or in
part, for scholarly purposes may be granted by the professor or professors who supervised my thesis work or, in their
absence, by the Head of the Department in which my thesis work was done. It is understood that any copying or
publication or use of this thesis or parts thereof for financial gain shall not be allowed without my written
permission. It is also understood that this copy is being made available in this form by the authority of the copyright
owner solely for the purpose of private study and research and may not be copied or reproduced except as permitted
by the copyright laws without written authority from the copyright owner.



Abstract
The resonant recognition model states that each protein can be classified by function through a
characteristic frequency obtained based on the electrical signature of the whole protein. This
electrical signature reflects the accumulation of specific energy values from each of the 20 amino
acids comprising bioproteins. A litany of evidence suggests that exposure to complex
electromagnetic fields (EMF) can influence functioning of biological systems. We therefore
postulated that exposure to a magnetic field patterned after the specific electrical signature of a
protein, calculated using the resonant recognition model would be sufficient to target and
resonate with the modeled protein. Therefore, we created EMF patterns from the amino acid
sequence of two different signaling molecules, p38 and ERK, using the resonance recognition
model. We exposed PC-12 cells to p38-patterned EMF using two different geometries and
measured its ability to affect the differentiation of the cells in vitro. We found that exposure to
the p38 EMF for three days significantly increased the proportion of differentiated PC-12 cells
(t=-2.515, p=.027). The effect of the ERK-patterned EMF on planarian regeneration was
examined in a subsequent in vivo experiment. We found that exposure of bisected planaria to a
sine field caused significantly greater regeneration at 7 days compared to exposure to the
ERK-patterned EMF (U=637, W=1540, Z=-1.977, p=0.048). The results demonstrate the
potential of protein-patterned EMF in modulating biological processes. We propose that there
may be both specific and non-specific effects that result from exposure to protein-patterned EMF
that can interact with one another for constructive or destructive effects. The results of this study
are robust and demand further study on the mechanistic function of these fields.

Keywords

Electromagnetic fields, PC-12 cells, planaria, differentiation, regeneration, p38, ERK, resonant
recognition model
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Chapter 1—Introduction



1.0—The electromagnetic spectrum

It is well-established that we are constantly immersed in a sea of energy known as the

electromagnetic spectrum. The electromagnetic spectrum consists of electromagnetic radiation

with different wavelengths ranging from gamma rays (10-3 nm) to long-band radio waves (100

km). The visible light spectrum that allows us to perceive our environment is an incredibly

narrow portion of this spectrum, ranging from 420-650nm in wavelength. Gamma radiation is

constantly emitted by radioactive material present in inorganic matter of the Earth, such as from

rocks and soil in the environment. Radio waves are taken advantage of in technology such as

television, radio, and the internet, not to mention the use of radio waves for cellular phone

communication. From the Sun’s harsh light to the phones in our pockets, electromagnetic

radiation is all around us. While the latter likely has not been present for long enough to induce

evolutionary changes to radiation response and/or protection, the Sun has been ubiquitous

throughout the evolution of life. In fact, life would not be possible without the energy of the Sun.

It is therefore possible, if not plausible, that organisms from single cells to complex organisms

would have adapted mechanisms to respond and/or adapt to the ubiquitous electromagnetic

stimuli.

Before discussing the interactions between magnetic fields and biological systems, we must first

discuss the properties of a magnetic field. Magnetic fields are a field of magnetic force, which is

defined as a force between electric currents or moving charges (Scott, 1966; Presman, 2013). An

electromagnetic field is an area within which electromagnetic waves propagate. An

electromagnetic wave can be defined as a transverse oscillation between electric and magnetic

fields travelling through space. In a vacuum, magnetic waves and thus magnetic fields move at

the speed of light. In other media, such as air, the speed will reduce based on the refractive



properties of the matter in the media (Zwinkels, 2015). Electromagnetic waves occur as vibrating

charged particles emitted from a current-carrying object. These waves give off magnetic and

electric force perpendicular to one another. This perpendicular arrangement allows for

electromagnetic radiation, like light, to be polarizable. Electromagnetic radiation can also be

measured based on other qualities: frequency/wavelength and intensity are measurable and

manipulable properties of an electromagnetic field (Zwinkels, 2015). The modification of these

properties allows for a great deal of complexity in electromagnetic radiation and has been used to

create different electromagnetic waves that might be useful therapeutic studies on biological

systems.

1.1—Electromagnetic manipulation of biological systems

There is significant evidence that complex magnetic fields can affect biological systems

(Presman, 2013). For example, Sastre et al. (1998) found that exposure of humans to intermittent

60Hz magnetic fields significantly reduced heart rate variability in spectral bands corresponding

to temperature and blood control mechanisms, and increased heart rate variability in the band

associated with respiration. Graham et al. (2000) found that exposure to 80μT, 60Hz magnetic

fields significantly reduced hatching time and body mass in Drosophila melanogaster. This

indicates that magnetic fields not only affect biological systems, but can modify their

physiological processes. This extends from basic physiological processes such as growth to

complex behaviour, such as learning and memory, that can be affected by appropriately patterned

magnetic fields. Whissell et al. (2009) found that prenatal exposure of rats to a complex

magnetic field patterned after the electrical signal corresponding to neurons undergoing

long-term potentiation (LTP) significantly inhibited acquisition of conditioned fear responses.

This inhibition corresponded to a decrease in cell density in the CA2 region of the hippocampus,



indicating that the behaviour modification effects of complex magnetic fields are likely related to

effects on physiology. The aforementioned studies show that morphology, physiology, and

behaviour can be manipulated using EMF among three different species: Drosophila, rats, and

humans. EMF has also been shown to affect human sensation and perception, as exposure to a

particular complex magnetic field pattern caused subjects to perceive a “sensed presence”, most

often during exposure to the left hemisphere of the brain (Cook & Persinger, 1997). EMF has

also been shown to affect cell populations in vitro. Dotta et al. (2014) demonstrated that

biophoton emissions from B16BL6 cells varied based on field intensity. Tessaro (2015) found

that exposure to magnetic field patterns significantly reduced bacterial growth rates in both

gram-positive and gram-negative bacteria. The evidence is clear that complex magnetic fields

can significantly affect biological processes in living systems at multiple levels of discourse. The

current problem with magnetic field effects on biological systems is the lack of mechanism: it is

currently unknown how these magnetic fields exert their effects. The work of Buckner et al.

(2015) provides an important clue to the mechanistic action of EMF. They found that daily,

one-hour exposures to the Thomas magnetic field pattern (a complex EMF pattern with a 6-30

Hz frequency change repeated every 2.5s) significantly inhibited B16BL6 cancer cell growth

both in vitro and in vivo when transplanted into C57b mice. Molecular analyses revealed that

exposure to the field for more than 15 minutes promoted calcium influx. This effect was nullified

through pharmacological inhibition of voltage-gated T-type calcium channels. Furthermore,

cyclin expression was altered, corresponding to the decrease in cell growth. This work provides

strong evidence that one mechanism of action of complex magnetic fields involves manipulation

of specific proteins required for a given physiological process. This manuscript explores



EMF-mediated protein manipulation and tackles the problem of specificity: how to target a

specific protein in order to carry out a specific manipulation of cell or organism responses.

1.2—The MAPK family of proteins

The mitogen-activated protein kinase (MAPK) family is a large group of growth factor receptor

mediated proteins that are involved in cellular proliferation and differentiation. Homologs of the

different MAPKs have been noted in mammals and yeast, and are activated ubiquitously by

cellular stressors. Factors such as osmotic shock, heat shock, and metabolic stress activate

receptor tyrosine kinases which initiate the signalling pathways mediated by MAPKs. This

activation pathway involves activation of a Ras complex leading to phosphorylation and

activation of MAPK kinase kinases (MAPKKKs), such as Raf, which in turn activate MAPK

kinases (MAPKKs), such as the MEK proteins. MAPKKs then activate the MAPK family,

leading to downstream effects (Seger & Krebs, 1995). Three main classes of MAPK exist: the

c-Jun N-terminal kinase (JNK), the extracellular signal-related kinase (ERK), and p38 MAPK

(known as Hog in S. cerevisiae) (Cuadrado & Nebreda, 2010). ERK 1 and 2 are widely

expressed in mammals—they are the main target of tyrosine phosphorylation in the

mitogen-stimulated responses that lead to cellular proliferation. There is slight overlap between

the MAPKs in terms of function—many extracellular stimuli can activate all three pathways

which subsequently complement each other in achieving the desired cellular outcome, although

many of their functions are independent from one another (Seger & Krebs, 1995). MAPK

signalling cascades always consist of serial activation by at least three enzymes: MAPK kinase

kinases (MAPKKKs), MAPKKs, and MAPKs.

ERK is a MAPK that has two isoforms: the 44-kDa ERK1 and the 42-kDa ERK2. There is

significant homology between the active sites in these two isoforms (a Thr-Glu-Tyr motif),



leading to a high degree of functional redundancy between the two. The ERKs are activated by a

number of different extracellular stimuli, including growth factors, hormones, and

neurotransmitters, which activate ERK through phosphorylation. The ERKs are

“proline-directed” protein kinases, meaning that they phosphorylate serine or threonine residues

that neighbour proline (e.g. Pro-Leu-Ser) in the protein backbone. This broad substrate

recognition allows ERK to phosphorylate a large number of proteins, rendering it a very versatile

protein (Rubinfeld & Seger, 2005). ERK serves a critical role in the regulation of cell

proliferation. ERK shows control over cyclin D1, and its activity paired with Raf-1 activity

regulates transition of the cell from the G1 to S phase in the cell cycle (Zhang & Liu, 2002).

Biphasic activation of ERK has been shown to promote progression from the G1 phase to S

phase, and the inhibition of ERK phosphorylation leads to decreased cellular proliferation

(Tamemoto et al., 1992; Seger & Krebs, 1995; Pages et al., 1993). Furthermore, three of the four

main classes of oncogenes (growth factors, growth factor receptors, transducers of growth

factors) transmit signals through the ERK cascade, including activation of ERK itself. This leads

to induction of proliferation in cancer cells. Its sustained activation is thought to be required for

many cell types to progress through the G1 phase of the cell cycle (Rubinfeld & Seger, 2005).

This comes in contrast to PC-12 differentiation, whereby transient activation of ERK paired with

sustained p38 activation is necessary to induce differentiation (Morooka & Nishida, 1998). ERK

is also known to play a role in renal differentiation (Kurtzeborn et al., 2019). This discrepancy

indicates that the kinetics of ERK activation are a major dictator of their function in cell-fate

decisions.

