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Abstract

:

Cells are continually exposed to a range of electromagnetic fields (EMFs), including those from the Schumann resonance to radio waves. The effects of EMFs on cells are diverse and vary based on the specific EMF type. Recent research suggests potential therapeutic applications of EMFs for various diseases. In this study, we explored the impact of a physiologically patterned EMF, inspired by the H3 receptor associated with wakefulness, on PC-12 cells in vitro. Our hypothesis posited that the application of this EMF to differentiated PC-12 cells could enhance firing patterns at specific frequencies. Cell electrophysiology was assessed using a novel device, allowing the computation of spectral power density (SPD) scores for frequencies between 1 Hz and 128 Hz. T-tests comparing SPD at certain frequencies (e.g., 29 Hz, 30 Hz, and 79 Hz) between the H3-EMF and control groups showed a significantly higher SPD in the H3 group (p < 0.050). Moreover, at 7.8 Hz and 71 Hz, a significant correlation was observed between predicted and percentages of cells with neurites (R = 0.542). Key findings indicate the efficacy of the new electrophysiology measure for assessing PC-12 cell activity, a significant increase in cellular activity with the H3-receptor-inspired EMF at specific frequencies, and the influence of 7.8 Hz and 71 Hz frequencies on neurite growth. The overall findings support the idea that the electrical frequency profiles of developing cell systems can serve as an indicator of their progression and eventual cellular outcomes.
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1. Introduction


We are continuously immersed in the electromagnetic environment. Biological systems have developed within this context, and the role of electromagnetic fields (EMF) in cell growth and maintenance is an ongoing and complex field of research. Depending on the type of applied EMF, various cellular outcomes can be expected [1,2]. Cellular processes like apoptosis, cell regulation, and cell proliferation have all been demonstrated to be affected by an applied external EMF [3,4,5]. Recent research [6,7] has also explored how specific electromagnetic environments can enhance tissue regeneration and wound healing by modulating cell growth and differentiation. It is at the intersection of the background electromagnetic environment and applied EMFs that this research fits. Here, we aim to identify if physiologically patterned EMFs can enhance the growth processes of PC-12 cells in vitro. PC-12 cells are widely used in neuroscience and cell biology research given their capacity to differentiate into neuron-like cells [8]. It has been previously reported that the application of a cAMP activator can induce differentiation in PC-12 cells, leading them to develop into neuron-like cells characterized by the presence of small extensions called ‘neurites’ [8]. Our group [9] has previously demonstrated that the application of weak physiologically patterned EMF can induce the growth of neurites in PC-12 cells in vitro. However, this only focused on the presence of neurites; no physiological data were obtained during data collection. In this experiment, we developed a novel EMF model based on the H3 receptor and exposed PC-12 cells to this physiologically patterned EMF, or a sine wave EMF, while recording electrophysiological measurements of the cells throughout the experiment. We discuss our measures, the rationale behind choosing the H3 receptor as a model for EMF, and the inclusion of the Schumann resonance as part of the electromagnetic environment below.



1.1. Electromagnetic Fields


An especially promising method is the use of electromagnetic fields (EMFs) as a novel therapeutic for the treatment of disorders. Previous work by our lab [10,11] and others using rTMS [12,13,14] has illustrated the therapeutic power of applied EMFs. This non-invasive tool elicits its effects through the generation of a brief magnetic pulse produced by a pulse generator that discharges current through the scalp [15]. Depending on the frequency of the stimulus, intensity, how long it is applied, and structure of the magnetic pulse, there are several lasting effects of rTMS application [16]. This can be explained by Michael Faraday’s law of electromagnetic induction, wherein he states that magnetic fields interact with electrical currents. Furthermore, the Maxwell-Faraday equation states that every electrical current has a corresponding magnetic field and vice versa. Therefore, given the electrical nature of our neurons, the short electrical pulses from this technology can allow for the initiation of neuronal firing within cortical and subcortical areas of the brain, resulting in the release of neurotransmitters [17]. Wang et al. [13] have demonstrated that rTMS appears to be quite effective in targeting the cannabinoid receptor type 1 (CB1) to treat depressive disorders. Additionally, an increase in cell proliferation, hippocampal brain-derived neurotrophic factor (BDNF), and Bcl-2/Bax expression were induced by rTMS through the CB1 receptor, indicating promising results for stimulation of subcortical receptors for the treatment of neurological disorders [13].