The JNK signal transduction pathway is involved in multiple physiological processes. JNK is

phosphorylated and activated by interactions with many MAPKKKs, including some MEKKs,



ASK, and TAK1. Phosphorylated JNK binds the NH2-terminal activation domain of c-Jun,

leading to increased expression of genes with AP-1 sites in their promoters, including c-Jun, to

create a positive feedback loop. JNK also increases c-Fos expression, which together with c-Jun

makes up the AP-1 transcription factor (Ip & Davis, 1998). Some other substrates of JNK

include ATF-2, Elk-1, p53, and NFAT4 (Widmann et al., 1999). The functional overlap of JNK

and ERK is noteworthy: ERKs can activate JNK kinases. For instance, VEGF-activated ERK

activates JNK, and both of these MAPKs mediate the cell proliferation effects of VEGF. The

interaction between ERK and JNK is vital for cell proliferation, with the endothelial cell growth

factor stimulation of proliferation vitally involving JNK activation by ERK (Pedram et al., 1998).

The p38 MAPK pathway is mainly activated by cellular stress: stimuli such as heat shock,

osmotic stress, and UV irradiation can activate the p38 signal transduction pathway. p38 plays a

major role in stress response mechanisms such as apoptosis and differentiation. It also has

prominent immune functions: the p38 pathway has pro-inflammatory effects in lung and heart

tissues, leading to inflammation, thrombosis, and vasoconstriction. This effect is taken advantage

of by the SARS-CoV-2 virus, which activates p38 and triggers unrestrained p38 activation,

leading to the extreme inflammatory effects of COVID-19. p38 does serve many positive

functions in the body; it plays a crucial role in functions such as skeletogenesis, neuronal

plasticity including long-term potentiation (LTP) and long-term depression (LTD), and

myogenesis and myoblast differentiation (Greenblatt et al., 2010; Segalés et al., 2016; Falcicchia

et al., 2020). p38 is also a crucial regulator of differentiation in numerous cell types. Myocytes,

adipocytes, and PC-12 cells all require p38 activation in order to differentiate (Cuenda & Cohen,

1999; Hansen et al., 2000; Delghandi et al., 2005; Gardner et al., 2015). p38’s role in

differentiation will be discussed further in the next section.



1.3—p38 MAPK

p38 MAPK is a 38-kDa protein first characterized following its rapid phosphorylation on

tyrosine following LPS stimulation. Around the same time, it was noted to be involved in

inhibition of pro-inflammatory cytokines through activation by pyridinimidazole drugs. Other

stimuli noted to lead to phosphorylation of p38 include heat shock and interleukin 1. Its initial

discovery showed p38 was involved mainly in stress response and immune functions, but its role

in the mammalian cell is much broader. There are four isoforms of p38: p38α, p38β, p38γ, and

p38δ. p38α is ubiquitously expressed in tissues, while the other isoforms show selectivity in their

tissue distribution. p38β is mainly expressed in neural tissue, p38γ in the skeletal muscle, and

p38δ mainly in the endocrine glands (Cuadrado & Nebreda, 2010). p38 MAPKs are activated by

three different MAPKKs: MKK6, MKK3, and MKK4. Which MAPKK phosphorylates p38 is

dependent on the tissue and stimulus types (Alonso et al., 2000). The MAPKKs are activated by

10 different MAPKKKs, adding to the degree of variability in the p38 signalling pathway

(Cuadrado & Nebreda, 2010). The catalytic activity of p38α is dependent on how many and

which threonine and tyrosine residues are phosphorylated in the activation loop (Zhang et al.,

2008). p38 is therefore a very versatile protein, and while it is implicated mostly in stress

responses, it has functions beyond cellular stress. Most importantly to this manuscript, p38 is

involved in differentiation in a multitude of cell types. Engelman et al., (1998; 1999)

demonstrated that NIH-3T3 fibroblast differentiation into adipocytes critically involves p38. This

finding was corroborated in vivo by Maekawa et al. (2010). Their group treated mice with the

p38 inhibitor FR167653 and noted significant decreases in weight gain, fat depots, and adipocyte

size, indicating that p38 is critically involved in adipocyte differentiation both in vitro and in

vivo. This role in differentiation also occurs in other tissue types. Cuenda & Cohen (1999)



demonstrated that p38α, β, and γ levels were increased during myoblast maturation. Puri et al.

(2000) demonstrated that p38 is necessary for the myoblasts to differentiate from proliferating

satellite cells. It is also critically involved in muscle tissue development through mediation of

myocyte fusion and myofibrillogenesis (Gardner et al., 2015). p38 is also critically involved in

the differentiation of rat pheochromocytoma (PC-12) cells. This process is facilitated by the p38

activator, nerve growth factor (NGF). NGF causes the differentiation of PC-12 cells into

neuron-like cells which are characterized by plasma membrane extensions that are electrically

labile and produce monoamine neurotransmitters, termed “neurites” (Morooka & Nishida, 1998;

Hansen et al., 2000; Delghandi et al., 2005). Morooka & Nishida (1998) found that treatment of

PC-12s in vitro with NGF caused rapid and sustained activation of p38, which led to

differentiation. This effect was eliminated by treating cells with the p38 inhibitor SB203580. p38

appears to be necessary for PC-12 differentiation even without the presence of a direct p38

activator. Hansen et al. (2000) found that forskolin, a diterpene activator of cyclic AMP (cAMP),

induced differentiation in PC-12 cells through a p38-mediated mechanism. Forskolin-induced

cAMP activation activates protein kinase A (PKA), which leads to activation of the p38/MSK1

pathway. p38 and PKA were found to work synergistically in mediating CREB phosphorylation,

leading to nuclear signalling of gene expression. This interaction is highly dependent on the

kinetics of each protein. Delghandi et al. (2005) found that PKA is rapidly activated and returns

to near-baseline levels around 30 minutes after treatment in NIH 3T3 fibroblasts. Conversely,

p38 activation begins to occur around 30 minutes after forskolin treatment and shows sustained

activation over a period of roughly 2 hours. This indicates a relationship between PKA and p38

whereby PKA activation leads to transient phosphorylation of CREB and the PKA-activated p38

ensures sustained phosphorylation of CREB. Sustained activation of forskolin-induced p38



activation is therefore necessary to induce differentiation in NIH 3T3 cells as well as in PC-12

cells (Delghandi et al., 2005; Hansen et al., 2000). p38 is therefore highly implicated in the

differentiation process of many tissue types.

1.4—The extracellular signal-related kinase (ERK)

ERK is the most well-understood MAPK signalling pathway. Its activation involves stimulation

by extracellular factors (e.g. growth factors and cytokines), leading to stimulation of tyrosine

kinase receptors. The resulting pathway is stereotyped, but can include different variants of

different proteins with analogous function: the general activation pattern involves an adaptor

protein (e.g. Grb2), a guanine nucleotide exchange protein (e.g. Sos), a small GTP binding

protein (p21ras), a cascade of MAPKKKs (Rafs), a MAPKK (MEKs), and finally ERK1 or ERK2

(Zhang & Liu, 2002). Once activated, ERK translocates to the nucleus and modifies the

activation of transcription factors, leading to gene expression tailored for growth, differentiation,

or mitosis promotion. Some transcription factor targets of ERK include the ternary complex

factor (TCF), Elk-1, c-Myc, and Tal. Activation of some of these factors, along with

Ras-mediated activation of c-Fos, allows the ERK pathway to associate G0/G1 mitogenic signals

with an immediate early response (Zhang & Liu, 2002). Furthermore, studies on Chinese hamster

lung fibroblasts demonstrated that biphasic activation of ERK at the G1 stage of the cell cycle

was correlated with entry into the S phase (Tamemoto et al., 1992). Corroborating studies

showed that cell proliferation is significantly inhibited by ERK or Raf-1 inhibition, and is

significantly facilitated by ERK1 stimulation (Seger & Krebs, 1995; Pages et al., 1993). This

implies that ERK has a large degree of control over cell cycle mechanics. This is further

supplemented by evidence that the Raf-MEK-ERK pathway plays a pivotal role in control of

cyclin D1 expression, as well as regulating the posttranslational regulation of Cyclin D-Cdk4/6



complexes, indicating that the ERK pathway has an important regulatory role in G1/S phase

progression (Seger et al., 1994; Lavoie et al., 1996; Terada et al., 1999; Kerkhoff & Rapp; 1998;

Ewen, 2000). ERK is not only activated by tyrosine kinase and growth factor receptors, but can

also be activated by the JAK/STAT pathway in response to cytokine stimulation. Cellular

responses by ERK are largely dependent on the stimulus and cell type, and can lead to a

multitude of processes. ERK is also a common target for anti-cancer therapeutics, including

quercetin and oleanolic acid (Sun et al., 2015). Both compounds exhibit anti-cancer cell

functions: the former inhibits cell viability and migration while promoting senescence and

apoptosis, while the latter has been shown to suppress cell survival and growth in glioma cells.

Each of these functions occurs through inactivation of the ERK signalling pathway. Inhibition of

ERK signalling also showed positive anti-cancer effects in prostate cancer (PCa) cells,

hepatocellular carcinomas, and colorectal cancer cells. In the nervous system, ERK commonly

serves a protective function, such as in retinal cells and neurons. It is also involved critically in

brain-derived neurotrophic factor-mediated neural differentiation of mesenchymal stem cells

(Sun et al., 2015). In neuron-like PC-12 cells, ERK inhibition renders the cells sensitive to cell

death induced by TNFα (Marquez-Fernandez et al., 2013). Generally speaking, within neural or

neuron-like tissues, ERK serves a protective function.

ERK serves an important role in the control of differentiation of some cell types. Morooka &

Nishida (1998) found that sustained activation of p38 combined with transient activation of ERK

is necessary for PC-12 neurite outgrowth. It is critically involved in the induction of PC-12

differentiation, and perhaps most interestingly, differentiation of planarian neoblasts (Morooka &

Nishida, 1998; Tasaki et al., 2011). The MAPK family is the main contributor to planarian

regeneration, with JNK being responsible for proliferation of neoblasts (totipotent stem cells in



genus Dugesia) and ERK being the main signal for their differentiation. Through RNA

interference and inhibitor experiments, Tasaki et al. (2011) noted that ERK activation is

responsible for neoblast cell-fate decisions during wound healing and regeneration. This

critically involves them in the regeneration process, as planaria can regenerate entire segments of

their bodies and must therefore have a rigid process by which new tissues (e.g. epidermal,

sensory, neural) are formed. ERK is critical to this process, and is a compelling target for

studying the mechanism of planarian regeneration. There is potential for specific targeting of

these proteins through a complex magnetic field, patterned using the resonant recognition model.

1.5—Cosic’s resonant recognition model

Proteins have three main structures: primary, secondary, and tertiary. Primary structure is the

linear arrangement of amino acids making up the protein; it is the most fundamental form a

protein can take (Piez, 1976). The secondary structure is based on the three-dimensional folding

patterns proteins take, common examples of which include alpha helices and beta sheets. The

secondary structure is able to form due to the presence of specific amino acids in the primary

structure that form hydrogen bonds with other amino acids in the same sequence (Cosic et al.,

1994; Socci et al., 1994). The tertiary structure of a protein involves binding between secondary

protein structures, and while important, is not the primary focus of this manuscript. The tertiary

structure is dependent on the secondary structure, and the secondary structure is dependent on

the primary structure. This gives the primary structure of a protein absolute reign over the

functionality of a protein: a single missing or erroneous amino acid in the sequence can cause

improper folding, and could render the mutant secondary structure incapable of forming a

tertiary structure. This fundamental control over protein function has led to a multitude of



attempts to correlate primary structure with protein function (Cosic et al., 1994; Irving et al.,

2001).

Cosic et al. (1994) developed a model for predicting the function of a protein based on various

physicochemical qualities of each of the amino acids in a protein’s primary structure—free

electron energy, polarizability, hydrophobicity, coulombic character, and surface accessibility for

solvation. This model, called the resonant recognition model (RRM), used these values

converted into a Fourier spectrum to determine characteristic frequencies of hundreds of primary

sequences. Comparative analysis of these frequencies revealed that proteins of a given biological

function all have the same characteristic frequencies. The frequencies not only characterized the

proteins themselves, but also their corresponding receptors. They defined protein function as a

series of three processes: first, biorecognition of the molecule. This is the most important step,

since binding can only occur on the appropriate substrate. Second, chemical binding occurs. This

is the putative “lock in key” step, during which the enzyme binds its substrate. The third step is

energy transfer. Upon binding, the enzyme will transfer energy to the protein which leads to a

conformational change or a relocation of the newly transferred energy to another substrate. The

RRM characteristic frequencies were alleged to be a reflection of specific recognition and energy

transfer events between the protein and its target (Cosic et al., 1994). The characteristic

frequencies can be tissue-specific: myoglobin and hemoglobin, both of which are responsible for

oxygen storage, store oxygen in different tissues (ie. skeletal muscle cells and red blood cells,

respectively), but each has a unique characteristic frequency. Experimentation revealed that this

discrepancy is due to “hot spot” amino acids—these amino acids were not adjacent to one

another, but occur very close together in the secondary structure. In sperm whale myoglobin,

these “hot spot” amino acids position themselves over the active site. Notably, the same spatial



proximity of “hot spot” amino acids occurs in the myoglobin of other species and human

hemoglobin (Cosic et al., 1994). It is plausible to think that these amino acids contribute to

biorecognition and energy transfer when binding to the substrate given their proximity to the

active site.

The primary structure of a protein is the natural controller of protein function, a property that is

taken advantage of by researchers in trying to predict the function of the protein. Irving et al.

(2001) found that an increase in the size of the active site decreased the ability to predict the

function of the protein. The root-mean-square deviation of the active site correlates linearly with

the number of amino acids in a sequence up to 85 residues, at which point the relationship

becomes exponential. This result indicates that the higher the homology of the active site, the

more likely the protein’s functions will be similar or identical. This further emphasizes the

control primary sequence has on protein function. It is important to note that the sequence of

amino acids in each structure that correlated linearly with root-mean-square deviation consisted

not only of the active site, but also supporting secondary sequences which aid functionality of the

binding site. These sequences are thought to contribute to stereospecific interactions involving

binding, and therefore must exhibit a highly specific energetic and electrical signature. It is for

this reason that we chose to analyze the effects of the electrical signature of the whole

sequence—while many of the points in the field correspond to amino acids that do not contribute

to the active site, there may be important secondary or even tertiary sites that contribute to

protein structure that should not be ignored. We therefore designed an electromagnetic field

(EMF) based on the electrical signatures of each amino acid, coined electron-ion-interaction

potentials (EIIPs) by Cosic (1994), of two MAPKs in pursuit of mimicking their function in vitro

and in vivo. Electromagnetic manipulation of a protein’s own electrical signature could, in



theory, facilitate or inhibit at least two of the three steps of protein binding proposed by

Cosic—namely, biorecognition and energy transfer. It could also contribute to binding, given the

importance of stereochemistry in allowing the substrate or enzyme to effectively bind. We

posited that mimicry of the electrical signature of the protein’s primary sequence would be

sufficient to produce a mimic of the functionality pertaining to that protein—evidence of which

you will see in this manuscript. We hypothesize that through mimicry of the appropriate protein’s

electrical signature, protein-patterned EMFs will facilitate the proteins’ function through

increased activation of the protein.

Objectives

The observation that magnetic fields have effects on biological systems suggests that it is

worthwhile to pursue understanding of their effects in order to develop potential modulators that

could have therapeutic value. More specifically, can a specific protein be targeted using the

protein’s own electrical signature? We sought to determine whether p38- and ERK-mediated

cellular functions could be facilitated by exposure to complex EMF patterned after each

respective protein’s sequence. We chose to analyze the effects of these fields both in vitro and in

vivo. We first examined the effect of exposure to a p38-patterned EMF on PC-12 differentiation.

We then sought to demonstrate that these EMF effects could be replicated in vivo, using an

ERK-patterned EMF on regenerating planarian flatworms (Dugesia dotorocephala).

Demonstrating the effect of these fields on multiple levels of biological organization would

prove as a very useful insight to understanding the importance of pattern in establishing

specificity of an EMF’s therapeutic effect.
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Chapter 2—Exposure to p38-patterned EMF facilitates PC-12
differentiation



Abstract

The resonant recognition model (RRM) asserts that all proteins have a characteristic frequency to

which they can respond, reflective of the cumulative electrical potential of each amino acid

within their primary sequence. Electrical activation of cellular processes by exposure to

electromagnetic fields (EMF) has been demonstrated to be pattern- and dose-dependent. For

example, exposure of cancer cells to the Thomas magnetic field pattern inhibits cancer cell

growth via T-type calcium channel-mediated calcium influx, indicating that a magnetic field

pattern can be a specific activator of proteins. Using electron-ion interaction potential (EIIP)

values determined for each amino acid by Cosic (1994), we modeled a magnetic field based on

the primary structure of the p38 mitogen-activated protein kinase (p38 MAPK). p38 MAPK is a

critical signaling factor for both NGF- and forskolin-induced neurite outgrowth in PC-12 cells,

so we sought to determine whether an EMF based on p38 MAPK would increase neurite

outgrowth compared to a sham control. We exposed forskolin-treated PC-12 cells to the p38

EMF pattern for 1 hour a day for 1 day, 2 days, and 3 days. Pictures were taken each day after

treatment, and the percentage of cells bearing plasma membrane extensions (PME) were

calculated. We found a significant effect of exposure to the p38-modeled EMF on the percentage

of cells bearing PME at 3 days using two different application geometries (p<0.05). This effect

demonstrates that exposure to the p38-modeled EMF can induce increases in PC-12

differentiation in a time-dependent manner.

Introduction



2.0—p38 MAPK and its activation

The p38 mitogen-activated protein kinase (MAPK) shows near-ubiquitous expression in

mammalian cells. Several isoforms of the protein exist, with p38α being the most commonly

expressed form. p38 has a multitude of functions: from protection from osmotic and heat stress

and pro-inflammatory cytokine inhibition to cell-cycle and differentiation control. The most

common method of activation of p38 is via MAPKK-catalyzed (most commonly MKK3 and

MKK6) phosphorylation of threonine and tyrosine residues in the activation loop, inducing a

conformational change that both enhances substrate binding and improves the catalytic ability of

p38. Another example of how the p38 pathways are activated involves the T-cell receptors by

ZAP70 and p56lck. This induces a conformational change that increases its kinase activity

towards other substrates. An activation pathway specific for the p38α involves phosphorylation

by TAB1 and induces p38 autophosphorylation of the activation loop (Cuadrado & Nebreda,

2010). These examples demonstrate the versatile nature of p38; it can be activated by multiple

different stimuli and that can lead to distinct conformational changes, the properties of which

vary depending on the activation pattern. It is this versatility that allows p38 to be involved in

such a variety of cellular functions.

2.1—p38’s influence on the cell cycle

One function of p38 relevant to this experiment is its ability to control the cell cycle and

differentiation. p38 MAPKs can play different roles in cell growth control depending on cell

type. For instance, p38 activation is vital to T cell proliferation in response to stimulation by

interleukin-2 and interleukin-7. In studies of the proliferation of hematopoietic cells in response

to treatment with granulocyte colony stimulating factor, p38 has been shown to regulate the

activity of different transcription factors, such as NF-κB, ATF-1, ATF-2, and CREB, indicating it



has significant influence on gene expression. Its role in regulating cell cycle progression can

even vary between different varieties of the same cell type. In NIH3T3 fibroblasts, p38 activation

by Cdc42Hs correlates with inhibition of cell cycle progression through the G1/S transition, but

inhibition of p38 in primary non-adherent fibroblasts (MEFs) actively stimulates proliferation. It

is important to note the difference between these two processes—inhibition of p38 activation in

NIH3T3 fibroblasts does not actively stimulate proliferation, it simply does not allow p38 to halt

the cell cycle progression. In NIH3T3 cells, the inhibitory effect of p38 on cell cycle progression

is correlated with the downregulation of cyclin D1. In contrast, the active stimulation of cell

proliferation in MEFs through p38 inhibition is thought to be due to an increase in cyclin A

expression. The manipulation of cyclin genes and thereby control of cell cycle progression gives

p38 a pivotal role in growth, and as a result, differentiation (Ambrosino & Nebreda, 2001).

2.2—The cyclins and cell cycle progression

Before detailing the mechanistic relationship between cell cycle and differentiation, it is first

necessary to develop an understanding of the mechanism behind the cell replication

cycle—particularly the G1 and S phases. The progression of the cell cycle is thought to occur in

“stages”, which are reached through passage of certain “checkpoints”—examples include the

DNA replication (S) and cell division (M) phases. The most important checkpoint relevant to this

chapter is the G1/S checkpoint—the point at which the cell commits to another round of DNA

replication (Pestell et al., 1999). Cell cycle arrest at the G1 phase, before the checkpoint, is

considered a prerequisite for cellular differentiation (Sherr, 1994). Beyond this point,

differentiation will not occur because the cell has made all the necessary preparations to begin

the process of DNA replication. Importantly, the cyclins involved in passage through to the G1

phase include the D-type cyclins, which includes the aforementioned cyclin D1, which is



expressed at high levels during the middle of the phase, and cyclin E which is expressed at its

highest levels in late G1 (Sherr, 1994, Pestell et al., 1999). During the progression of the cell

cycle from G1 to S, elevated levels of cyclin D are involved in the initial expression of cyclin E.