1.2. Histamine-H3-Receptor and Wakefulness


In terms of wakefulness and arousal, the tuberomammillary nucleus (TMN) of the posterior hypothalamus has been implicated in the facilitation of these functions due to the presence of histaminergic neurons within this area [18,19]. Additionally, the projections to the cholinergic basal forebrain and locus coeruleus, which are involved in regulating wakefulness and cortical arousal, are suggested to be stimulated by histamine [18]. The function of histamine in maintaining wakefulness is further established through the deficiencies in waking and attention in mice lacking histidine decarboxylase (HDC), an enzyme responsible for the biosynthesis of histamine [19]. It is strongly and consistently suggested that the regulation of sleep-wakefulness is strongly influenced by both the H1 and H3 receptors of the TMN, where stimulation of the H1-receptor induces wakefulness and blocking the receptor promotes sleep, and the opposite effects are seen for the H3-receptor [20]. To pave the way for further experimentation, the focus of this experiment will be the modulation of the H3-receptor because there are known effective pharmaceuticals that target this receptor in vivo and can cross the blood–brain barrier [21]. The H3-receptor is a presynaptic auto-receptor shown to be essential in both the regulation and synthesis of histamine via negative feedback, restricting excessive synthesis and release [22]. The current literature has substantiated the effectiveness of H3-receptor antagonists, like thioperamide, in increasing histamine release by blocking histamine from binding to the H3-receptor and thus inhibiting the negative feedback from occurring [22,23,24,25]. Because an increase in histamine has been implicated in an increase in wakefulness, it is then reasonable to suggest that blocking the H3-receptor will also result in increasing wakefulness, and evidence for this claim has been supported by several research articles [22,23,24,25,26,27]. Other experiments have observed and demonstrated that EMFs patterned after the distinct pattern seen during memory consolidation, called long-term potentiation (LTP), significantly altered the memory of rats during spatial tasks [28]. Although some evidence has shown that EMFs can be utilized to manipulate cortical circuits, there is much to be explored in this area, specifically whether EMFs can elicit effects on specific subcortical receptors, like the H3-receptor. Several studies have demonstrated the presence of the H3-receptor in rat parenchymal PC-12 cells, making them an adequate model for this study [29,30,31].




1.3. Schumann Resonances and Their Effect on Biological Systems


The Schumann resonances (SRs) are a series of global electromagnetic resonances primarily generated by lightning discharges between the ionosphere and the Earth’s surface [32]. These frequency peaks occur within the extremely low frequency (ELF) range of the Earth’s electromagnetic field spectrum, consisting of 7.8 Hz, 14.3 Hz, 20.8 Hz, and 27.3 Hz up to approximately 60 Hz [32]. As previously discussed, the effects of electromagnetic fields and their effects on biological systems have been well documented. Therefore, given the electromagnetic nature of the Schumann resonances, several research articles have investigated their various effects on humans and other biological systems. A review article by Danho et al. [33] mentions how the SR has been implicated in altering certain neural circuits and cortical regions like the hippocampus and the melatonin/serotonin balance, which can impact sleep and may influence the development of illnesses such as cancer and heart disease. Other experimental studies have further suggested the potential influence of the SR on various cardiac-related features, such as inducing cardioprotection from stress conditions by reducing calcium transients through applying magnetic fields in the SR band (7.6–8 Hz) [34] its influence on heart rate variability and circadian rhythms [35]; and a coincidence between the number of cardiovascular-related hospital admissions and the amplitudes of SR and energy, specifically within the North–South orientation [36].