Overexpression of cyclin D1 inactivates the tumour suppressor pRB, and in doing so, facilitates

progression of the cell cycle through G1. In fact, its levels are the rate-limiting determinant of

progression through G1 in Rat1 fibroblasts and MCF7 human breast cancer cells (Pestell et al.,

1999). It is reasonable to say, therefore, that in appropriate cell lines, p38 is capable of arresting

progression through G1 via the downregulation of cyclin D1. Cyclin D1 is bound by proliferating

cell nuclear antigen (PCNA) as progression through G1 continues, and upon transition into S

phase, is unbound from PCNA, and released from the nucleus. One of the consequences of cyclin

D inactivation of pRB is that it releases the E2F transcription factor which allows expression of

cell cycle proteins including cyclin E. It is important to note that G1 progression is not

exclusively regulated by cyclin D1, and that cyclin E also facilitates progression through the

phase. Cyclin E is thought to have functional overlap with cyclin D but can perform its function

independent of PCNA, implying that the two function through different mechanisms. Cyclin E,

along with its cyclin-dependent kinase (Cdk) counterpart Cdk2, are known to bind histone H1 as

well as the nuclear protein mapped to the ATM locus (NPAT). The phosphorylation of the latter

by cyclin E/Cdk2 is thought to promote S phase entry. Interestingly, cyclin A acts as a regulatory

component of Cdk2. It accumulates in the nucleus towards the end of G1. In conjunction with

Cdk2 and cyclin E, cyclin A promotes progression to S phase through interaction with

transcription factors and targeting genes involved in regulation of cell growth (Pestell et al.,

1999). p38’s inhibitory effect on cyclin D1, as well as its inhibition leading to upregulation of the



G1-promoting cyclin A, indicate that it certainly has a role in cell cycle progression in some cell

types.

An interesting analog to the PC-12 differentiation process can be found in the mouse

prechondrocyte line, ATDC5. ATDC5 cells are a cell line prominent in studies of embryonic

mouse development that are able to form cartilaginous tissues that are subsequently calcified to

become bone. These cells share an important trait with PC-12 cells: they differentiate

permanently. Once they exit the cell cycle, they are forced to differentiate. This process is

thought to be largely controlled by cell cycle factors, including cyclin-Cdk complexes such as

cyclin D-Cdk4/6. According to a study by Moro et al. (2005), induction of differentiation by

treatment with ITS (a combination of insulin, transferrin, and sodium selenite) caused a

significant downregulation of Cdk6. Upon investigating the involvement of different signaling

pathways in this downregulation, they found that p38 MAPK phosphorylation was also increased

by ITS treatment. Furthermore, they showed that inhibition of p38 with SB203580 caused a

restoration in the levels of the decreased Cdk6 protein caused by ITS. Notably, this effect did not

occur when ERK-1/2 was inhibited, indicating that differentiation in ADTC5 cells is at least

partly controlled by p38-mediated downregulation of Cdk6 (Moro et al., 2005).

The involvement of p38 signaling in the control of G1 cyclins and the specific

differentiation-controlling Cdk pathway implicate p38 in a regulatory role for cell-fate decisions.

A study by Yan & Ziff (1995) demonstrates that NGF, a strong p38 activator, regulates cell cycle

control through p21-mediated inhibition of cyclin D-Cdk complexes, Interestingly, cyclin D1

was overexpressed in this model, but this overexpression led to inhibition of PCNA expression

and cell cycle arrest in G1.

2.3—Cell cycle control and differentiation



How does control over cyclin expression affect differentiation? Molnár et al (1997) found that

Cdc42Hs can inhibit cell cycle progression at G1/S via a mechanism requiring p38 activation.

Takenaka et al. (1998) demonstrated that p38 was activated in response to cell cycle arrest in M

phase by treatment with the microtubule-disrupting drug, nocodazole, and was the only MAPK

to show this effect. According to the evidence from Takenaka et al. (1998), active p38 maintains

the activity of maturation-promoting factor (MPF), a protein critical for entry to and maintenance

of M phase (Hunt, 1989). p38’s inactivation by release of nocodazole treatment in NIH 3T3 cells

occurs before the inactivation of MPF and subsequent entry into G1 phase, indicating it has a

crucial role in control and perpetuation of the M phase. p38’s ability to halt a cell in M phase is

thought to be due to the disruption of spindle formation, leading to cell cycle arrest in M phase

(Takenaka et al., 1998).

The mechanism of p38’s function in cell cycle arrest is informative, but it’s important to also

understand the role of p38 specifically in the process of differentiation. Engelman et al. (1999)

found that stimulation of p38 activation using MKK6, a specific p38 activator, induced

differentiation of NIH-3T3 fibroblasts into adipocytes without the presence of the necessary

hormonal stimulants for differentiation. Furthermore, the same laboratory showed evidence that

during this differentiation process, p38 was highly active but decreased drastically once

adipocytes underwent terminal differentiation (Engelman et al., 1998). In PC-12 cells, p38 is

critically involved in differentiation either through direct activation in response to drug treatment

or by downstream activation by cytosolic enzymes. The role of p38 in PC-12 differentiation will

be discussed below.

2.4—Forskolin and PC-12 differentiation



While NGF is the most popular inducer of PC-12 cell differentiation, it is not the only compound

that can cause PC-12 cells to differentiate. Forskolin, a diterpene isolated from the roots of the

plant Coleus barbatus, is a potent activator of adenylate cyclase (Alasbahi & Melzig, 2012). This

activation of adenylate cyclase leads to increased cellular levels of cyclic AMP (cAMP) (Daly et

al., 1982, Laurenza et al., 1989). There are a number of different isoforms of adenylyl cyclase,

each with a unique pattern of tissue distribution. Forskolin is a general activator of all isoforms

of adenylate cyclase, excluding one variant—adenylyl cyclase 9. This ubiquitous effect on

adenylyl cyclase has led to evaluation of forskolin as a potential therapeutic

substance—derivatives have been used for various medical therapies, including treatment of

acute heart failure (Alasbahi & Melzig, 2012; Alasbahi & Melzig, 2010). Forskolin is also a

useful tool for exploring the effects of cAMP in different tissues. Many of these effects, such as

in rabbit gastric gland or dog thyroid tissue, involve increases in endocrine secretion (ie.

stimulates gastric acid secretion and activation of thyroid secretion, respectively) (Hersey et al.,

1983, Van Sande et al., 1983). Interestingly, forskolin-induced increases in cholangiocyte

proliferation in vitro can be blocked through inhibition of the PKA-Src-MEK-ERK1/2

pathway—a MAPK cellular signalling mechanism (Francis et al., 2004). Forskolin is also

involved in catecholamine secretion in neurons as well as in PC-12 cells. Its stimulatory effect on

catecholamine secretion is associated with an increase in tyrosine hydroxylase activity—the

rate-limiting enzyme for catecholamine synthesis (Weiner, 1970). Tyrosine hydroxylase is

activated and phosphorylated by protein kinase A (PKA), which is itself activated by cAMP

(Yamauchi and Fujisawa, 1979; Vulliet et al., 1980; Edelman et al., 1981; Vandamme et al.,

2012). Tyrosine hydroxylase is also phosphorylated by both Ca2+/calmodulin-dependent protein

kinase and protein kinase C (PKC) (Vulliet et al., 1984; Tachikawa et al., 1986; Albert et al.,



1984). Tachikawa et al. (1987) found that treatment of PC-12 cells with 10-7 M forskolin

approximately doubled the level of activation of tyrosine hydroxylase in both the presence or

absence of calcium, making its effect on neurotransmitter synthesis independent from the actions

of PKC or Ca2+/calmodulin-dependent protein kinase.

Forskolin’s effect on catecholaminergic neurons and their model cells (ie. PC-12s) is clearly the

result of cAMP-mediated tyrosine hydroxylase activation. PC-12 cells, a modified rat

pheochromocytoma cell line derived from the adrenal medulla, are capable of catecholamine

secretion both before and after differentiation into neuron-like cells (Wagner et al., 1993). An

interesting physiological effect of forskolin treatment, however, is that it causes PC-12 cells to

undergo a differentiation process. Under normal circumstances, PC-12s resemble normal

chromaffin cells: round and fairly regular in morphology, with a tendency to form cellular

clusters. Upon forskolin treatment, which requires cellular adhesion to a surface, PC-12s do not

form large vertical clusters but rather spread out over the surface and grow long plasma

membrane extensions, often termed “neurites”. These PMEs can form multiple branches and are

electrically labile, making PC-12s an effective neuronal cell model (Shafer & Atchison, 1991; Li

et al., 2017). The mechanism by which forskolin induces this differentiation is dependent on two

major proteins: protein kinase A and p38 MAPK.

2.5—Forskolin-induced PC-12 differentiation

It is well-documented that p38 MAPK is an important signalling factor in NGF-induced neurite

outgrowth in PC-12 cells (Morooka & Nishida, 1998; Huang et al., 2004; Yagi et al., 2013). NGF

is a natural activator of MAP kinases, so it makes sense that it would recruit p38 for induction of

this morphological change. However, forskolin is principally a cAMP activator. It induces

neurite outgrowth through cAMP activation, which phosphorylates PKA, which phosphorylates



CREB. CREB activates various signaling factors including CBP and p300, both of which

mediate CREB-regulated gene transcription through binding to the RNA polymerase II complex

(Delghandi et al., 2005). This putative signaling pathway does not involve p38, but

cAMP/PKA-mediated CREB phosphorylation is not the only mechanism that activates

CREB-mediated gene transcription.

Delghandi et al. (2005) noticed that elevated cAMP levels activated the p38 and MEK5/ERK5

MAPK pathways. Their experiments sought to discern which cAMP-mediated transduction

pathways could mediate forskolin-induced CREB phosphorylation in NIH 3T3 cells. They found

that forskolin-induced activation of PKA led to activation of the p38-MSK1 pathway, and that

active p38 expression elevated the levels of CREB phosphorylation. PKA directly binds CREB,

so why would p38 need to be involved? A subsequent experiment of the kinetics of the two

signaling factors revealed that PKA has a strong transient activation pattern where it peaks 5

minutes after forskolin treatment and returns to baseline after 30min. p38, however, showed

heightened activation beginning at 30 minutes which lasts above baseline for 2 hours. This

indicates that p38 is responsible for sustained CREB phosphorylation when PKA activity

attenuates.

The experiments done by Delghandi et al. (2005) indicate that forskolin activates p38, but the

experiments were done using NIH 3T3 cells. Hansen et al. (2000) demonstrated again that

forskolin activates p38 in a dose- and time-dependent manner, but in PC-12 cells. Through

treatment with H89, a PKA inhibitor, they found that forskolin-induced p38 activation is

dependent on PKA, corroborating the findings of Delghandi et al. (2005). Using SB203580, a

p38 inhibitor, they assayed the effect of forskolin-induced activation of p38 on neurite

outgrowth, and found that the inhibitor dose-dependently decreased neurite outgrowth in PC-12



cells. This was further supported by transfection of PC-12s with an inactivable

(dominant-negative) mutant of p38, which resulted in markedly reduced neuronal differentiation.