While no studies to date have investigated the relationship between Ca2+ ions and the histamine H3-receptor specifically, it is quite possible that a relationship does in fact exist and may also help explain the connection between the H3-receptor and the Schumann resonance. Previous studies have outlined how the SR can alter levels of Ca2+ transients in biological systems [34,37], which could potentially impact histamine synthesis and therefore overall activation of the H3-receptor [38,39]. The connection between histamine, EMFs, and neurite outgrowth is central to this project. In this experiment, we aimed to identify if physiologically pattered EMFs (modeled after the H3 receptor) have an influence on neurite outgrowth and if any inherent electrical activity is indicative of differentiation of PC12 cells.





2. Materials and Methods


2.1. PC-12 Cell Maintenance


An RPMI-1640 medium (Cytiva from FisherScientific, Toronto, ON, Canada) that was supplemented with 10% fetal bovine serum (Cytiva from FisherScientific, Toronto, ON, Canada), 100 U/mL penicillin, 5% horse serum (Gibco from FisherScientific, Toronto, ON, Canada), and 0.1 mg/mL streptomycin (Corning from FisherScientific, Toronto, ON, Canada) was used to culture PC-12 cell stocks. These stocks were grown to approximately 95% confluence while stored in a humidified incubator at 37 °C and 5% CO2, before being split (7–14 days). Mini-adherence 35 mm culture dishes were used to culture the experimental, SINE, and control samples. Poly-L-Lysine was first used to coat the bottom of the plates, and 100 μL of cell solution was added after the coating dried. After growing in the supplemented media for approximately 24 h, the media was then exchanged with serum-free RPMI media, and 10 μM forskolin was subsequently added [9].




2.2. Electromagnetic Field (EMF) Design


The pattern of the EMF was based on the amino acid sequence of the Histamine-3-receptor, which was obtained from [40]. Each amino acid in the sequence was matched to its corresponding EIIP value, as shown in Cosic [41]. To ensure the field would be read by the computer, the values were then standardized into voltage binary values, where the max EIIP of 0.1263 Ry was multiplied by the max binary value of 255, yielding 2019.002. This value was then multiplied by every EIIP value in the amino acid sequence to standardize the EMF pattern.




2.3. Exposure Protocol


Two experimental cells were stacked on top of each other and placed in the middle of a milk crate coiled with insulated copper wire. The exposure device was then connected to a computer (Zenith) where the EMF pattern was stored. By running the EMF from the computer, it transmits the electrical pattern to the exposure device, resulting in the corresponding magnetic field being emitted at a strength of approximately 1 μT. The exposure period lasted 40 min, after which the cells were promptly once again stored in the incubators. For the SINE wave group, the procedure was the same as in the H3 group. During exposure, the two control groups were stored in a Styrofoam box in another room to avoid any possible crossover exposure.



Two application geometries were employed to apply the electromagnetic field: (1) an EMF applicator supplied with two solenoids and (2) a Helmholtz coil, which was fabricated by coiling insulated copper wire around a typical milk crate. A custom-built digital-to-analogue converter (DAC) was used to produce the field through both geometries. The field pattern was stored and applied using a Zenith ZF 148-42 (Intel 8008 16-bit CPU with 4.7 or 8 MHz operation) computer equipped with the custom-made software called Complex-2 [42]. Each point on the EMF pattern was a value between 0 and 255 mV, which the DAC then converted to values between −5 and +5 mV.




2.4. Data Collection


On the second day after EMF exposure, each of the plates (2 per condition; 3 conditions for 4 trials yielding a total N = 24) was analyzed using a phase-contrast microscope at 100× magnification. The microscope was connected to a computer, and six pictures (two pictures for three different areas of the cell plate) were taken for each plate using the InfinityCapture software (https://pdf.directindustry.com/pdf/lumenera/infinity-capture-microscopy-software/17338-625411.html, accessed on 24 January 2024). After all the pictures were taken, they were stored, and the number of cells was counted, as well as whether cells bore 0, 1 or 2 ≤ neurite extensions. The technical classification of a neurite was defined as any extension or protrusion from the cell body that measured at least half the length of the cell, as seen in Figure 1. Due to unavoidable circumstances, only 18 of the 24 cell plates had their neurites counted and recorded.