This evidence indicates that p38 is vital to the PC-12 differentiation process, regardless of the

stimulus used to induce differentiation. The indiscriminate activity in the differentiation process

of PC-12s makes p38 an alluring target for manipulation of cellular differentiation processes by

EMF.

2.6—Physiologically patterned EMF

There is evidence that indicates that exposure to electromagnetic fields (EMF) can act as

stimulators of physiological processes, including behaviour in an organism. EMF exposure has

also been proposed as a novel therapeutic due to its ability to bypass matter barriers of the body

(e.g. skin, muscle, and bone tissue) (Whissell & Persinger, 2007). EMF have been shown to have

numerous effects on living systems, and its effect can vary depending on a multitude of factors:

qualities such as intensity, application geometry, timing, and pattern (Adey, 1980; Martin, 2004;

Mach & Persinger, 2009; Carniello, 2020). Intensity changes seem to imitate some aspects of

doses of pharmacological agents; there is an optimal EMF intensity that is associated with a

maximal response to the magnetic field. The intensity of the field only seems to be important for

the magnitude of effect. The induction of physiological processes by EMF seems to be largely

dependent on the latter three qualities: application geometry, timing, and pattern. Carniello

(2020) observed that application of burst-firing EMF (an EMF pattern modeled after amygdaloid

activity) using different application geometries (i.e. solenoids created by copper wire coiled

around different shapes such as a Hoberman sphere and Helmholtz coil) induced differences in

average photon emissions in PC-12 cells. Biophoton emission is thought to be a marker of

metabolism, indicating that the changes in application geometry induced varying changes to the



cells’ metabolism (Popp et al., 1984). Mach & Persinger (2009) demonstrated the importance of

timing of field application on learning: rats exposed to an LTP-patterned EMF before a forced

swim task displayed impaired learning ability, with significantly greater escape latency compared

to control rats after the forced swim task as measured on the 8th day of testing. This demonstrates

that magnetic fields can modulate learning and behaviour, and that appropriate timing must be

applied in order to obtain the optimal effect of exposure to the field. The most important quality

of a physiological EMF is its pattern. A large number of biologically active EMF have some

similarity to physiologically relevant electrical patterns; examples include the burst-firing EMF

(patterned after amygaloid electrical activity) and the LTP field (patterned after the electrical

activity found during long-term potentiation). The fact that the LTP field has particular effects on

learning is of great significance—it implies the possibility of facilitating other functions by

mimicking electrical signatures that the system can recognize. We therefore explored the effect

of modeling EMF after the sequence of p38 MAPK using the Cosic Resonant Recognition Model

on the function of p38 in PC-12 cell differentiation.

2.7—The Cosic Resonant Recognition Model

Irena Cosic proposed a model within which biological proteins can be classified based on the

primary sequence around their active sites. She termed this model the Resonant Recognition

Model (RRM). The RRM proposes that biologically active proteins can be classified by a

characteristic frequency, which is specific to their functional domains and, to some extent, their

tissue-specific role. These characteristic frequencies are based on the various electrical and



chemical properties of each amino acid, compiled into a gross electrochemical signature based

on the specific sequence of amino acids in each protein. The core quality represented by each

electron-ion-interaction potential (EIIP) value is based on the energy of free electrons occupying

each amino acid, giving each a unique EIIP value. There is some overlap in these values (e.g.

both isoleucine and leucine have an EIIP value of 0), but the majority of them are unique. The

electronic signatures of each amino acid allow for an infinite number of possible cumulative EIIP

signatures, dependent again on the primary structure of the protein. This allows for highly

specific electronic signatures for each protein. However, Cosic (1994) noted that the

characteristic frequency obtained using these values is specific to the function of the protein,

rather than the protein itself. Cosic et al. (1991) demonstrated that the characteristic frequency

can be used to determine amino acids related to the frequency, termed “hot spots”. The majority

of these hot spot amino acids are distributed throughout the protein’s primary sequence, but upon

folding, all line up in close proximity to the active site. This result was consistent between sperm

whale myoglobin and human hemoglobin. Therefore, the amino acids contributing primarily to

the function of the protein as predicted by the characteristic frequency are distributed variably

along the primary sequence. This distribution emphasizes the importance of primary

sequence—while the secondary structure of a protein determines functional significance, the

primary sequence must be made accurately in order to allow the protein to function.

Furthermore, the various distribution of the key amino acid residues necessitates inclusion of the

entire primary sequence when considering this model. It is for this reason that we chose to

analyze the effect of an electromagnetic field patterned after the primary sequence of p38 on a

process requiring p38 activity—PC-12 differentiation.

2.8—Materials and Methods



Cell Culture

Rat pheochromocytoma (PC-12) cells were cultured as a weakly adherent culture in RPMI-1640

medium (Cytiva) supplemented with 10% fetal bovine serum (Cytiva), 5% horse serum (Gibco),

100 U/mL penicillin, and 0.1mg/mL streptomycin (Corning). Cell stocks were stored in a

humidified incubator at 37°C and 5% CO2 and were allowed to grow to 95% confluence before

splitting (7-14 days). Experimental samples were cultured in 35mm culture dishes with medium

adherence. Experimental plates were first coated with poly-L-lysine and left to dry before adding

100uL cell suspension (approx. 90,000 cells). Cells were allowed to grow for 24h in

supplemented media, after which the media was exchanged for serum-free RPMI media.

Following addition of serum-free media, forskolin was added at a concentration of 10uM.

Electromagnetic Field Design

The electromagnetic field was patterned based on the primary sequence of p38. The primary

sequence of p38 was first obtained from Jiang et al. (1997), and each amino acid in the sequence

was matched to the EIIP values listed in Cosic (1994). These values (max. 0.1263, min. 0) were

then transformed into binary values from 0-255 in Excel, with EIIP=0 being the lowest value (0),

and EIIP=0.1263 being the highest value (255). All other values were scaled to their appropriate

numerical value within the binary range specified and each value plotted every 3 msec. The field

pattern can be viewed in Figure 1.



Figure 1—p38 MAPK EMF design

The field was created using Excel. The primary sequence of p38 was used; each amino

acid is in order. EIIP values obtained from Cosic (1994) were transformed into scale

values ranging from 0-255 and plotted.

Electromagnetic Field Application Geometry

The electromagnetic field was applied using two separate geometries: a Helmholtz coil, made by

coiling insulated copper wire around a milk crate, and a cylindrical light and EMF applicator

equipped with two solenoids. Both geometries required production of the field through a

custom-made digital-to-analogue converter (DAC). Pattern values were controlled using a Zenith

ZF 148-42 (Intel 8008 16-bit CPU with 4.7 or 8 MHz operation) computer operating with the



custom-made software Complex-2 (Ross et al., 2008). Each point was a value between 0 and 255

that was translated by the DAC to between -5 and +5 mV.

Procedure

Cell plates were kept in the incubator at 37°C and 5.0% CO2 during exposures. Immediately

following forskolin administration, cell plates were exposed to the p38 field. Application of the

field was done using two different geometries: first, the cell plates were placed beneath a small

box containing a pair of solenoids that were positioned 3cm above the cell plates, and second,

cells were placed under a milk crate coiled in insulated copper wire. The application geometries

can be seen in Figure 2. Cell plates were individually placed 3cm below the two-solenoid

geometry for exposure. For the milk crate geometry, cell plates were placed in an evenly spaced

triangle within the overturned crate. Each vertex contained a stack of three plates, with each

stack containing one plate of each condition (i.e. one 1-day, 2-day, and 3-day exposure plate

each). Four groups constituted the experimental groups: a forskolin-treated, EMF-untreated

control; a forskolin-treated group exposed to the magnetic field for only one day; a

forskolin-treated group exposed to the magnetic field for two days; and a forskolin-treated group

exposed to the EMF for three days. All exposures lasted an hour, after which each plate was

returned to a separate stock incubator. The field’s time between points was 3ms, and time

between cycles was 1000ms, meaning the cells were exposed to 1728 cycles.

Data Collection

Following exposure to the EMF, 3 photos of each plate were taken using a phase-contrast

microscope at 100X magnification and using InfinityCapture software. The purpose of this

protocol was to ensure normality and accuracy of sampling. Following the full experimental



protocol, pictures were assessed for number of total cells as well as for the number of cells

bearing plasma membrane extensions (PME). Plasma membrane extensions, not to be confused

with neurites, were operationally defined as any extension from the cell membrane not

considered a pseudopod, bleb, or morphological irregularity. This operational definition is more

inclusive than the general definition of a neurite—we chose to use this measure because we are

concerned with differentiation rate rather than neurite outgrowth specifically. A single PME

would indicate that the cell has begun the differentiation process, and the presence of multiple

PMEs did not change our counts. To clarify, a cell bearing a single PME would count as one

differentiated cell, as would a cell bearing multiple PMEs. Any cells with no visible extensions

would be considered undifferentiated. Examples of cell photos can be seen in Fig. 4.

Figure 2—Application geometries for the p38 field exposure



The field application geometries are pictured. The milk crate application allowed for

exposure of multiple plates at once. The crate can be viewed in (A). The two-solenoid

box was positioned 3cm above individual cell plates. The application device can be

viewed in (B). The arrangement of plates within the milk crate application geometry is

represented graphically in (C).

Statistical Analyses

All statistical operations were done using IBM SPSS 18 software for PC. Raw total cell (CT) data

and total cells with PME (CE) data were averaged per plate and converted into a percentage of

differentiated cells (Pd) using the formula:

𝑃
𝑑
=

𝐶
𝐸

𝐶
𝑇

( ) * 100
Percent differentiation scores on days 1, 2, 3, and 4 were compared between groups using a

one-way analysis of variance (ANOVA). Post-hoc independent-samples t-tests were employed to

confirm ANOVA results. CT and CE scores were also compared using one-way ANOVA.

Additionally, to standardize the scores, each score was converted to a Z-score using the formula:

𝑍 = (𝑋−µ)
σ

Where X represents the individual cell plate scores, μ is equal to the population mean, and σ

represents the population standard deviation. All Z-scores were compared between groups using

independent-samples t-tests.

2.9—Results



We first analyzed the effect of our p38 field on PC-12 differentiation using a two-solenoid

application geometry. Cells were all placed 3cm below the small box housing the solenoids.

Exposures occurred individually—each cell plate was exposed to EMF independently. We

analyzed both raw scores and standardized Z-scores. We chose this method due to the high

degree of variability between weekly experiments—cell populations from different sources were

used for multiple experiments. Independent-samples t-tests (Fig. 3) demonstrated that cells

exposed for 3 days showed a significantly higher proportion of differentiated cells above the

mean than the control group (t(12)=-2.515, p=.027) and the group treated for one day only

(t(13)=-2.437, p=0.030). Score distributions relative to the mean can be viewed in Fig. 6.



Figure 3—Proportion of differentiated cells over the mean

Figure 3 demonstrates the proportion of cells that displayed differentiation compared to

the mean of the population. Values were computed using Z-score calculations from raw

data. * indicates the relationship between control and 3-day treated groups (t(12)=-2.515,

p=0.027), while ** indicates the relationship between the 1-day treated group and the

3-day treated group (t(13)=-2.437, p=0.030). Error bars represent SEMs.

Figure 4—Cell plate photographs on day 3

Figure 4 demonstrates the cell biology of each of the three statistically relevant

conditions at 3 days post-forskolin treatment. Control (A) and 1-day (B) treatment groups



showed a significantly lesser proportion of cells bearing plasma membrane extensions

when compared to groups treated with EMF for three days (C).

We then analyzed the data from the crate application geometry—this geometry consisted of a

copper wire coiled around a milk crate. Cells were placed in an evenly spaced triangle from the

center of the crate, with one plate from each exposure group being part of each vertex (see Fig.

1). We computed independent-samples t-tests to confirm whether or not there was a treatment

effect. The t-tests revealed that this application geometry yielded similar results to the light box

group: on day 3, the 3-day treatment group demonstrated significantly greater Z-scored

percentage of cells bearing neurites when compared to groups that went untreated (t(19)=-2.366,

p=0.029) or were only exposed for one day (t(19)=-2.215, p=0.039). Score distributions relative

to the mean can be viewed in Fig. 6.



Figure 5—Averaged Z-scores for percentage of cells with PME

Figure 5 illustrates the discrepancy in Z-scored percentage of cells expressing PME (i.e.

percentage of differentiated cells) on the third day of treatment between 3-day treated

groups and both untreated groups and groups treated only for one day. Values were

obtained using Z-score calculations of the raw data. * indicates the difference between

3-day and 1-day treatment (t(19)=-2.215, p=0.039). ** indicates the difference between

3-day treatment and no treatment (t(19)=-2.366, p=0.029). Error bars represent SEMs.



Figure 6—Frequency distribution of scores

The graphs pictured show the distribution of Z-scores for both the light box geometry

(6.1) and the milk crate geometry (6.2). Treatment groups are organized numerically on

the x axis: 0 represents the control group, 1 represents the 1-day treatment group, 2

represents the 2-day treatment group, and 3 represents the 3-day treatment group.

2.10—Discussion

The results indicate that EMF patterned after p38 MAPK is sufficient for facilitation of a process

largely involving p38—PC-12 cell differentiation. While the mechanism of this effect remains

unknown, it is reasonable to suggest that exposure to the p38 field could have successfully

facilitated p38 functioning, or activation, in undifferentiated PC-12s. The obvious first step to



discerning the true mechanism of this effect is to determine whether p38 or phospho-p38 levels

are increased by exposure to the field.

Evidence suggests that magnetic fields can work in conjunction with pharmaceutical agents, and

often show synergistic effects on cell behaviour. Kavaliers et al. (1998) demonstrated synergistic

effects between exposure to extremely low-frequency (ELF) electromagnetic fields and treatment

with the NO-releasing agent, sodium nitroprusside (SNP). Induced antinociception with the

enkephalinase inhibitor SCH was blocked by exposure to a 60-Hz magnetic field, and this

inhibition of analgesia was facilitated by treatment with SNP to the point that nociceptive

response latencies were comparable to baseline levels. Furthermore, Rihova et al. (2011) noted

that a low-frequency field and doxorubicin combined with N-(2-Hydroxypropyl)

methacrylamide (HPMA) showed a significant synergistic anti-cancer effect on mouse T-cell

lymphoma EL4 cells. Sandyk (1996) found that exposure to a weak magnetic field potentiated

the effect of 4-aminopyridine, a potassium channel blocker used to extend the duration of action

potentials in demyelinating nerve diseases such as multiple sclerosis. The results of these studies

may lend support to the idea that exposure to p38 EMF may have a synergistic effect on

drug-induced differentiation: it could be that forskolin-mediated activation of p38 was

synergistically facilitated by the p38-patterned field. We propose that the synergistic effect is

dependent on a low level of activation of the target protein by the pharmaceutical agent. While

there is a small amount of p38 activation following treatment with forskolin, the p38 field

increases this rate of activation. The rate of activation by the forskolin cannot be infinite under

any circumstances—there must be a molecule to be activated. If most or all of the p38 molecules

in the system are activated by forskolin, there is no potential for synergistic promotion of

activation by EMF. There could be a kinetic-mediating function, but overall activation itself



would not be increased or decreased. To test this, comparisons must be made between the

indirect p38 activator forskolin and the direct p38 activator NGF. Assuming the field effect is

dependent on indirect vs. direct activation of the protein, we should see less synergism between

exposure to the p38 field and treatment with NGF. Additionally, examining the synergistic effect

of a cAMP- or adenylate cyclase-patterned field may help elucidate the mechanism of action of a

synergistic protein-patterned EMF.

The results of this experiment are robust and require further experimentation to elucidate the

mechanistic action of exposure to the protein-patterned EMF. The first step in determining this

mechanism is to complete protein quantification assays—Western Blots or ELISA should be

sufficient to determine if there is a difference in expression of both p38 and phospho-p38. An

increase in the former would be indicative of increased p38 gene expression, while increase in

the latter would suggest that the field is facilitating phosphorylation—and therefore

activation—of p38. The next step would be to compare the efficacy of p38 EMF in inducing

neurite outgrowth or differentiation in the absence of a pharmaceutical agent—if exposure to p38

EMF is sufficient to induce differentiation, this would further validate the efficacy of

protein-patterned EMF. Furthermore, assaying the effect of this field on NGF-treated PC-12 cells

would be a very informative pursuit. Since NGF acts as a direct p38 activator, there could be a

“threshold effect” by which p38 cannot be activated more than it is by NGF. This would lead to

an inability of treatment to create significant differences between control and treatment groups.

Should the EMF produce more neurite outgrowth than NGF-treated controls, there may be an

alternative mechanism than simply increased activation of p38. Another important question is the

effect these fields might have on other cellular processes. Since the MAPKs are expressed

ubiquitously throughout tissues, and each performs a unique function dependent upon the cell



type, determining the specificity of protein-patterned EMF therapy is vital to understanding the

mechanism of action.

It is possible that the observed effect of p38 EMF exposure is due to the field-induced

permeability changes in the plasma membrane. High- and low-frequency EMFs have been

shown to induce membrane permeability in PC-12 and B16-BL6 cells (Perera et al., 2019). This

change in permeability corresponds to ion influx and efflux, including calcium. Evidence

suggests that calcium flux is a contributor to the differentiation process in PC-12

cells—treatment with oxaliplatin inhibits neurite outgrowth through reduction of intracellular

calcium. This effect can be reversed through treatment with calcium supplementation (Takeshita

et al., 2011). Taking into consideration the possibility of charge induction by EMF, it is certainly

possible that our field did not exhibit its effects through direct activation of the p38 pathway, but

rather by introducing a charge gradient across the membrane by which calcium flow was

promoted, inducing neurite outgrowth. This possibility can be examined with measurements of

calcium kinetics, intracellular/extracellular charge, and molecular quantification of

calcium-activated protein phosphorylation.

To conclude, the effects of the p38-patterned EMF were clear and consistent between different

application geometries. We attribute the effect to promotion of p38 activation by forskolin, but

alternative mechanisms exist. The evidence reported here indicates that the gross morphological

process of PC-12 differentiation is facilitated by 3 days of exposure to a protein-patterned field.

Further research must be done to elucidate the mechanism of action of these complex magnetic

fields.
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Chapter 3: The effect of ERK-patterned EMF on planarian
regeneration: an in vivo investigation



Abstract

Planaria (genus Dugesia) are a freshwater flatworm species capable of complete regeneration of

segments following bodily injury. This regeneration process is highly dependent on the activity

of the extracellular signal-related kinase (ERK)—ERK controls cell-fate decisions of the

totipotent stem cells responsible for regeneration, termed neoblasts. We examined whether

exposure to an electromagnetic field patterned after the electrical signature of ERK could

facilitate the regeneration process. We found that planaria exposed to the ERK field did not

exhibit a significant difference from control worms. However, we found that exposure to a sine

field control significantly increased the proportion of animals that displayed fully developed

auricles at 7 days post-bisection when compared to the ERK field group (p<.05). We propose

that this effect is due to a non-specific action of EMF in promoting ERK activation, an effect

nullified by the ERK field.

Introduction

3.0—Planarian biology

Planaria (genus Dugesia) are bilaterally symmetric metazoans that belong to the phylum

Platyhelminthes. They are freshwater-dwelling carnivores that lack a coelom, or an

organ-containing internal cavity. The space between organ systems is filled with a

mesenchyme-like tissue called the parenchyma (Reddien & Alvarado, 2004). They have bi-lobed

cephalic ganglia which comprise their nervous system, and are able to synthesize a multitude of

the neurotransmitters that humans use such as acetylcholine, glutamate, and dopamine (Buttarelli

et al., 2000; Reddien & Alvarado, 2004; Vyas et al., 2011). They contain sensory organs

including photoreceptors (hereafter called “eyespots”) that detect light but are not



image-forming. They also express wide, triangular extensions at the base of the head called

auricles.

3.1—Planarian regeneration

Planaria (genus Dugesia) have the rare ability to regenerate entire segments of their bodies

following wounding or amputation. This regeneration process is mediated by a group of cells

called neoblasts. These neoblasts are the only mitotically active cell type in planaria and have a

stem-like ability to differentiate into all planarian cell types. Neoblasts participate in replacement

of normal cell turnover, but their most interesting role is that in regeneration. Upon bisection of a

planarian, the muscles around the wound will contract on the dorsoventral axis, sealing the

wound site for repair. Upon successful closure of the wound, neoblasts will migrate to the wound

site and begin formation of a structure called the blastema. The blastema is the beginning of the

regenerated part. For example, if the tail segment needed to be regrown from a head segment, the

blastema would be the beginning of the new tail segment. The blastema’s cellular composition is

made up completely of differentiated neoblasts; there is no mitotic activity within the blastema.

The source of the new tissue forming the blastema comes from a region just before the blastema

begins, called the “postblastema region”. This zone is made up of a large population of

mitotically active, undifferentiated neoblasts. These cells are crucial for proper regeneration in

planaria (Reddien & Alvarado, 2004; Tasaki et al., 2011).