In addition, electrophysiological measures of the cells were also conducted. This measure took place two days after EMF exposure. The measuring technique consisted of two sets of copper wires: one wrapped around the bottom of the control, SINE, or H3 groups, and another in a plate containing only the medium and a ground. This was necessary as a control for the activity of the media compared to the actual PC-12 cells. Each of these wires was connected to an amplifier, which was connected to a laptop via USB. The laptop then monitored the electrophysiological activity of the cells and the medium. Spectral power density (SPD) was then quantified for each group for frequencies between 1 Hz and 128 Hz.




2.5. Data Analysis


All statistical operations were conducted in IBM SPSS 18 software for PCs. The two most important data points were the total number of cells (CTotal) and the total number of cells that presented neurites (CNeur). To acquire the percentage of cells that bore neurites, the following equation was utilized:


    P   Neur   =       C   Neur       C   Total       ×    100  %  











All electrophysiology scores were standardized by converting each score (between 1 Hz and 128 Hz) to a Z-score. The data were then compared between each experimental group (i.e., control, SINE, and H3) using linear regression analysis to investigate the relationship with neurite outgrowth and a non-parametric Kruskal–Wallis test to investigate the differences in SPD across frequencies. To corroborate the Kruskal–Wallis results and demonstrate significance between groups, post hoc Mann–Whitney U tests were subsequently utilized.





3. Results


3.1. Neurite Outgrowth and Frequency Analysis


Following spectral analysis, it was revealed that among the 128 frequencies examined (n = 18), only one was correlated with neurite outgrowth: 71 Hz. The correlation was r = 0.365 71 Hz; this was confirmed with Spearman correlations and alpha error correction (p < 0.05). Following this, a stepwise multiple regression was run, and results demonstrated a strong correlation (R = 0.542) between the predicted percentage of cells with neurites and the actual percentage of cells with neurites in the dish when utilizing two frequencies in conjunction: 71 Hz and 7.8 Hz. The prediction equation was: [y = (0.01) × 71 Hz − (0.008) × 7.8 Hz + 0.048], where 71 Hz is positively related, and 7.8 Hz is negatively related. This relationship can be seen in Figure 2. These frequencies are intriguing for distinct reasons, as 7.8 Hz corresponds to the fundamental mode of the Schumann resonance, while the 71 Hz frequency remains to be fully validated. It is, however, worth mentioning that it is the 71 Hz frequency that appears to be the main factor in this relationship, and the 7.8 Hz is only observed when 71 Hz is present, indicating a potential supplemental role of the Schumann resonance in the growth of neurites.




3.2. Electrophysiology of PC-12 Cells–Control vs. SINE vs. H3


A non-parametric Mann–Whitney U test (n = 24) of the standardized electrophysiology values between 1 Hz and 128 Hz revealed significance in three main frequencies: 29.3 Hz, 30.3 Hz, and 79.1 Hz. In each case, their p-values were less than 0.016 (Figure 3). In each of these frequencies, the control (no EMF conditions) had significantly lower electrical activity compared to the H3 field condition. The electrophysiology data for the control group were quite consistent throughout all 128 frequencies measured, primarily showing a consistently low SPD. The SINE data also remained consistent, typically displaying SPD values that circulate around the baseline. Finally, the H3 group also showed significantly higher SPD values across the three aforementioned frequencies, indicating that the H3-receptor-modeled EMF evoked significantly more cellular activity at 29.3 Hz, 30.3 Hz, and 79.1 Hz.