Neoblast activity and their movement between the S- and M-phase of the cell cycle seems to be

tied to c-Jun N-terminal kinase (JNK). Moreover, neoblast differentiation seems to necessarily

involve extracellular signal-related kinase (ERK). Both of these proteins are part of the MAPK

family and are often involved in a wide variety of cellular functions. In the case of planarian

regeneration, Tasaki et al. (2011) found that use of a JNK inhibitor (SP600125) prevents



transition of neoblasts into the M-phase of their cell cycle. Treatment with this inhibitor caused

failure to regenerate head and tail segments when treatment occurred 12h after amputation,

which is when the regeneration process seems to start. Furthermore, when planaria were treated

with SP600125 immediately after amputation, wound healing was significantly impaired. This

implies that planarian wound healing and blastema formation critically involve JNK. In the same

year, the same authors investigated the role of ERK in planarian regeneration. They found both

activated and inactivated ERK in the blastema, as opposed to the postblastema region in which

JNK is highly expressed. Importantly, inhibitor assays indicate that p38 suppression results in

normal regeneration, indicating a minimal role. Immediately after wounding, phosphorylated

ERK (pERK) was found at the wound site, but as regeneration proceeded, the levels of

phosphorylated ERK shifted to differentiated neoblasts. RNA interference and inhibitor

experiments indicated that ERK activation is responsible for neoblast cell-fate decisions (i.e. will

it continue replicating or will it differentiate).

The cue to induce planarian regeneration is unknown, but a number of possibilities have emerged

in the literature. Kato et al. (2001) investigated whether neoblasts or differentiated cells were

responsible for initiating the regeneration process. For clarity, neoblasts are ubiquitous in

planaria regardless of whether the animal is injured; it is the only type of undifferentiated cell

that occurs in planaria and are omnipresent for growth and normal tissue repair. They eliminated

proliferating neoblasts using X-ray irradiation and grafted pieces of differentiated tissue from

untreated worms on the irradiated ones. They also grafted irradiated, neoblast-barren tissue onto

non-irradiated specimens. Each graft was flipped on the dorso-ventral axis; the ventral face of

the graft was positioned on the dorsal face of the host. Blastema-like regions were observed at



the boundary between the graft and the host, indicating that neoblast populations of any size will

participate in regeneration given the appropriate cue.

There is evidence that exposure to magnetic fields can facilitate regeneration in planaria. This

effect may also be the product of ERK activation. Goodman et al. (2009) found that exposing

bisected planaria to an extremely low frequency (ELF) EMF (60Hz, 80mG) during the initial 3

days post-bisection resulted in a significant increase in regeneration for both head and tail

segments. This effect corresponded to an elevation in the level of the heat shock protein hsp70, a

protein activated by the ERK signalling cascade. The authors put forth the possibility that the

EMF’s effect is due to the sensitivity of a promoter sequence in the HSP70 gene to magnetic

fields. The elevation in ERK activity resulted in the phosphorylation of Elk1 and subsequent

activation of the serum response element (SRE). Activation of SRE corresponds to regrowth in

many cell types after injury, implicating it in the regeneration process. Another study showed

that exposure to a 7Hz, nT-range square wave showed faster regeneration of eyespots and

auricles compared to sham field and control groups (Gang et al., 2013). Van Huizen et al. (2019)

demonstrated that the intensity of the field can alter the increase in regeneration. This may lend

support to the position of Goodman et al. (2009) that the increase in proliferation is due to the

sensitivity of the HSP70 gene to EMF.

3.2—The extracellular signal-related kinase

The ERK pathway is highly consistent among all eukaryotes, including planaria (Whelan et al.,

2012). In planaria, ERK is highly implicated in neoblast differentiation, both during wound

healing and during normal cell turnover. It also plays other roles in the wound healing process, as

well as initiation of regeneration and proliferation (Wang et al., 2020). The signalling pathway of

ERK in this process involves upregulation of the planarian MEK1/2 homologs, Djmek1 and



Djmek2, at 1 and 7 days post-bisection (Wang et al., 2020). The ERK pathway in planarian

regeneration seems to involve stimulation of the epidermal growth factor receptor (EGFR)

leading to expression of Smed-egfr-3 and subsequent activation of ERK (Barberán & Cebria,

2019). Fraguas et al. (2011) found that RNA interference to silence of the Smed-egfr-3 gene

resulted in decreased differentiation of eye pigment cells, as well as morphological abnormalities

in the regenerated tissues. The impairments seen following Smed-egfr-3 silencing are consistent

with the effects noted by Tasaki et al. (2011) following ERK inhibition. This indicates that the

mechanism by which ERK contributes to differentiation critically involves the EGFR and

Smed-egfr-3.

The expression pattern of ERK also seems to play a pivotal role in the regeneration process. The

work of Agata et al. (2014) suggests that ERK is upregulated in the anterior region of the

blastema and downregulated in the posterior region of the blastema from 48h to 72h

post-bisection. They found that this ERK gradient was dependent on the activity of

β-catenin—the β-catenin suppresses ERK activity in the posterior blastema, and decreases in its

own expression in the anterior region, allowing ERK to function normally. They suppose that

β-catenin has control over cell-fate decisions mediated by ERK by selectively suppressing its

activity to achieve a desired cell type in a given tissue. They also importantly found that ERK

inhibition leads to the loss of differentiative ability, but proliferation was maintained. This

indicates that ERK has a large degree of control over neoblast differentiation, and that control is

highly regulated in terms of ERK level and localization. We proposed that mimicry of the vital

neoblast differentiation protein, ERK, via protein-patterned EMF would facilitate the

regeneration of planaria.

3.3—Materials and Methods



Planarian Preparation

Planaria (Dugesia dorotocephala) (N=147) were kept in a stock container stored in a dark fridge

at 4°C. They were fed liver every 7 days and water was replaced once a week. Planaria were

removed from the fridge and left to acclimate to room temperature for 15 minutes. Samples were

then removed from their stock container and placed in a 60mm petri dish. Worms were then

individually bisected at the base of the head, ~0-2mm from the auricles using a razor blade. Tail

segments were kept and stored in 1mL water inside of 2.0mL centrifuge tubes, and head

segments were disposed of. All worms were kept in a dark pantry at room temperature when not

undergoing field treatment.

Electromagnetic Field Design

The electromagnetic field was patterned based on the primary sequence of ERK. Each amino

acid in the primary sequence of ERK was matched to EIIP values listed in Cosic (1994). These

values (max. 0.1263, min. 0) were then transformed into binary values from 0-255 in Excel, with

EIIP=0 being the lowest value (0), and EIIP=0.1263 being the highest value (255) with a 3 msec

point-to-point interval. The EMF pattern can be viewed in Fig. 7. The application geometry

required production of the field through a custom-made digital-to-analogue converter (DAC).

Pattern values were controlled using a Zenith ZF 148-42 (Intel 8008 16-bit CPU with 4.7 or 8

MHz operation) computer operating with the custom-made software Complex-2 (Ross, 2008) .

Each point was a value between 0 and 255 that was translated by the DAC to between -5 and +5

mV.



Figure 7—The ERK EMF field design

The field was created using Excel. The primary sequence of ERK was used; each amino

acid is in order. EIIP values obtained from Cosic (1994) were transformed into scale

values ranging from 0-255 and plotted.

EMF Application

Following bisection of all worms in the sample, tubes were placed in a centrifuge tube holder

and positioned in the middle of the EMF application apparatus—a milk crate wrapped in copper

wire (Fig. 5). Planaria were exposed to one of three different magnetic field patterns—a 7Hz sine

field (n=39), the EMF patterned after the primary sequence of p38 (n=30), and a field modeled

after the extracellular signal-related kinase (ERK) (n=50). A control group, which did not receive



field treatment and was kept in a dark cupboard for the duration of the experiment, was included

(n=29). Half of the planaria from each field group were exposed for 30 minutes each day for 8

days. The other half was exposed on day 1 only, in order to determine whether there was a

difference between singular exposures immediately after bisection or consistent exposures

beginning after bisection.

Figure 8—Planarian regeneration assay application geometry



Tubes containing planaria were placed in the center of the crate in a centrifuge tube rack.

Planaria were exposed for 30 minutes each, then removed from the exposure and placed

in a dark cabinet.

Regeneration Assay

Following EMF exposure, planaria were individually removed and placed on a glass microscope

slide. The slide was placed on an Olympus CX41 microscope equipped with a Lumenera

Infinity-EP camera. The camera was connected to a desktop computer with InfinityCapture

software. InfinityCapture software was used to photograph three pictures of each worm’s

blastema on days 1-8. Following photography, the worms were returned to their tubes and placed

back into the dark pantry until the subsequent day’s exposure. The photographs were analyzed

following the full experimental protocol. Our operational definition of a fully regenerated

planaria was a worm displaying fully developed eyespots and auricles. We chose this measure

due to the absolute nature of it. A pilot experiment was conducted within which we started with

the nominal measure of eyespots (1) or no eyespots (0), and we found that there were too many

planaria showing eyespots that were present but were not fully developed—neither a true 1 nor a

true 0 rating. We therefore chose to add a middle value to characterize the worms with an

intermediate phenotype, and assigned them a value of 0.5. The 0.5 value gave us an ordinal scale

by which the results were analyzed.

Data Analysis

Data was compiled in Excel. Planaria were assessed for presence of eyespots and auricles on

days 4-8. The presence of eyespots/auricles was coded as “1” and the absence of

eyespots/auricles was coded as “0”, as reflected in the figures. A third value of 0.5 was included,



to describe the planaria with present but not yet fully developed eyespots and auricles. Data were

analyzed using the non-parametric Mann-Whitney U test.

Figure 9—Regeneration assay score examples

Planaria were assayed for regeneration based on photos such as those pictured. A worm

with no eyespots or auricles (A) were coded as 0. Worms with present but

underdeveloped eyespots and auricles (B) were coded as 0.5. Planaria with fully

developed eyespots and auricles (C) were coded as 1.

3.4—Results

A chi-square analysis was run for presence of eyespots/auricles (0) vs. no eyespots/auricles (1)

on each day and did not yield significant results. The nominal measures of 0 and 1 allowed for



parametric tests to be conducted, but the addition of our 0.5 measure made our data ordinal. Note

that since all underdeveloped eyespots were given a 0.5 value, it is not a true scale measure.

When including this 0.5 value, our population was not normally distributed. We therefore chose

to run a Mann-Whitney U test and found that the relative proportion of worms showing

developed auricles on day 7 were significantly greater in the sine field group than the ERK group

(U(16)=637, W=1540, Z=-1.977, p=0.048). The results can be seen in Figure 5.

Figure 10—Relative proportion of planaria expressing eyespots and auricles

between treatment groups.

Scores were obtained using a Mann-Whitney U test for non-parametric data. “*”

indicates the significant difference in auricle expression between sine field-treated

planaria and ERK field-treated planaria (p=0.048). Error bars represent SEMs.





Figure 11—Proportion of ordinal scale ratings per group

Figure 11 illustrates the proportion of scores on our ordinal scale that contribute to each

averaged score (Fig. 9) at 7 days post-bisection. 11.1 displays the proportion of eyespot

presence/absence scores, while 11.2 shows the proportion of auricle presence/absence

scores.

3.5—Discussion

The results of this experiment indicate that protein-patterned EMF, specifically for ERK and p38,

did not have a significant effect on the regeneration of planaria. The initial hypothesis was that

exposure to the ERK field would facilitate differentiation of neoblasts in the regenerating worms.

We observed no evidence of this effect. We did, however, notice a small effect in the sine group

compared to the ERK group. In fact, the ERK field group showed similar auricle and eyespot

development to control worms. We also noticed a general trend, although not statistically

significant. The p38 and sine field groups generally expressed a greater relative proportion of

planaria with developed eyespots and auricles at 7 days post-bisection. There are a few

possibilities that we postulate contributed to the results we observed.

Firstly, it is possible that the wrong protein was targeted. While ERK activation has been shown

to be responsible for differentiation of neoblasts into mature, functional cells, JNK is vitally

important to neoblast proliferation (Tasaki et al., 2011). The differentiation of neoblasts is

dependent on the presence of neoblasts—this makes neoblast proliferation the rate-limiting step

of this process. It could have been that exposure to EMF facilitated neoblast differentiation, but

the number of neoblast cells that were able to respond to the differentiation signal did not differ

between groups. It could be that facilitating proliferation through a JNK-patterned EMF may be



required to increase the number of cells available to differentiate, thereby increasing the rate by

which the planaria regenerate. To test this, we suggest an experiment in which the ERK field, a

JNK field, and a multiple exposure of JNK followed by ERK field are used on planaria. If JNK

activation truly is the rate-limiting step of the process, and the field truly does increase the

activity of its target protein, there should be a maximal effect in the combination group.

Another possibility is that non-specific fields may promote indiscriminate activation of

electrically sensitive biomolecules, while a specific field, such as ERK, may have inhibitory

effects on the protein it targets. There is evidence that simple magnetic fields have the ability to

facilitate planarian regeneration. Goodman et al. (2009) found that exposure of planaria to a

60Hz sine wave facilitated regeneration. Gang et al. (2013) found that a 7Hz square wave was

successful in promoting the regeneration process as well. The important distinction between the

fields in these experiments and the ERK field used in ours is the complexity of the waveform and

therefore the amount of energy being transferred to the animal. Sine and square waves are very

simple field patterns, and may act through indiscriminate addition of energy to the system. This

could lead to facilitation of function in electrically labile biomolecules, such as the promoter

sequence of HSP70, as posited by Goodman et al. (2009). Our results are consistent with this

idea. The sine field is non-specific, and may have caused an increase in the relative proportion of

worms expressing eyespots/auricles through electrical manipulation of hsp70 expression and

subsequent promotion of neoblast growth and differentiation. The p38 field is a more complex

pattern, but we suppose that given p38’s minimal role in regeneration, it exhibits nonspecific

actions in the regeneration process. The ERK field’s results being similar to control may be due

to a few reasons: first, it could be that the field itself does promote activation of some pathway or

gene, such as hsp70 activation, in the same non-specific manner as sine and p38, but the



ERK-specific function of the field is to inhibit the activation of ERK. If exposure to the sin-EMF

and p38-EMF promote planarian regeneration simply by adding electromagnetic energy to the

system, to activate mitogen signaling, in a manner not dependent on its pattern, then exposure to

the ERK-EMF would also be expected to add this same non-specific energy. Therefore, the fact

that exposure to ERK-EMF does not induce the non-specific energy-mediated effects is because

the specificity in the ERK-EMF signaling information acts to specifically inhibit ERK activation

in the system.   The promotion of ERK activation by hsp70 is nullified by the inhibitory effect of

the ERK field on the ERK protein. A possible alternative could be that the mechanism by which

the ERK field and the non-specific fields act are entirely different. In order to determine the

mechanistic action of these different fields, molecular assays are required. For example, Hsp70,

ERK, p38, and JNK levels should all be assayed following treatment with each field. This will

provide evidence as to whether there is a significant effect on ERK activation in any of the fields,

or whether the observed effect operates through a unique mechanism.

In conclusion, the results reported in this experiment indicate that an ERK-patterned EMF is not

sufficient to aid the process of planarian regeneration. We found that exposure to a sine field for

30 minutes each day post-bisection resulted in a significantly greater proportion of planaria

exhibiting complete auricle regeneration than the ERK field group. We propose that this effect

occurred due to non-specific stimulation of electrically labile promoters resulting in increased

mitogen activated pathways, such as ERK activation, by the sine field, while the ERK-specific

field nullified this effect through possible inhibition of ERK. Further protein quantification

assays are necessary to deduce the mechanistic action of our protein-patterned electromagnetic

fields in planarian regeneration.
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Chapter 4: Discussion



The results of the experiments detailed in this manuscript lend useful information in the pursuit

of understanding the effect of protein-patterned EMF. We found that a p38-patterned EMF

significantly promoted the differentiation of PC-12 cells using two different field application

geometries. This differentiation process is highly dependent on p38 activation, indicating the

possibility that the field is specifically activating p38. There is the potential for synergistic

activation between the field and the pharmaceutical agent used (forskolin), and the effect may be

due to forskolin’s indirect activation of p38. The subsequent in vivo experiment in planaria

indicated a contrary effect, however. The ERK field-treated animals showed next to no difference

from control worms, while sine and p38 fields induced a greater proportion of worms to

complete the regeneration process at 7 days post-bisection. The discrepancy in effect between in

vitro and in vivo experiments is curious, but does not rule out the possibility that

protein-patterned EMF can still increase cellular function in vivo. We proposed that the lack of

effect may be due to the specific inhibition of ERK which was nullified by an increase in

non-specific activation of the electrically labile Smed-erk-3 promoter sequence, leading to

activation of ERK. The results of sine and p38-patterned fields support this position, as they

generally express a higher proportion of developed eyespots and auricles at 7 days, although this

result was only statistically significant in auricle development between sine and ERK groups.

The potential of protein-patterned EMF is apparent throughout this manuscript. There are many

important steps to take before considering it as a true therapeutic technique: determining

mechanism using molecular assays, analyzing kinetics of activation of target proteins and

upstream/downstream targets, and analyzing the difference between specific

physiologically-patterned EMF and non-specific physiologically-patterned EMF.



ERK is absolutely necessary for planarian regeneration. Its phosphorylated variant is

omnipresent in differentiated neoblasts in the blastema, indicating its prominent role in neoblast

differentiation. According to the reports of Tasaki et al. (2011), planarian neoblast cell-fate

decisions are tightly controlled by ERK. It is therefore unexpected that we observed no

stimulatory effect on regeneration from the ERK-patterned field, given our results in vitro. The

results of Goodman et al. (2009) may serve to complement the results of this study. They found

that exposure to an extremely low frequency (60Hz) weak magnetic field facilitated the

regeneration process of planaria through an ERK-mediated mechanism. The field itself was a

sine field—for all intents and purposes, this field is informationless. However, we found that the

sine field significantly increased the proportion of worms that developed auricles when

compared to our ERK field. They posit that the function of this effect may have had to do with a

specific, ELF-EMF sensitive domain in the promoter region of the HSP70 gene, rendering it

susceptible to manipulation by EMF. The difference between our sine field and that used by

Goodman et al. is that our field had a frequency of 7Hz, chosen for its proximity to the

Schumann resonance. The Schumann resonant frequency has been shown to have biological

effects (Cherry, 2003; Elhalel et al., 2019; Sukhov et al., 2021). Perhaps the frequency of the sine

field has a significant effect on the regeneration rate, which would lend confidence to Cosic’s

emphasis on frequency rather than pattern. However, Gang et al. (2013) found that a 7Hz square

wave was sufficient to promote regeneration. This result may indicate that the frequency of the

field was not the driver of regeneration promotion, but rather the simplicity of the field. We

propose that the regeneration-inducing effect of the fields reported by Goodman et al. (2009) and

Gang et al. (2013) may be due to non-specific addition of energy to the planarian system, rather



than direct activational effects on proteins. The results of our regeneration assay support this

assertion.

The effect of protein-patterned EMF seems to be more complicated than a simple

activator-substrate relationship. There are complex electrical manipulations that occur due to the

non-specific, current-inducing effect of a magnetic field. This includes electrical induction of

electrically labile promoter sequences and proteins occurring throughout the cell, which may

have opposing effects to that of the field. Elucidating the mechanism by which these

protein-patterned EMFs manipulate biological systems is crucial to determine the specificity of a

protein-patterned field. The results reported in this manuscript indicate that there is a strong

relationship between pharmaceutical agents and field effects, and that there may be non-specific

effects exhibited in biological systems by protein-patterned fields.

It could be that complex, physiologically-patterned EMF exhibits its effects in vitro, but not in

vivo. Our in vitro results with PC-12 cells were not replicated in vivo with planaria. The

complexity of the in vivo system is much greater than that in vitro, since there are multiple

different tissue types interacting with one another. This is further complicated by the

regeneration process of planaria: planaria utilize a totipotent stem cell line, called neoblasts, for

complete repair of all tissue types within the organism (Reddien & Alvarado, 2004). This results

in a highly regulated process dictating the timing and nature of neoblast differentiation. This

process highly involves ERK, the target protein of our protein-patterned field, yet the field did

not facilitate differentiation. This could imply the presence of distinct pathways within the

regeneration process that are either not electrically sensitive or that oppose the effects of ERK

when electrically stimulated. It is also possible that the system is too complex in vivo—the field

may be capable of affecting multiple proteins in the system, leading to a net zero in effect. The



possibility of complexity altering magnetic field effect is not supported in the literature, however.

Buckner et al. (2015) showed that the effect of the Thomas field in attenuating B16 cancer cell

growth occurred both in vitro and in vivo when B16 tumours were transplanted into mice. Kotani

et al. (2002) found that exposure to a strong magnetic field stimulates bone formation both in

vitro and in vivo. The evidence indicates that the complexity difference between in vitro systems

and in vivo systems does not significantly affect the field’s effect. It is therefore more likely that

there is a mechanistic stalemate between opposing inhibitory and stimulatory effects of the

magnetic field corresponding to our regeneration assay effect.

In conclusion, the experiments detailed in this manuscript underscore the potential of

protein-patterned EMF. We showed evidence that these fields can induce gross morphological

changes associated with the target protein in vitro. In vivo, we demonstrated evidence towards a

non-specific field effect on planarian regeneration. We postulate that the observed effect is due to

the countering non-specific field effects and specific, ERK-inhibiting effect of the ERK patterned

magnetic field. The evidence provided in this manuscript demands further study in the form of

complex molecular phosphorylation and kinetic assays in order to effectively determine the

mechanism of effect of protein-patterned electromagnetic fields.
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