4. Discussion


The data presented demonstrate two major features: cell electrical activity within specific frequency bands is heightened when exposed to physiologically patterned EMFs, and the generation of neurites from these cells correlates with the recorded amounts of 71 Hz and 7.8 Hz. The significance of the 71 Hz frequency has not been fully substantiated; nevertheless, intriguing results have emerged from studies examining disorders of consciousness. Zhuang and colleagues [43] demonstrated that stimulating the spinal cord at 70 Hz in patients in a vegetative state elicited a positive EEG response. This stimulation increased parietal-occipital connectivity and beta frequencies. While this is a single case, results from a large sample study [44] demonstrate physiological relevance to the 71 Hz frequency band. This relevance is to the central nervous system (CNS), and our specific focus was on the generation of neurites—a key aspect of neuronal connectivity, which was the primary metric we measured. As previously stated, the 7.8 Hz frequency coincides with the fundamental mode frequency of the Schumann resonance. Given the nature of electromagnetic fields and how they have been shown to interact with not only cell cultures but also our brains, this might be a potent finding that suggests that neurite generation and outgrowth could be influenced by the Earth’s magnetic field. Studies have analyzed the influence of this background magnetic field on human behaviour by measuring the EEGs of several participants over the course of years and simultaneously monitoring the activity of this background magnetic field [45]. They found that during cosmic disturbances like solar storms, where we see a perturbation in the Earth’s magnetic field, there are certain associated decreases within the right prefrontal cortex, which manifest in marked behaviors like erroneous reconstruction of memory and emotional lability [45,46]. However, subsequent research would have to be conducted to confirm the validity of this result, perhaps with different cell lines, to conclusively determine how the Earth’s magnetic field and the 71 Hz frequency might influence cell development and proliferation.



The observation that weak physiologically patterned EMFs can influence cell systems is supported by previous research from our lab and others [5,42,47]. With respect to our novel H3 EMF, it has been demonstrated that higher cortical rhythms between 20 and 60 Hz can be enhanced by certain inverse agonists of the H3-receptor, which might possibly explain the increased cellular activity demonstrated by the H3-EMF at these three frequencies, suggesting that this EMF might have a similar inverse agonist effect on the receptors [21,48]. As for the significance of the 79 Hz frequency, Atzori et al. [49] have shown that high-frequency oscillations (>70 Hz) were significantly decreased following the application of an H2-agonist. While this does not specifically rationalize the significance of the 79 Hz outlined in this article, it could perhaps provide additional credence to the H3-EMF having an inverse agonist effect considering its augmentation of cellular activity.



Given that culturing human neurons can oftentimes be quite strenuous and cumbersome, we decided that PC-12 cells would prove to be a simple and effective alternative model. These cells are one of the most commonly used cell lines in neurobiological studies due to their striking similarities to a typical neuron, such as that they share comparable morphology, can differentiate (neurites), secrete similar neurotransmitters (i.e., dopamine, histamine, serotonin, etc.), and possess receptors and ion channels [29,50,51]. It is therefore sensible to argue that the results outlined in this paper may perhaps shed light on the potential influences on cellular differentiation in other biological systems.



Here, we have demonstrated a correlation between the percentage of cells displaying neurites and the levels of 7.8 Hz and 71 Hz directly measured from these cells. The incorporation of the 71 Hz frequency may suggest a connection to neural connectivity or even consciousness within the CNS. Ultimately, the study supports the notion that appropriately patterned, weak EMFs can influence the development of cell systems. Furthermore, the frequency profile of developing cell systems serves as an indicator of their progression and eventual cellular outcomes.
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Figure 1. An image of PC-12 cells under a phase-contrast microscope at 100× magnification; (a) demonstrates a close-up of two cells displaying neurites; (b) demonstrates a neurite, a short extension from the cell body that is at least half of its length. 
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Figure 2. The predicted percentage of cells with neurites at 7.8 Hz and 71 Hz versus the actual percentage of cells with neurites depicts a relatively strong correlation (R = 0.542; n = 18). A neurite in this paper is defined as any extension from the cell that is at least half of the cell’s body length. The prediction equation is defined as: y = (0.01) × 71 Hz − (0.008) × 7.8 Hz + 0.048. 
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Figure 3. The spectral power density (SPD) at 29.3 Hz, 30.3 Hz, and 79.1 Hz for the control (no EMF), SINE-EMF and H3-EMF cell groups (n = 24). Analysis indicates that at certain frequencies, i.e., 21.5 Hz (a), 30.3 Hz (b), 79.1 Hz (c), there is significantly more activity in the H3 group compared to the control. Error bars represent the standard error. * Refers to significance p < 0.050. 
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