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Abstract: Previous research has demonstrated that pheochromocytoma (PC12) cells treated with
forskolin provides a model for the in vitro examination of neuritogenesis. Exposure to electromag-
netic fields (EMFs), especially those which have been designed to mimic biological function, can
influence the functions of various biological systems. We aimed to assess whether exposure of PC12
cells treated with forskolin to patterned EMF would produce more plasma membrane extensions
(PME) as compared to PC12 cells treated with forskolin alone (i.e., no EMF exposure). In addition, we
aimed to determine whether the differences observed between the proportion of PME of PC12 cells
treated with forskolin and exposed to EMF were specific to the intensity, pattern, or timing of the
applied EMF. Our results showed an overall increase in PME for PC12 cells treated with forskolin and
exposed to Burst-firing EMF as compared to PC12 cells receiving forskolin alone. No other patterned
EMF investigated were deemed to be effective. Furthermore, intensity and timing of the Burst-firing
pattern did not significantly alter the proportion of PME of PC12 cells treated with forskolin and
exposed to patterned EMF.

Keywords: pheocrhomocytoma (PC12) cells; electromagnetic fields (EMF); Burst-firing EMF; forskolin;
plasma membrane extensions (PME)

1. Introduction

Pheochromocytoma (PC12) cells can be induced to produce plasma membrane exten-
sions that have been previously characterized to exhibit morphological and physiological
features similar to those of peripheral neurons [1–4]. Differentiated PC12 cells are elec-
trically excitable and are capable of producing and secreting classical neurotransmitters,
such as dopamine and serotonin [5,6]. Having inducible morphological and physiological
features make PC12 cells an excellent model to investigate the mechanisms of neurogenesis
and neuronal activity. Treating PC12 cells with various neurotrophic factors, such as NGF,
has been shown to promote survival and differentiation as measured by the production of
plasma membrane extensions typified as neuronal projections [7–10]. The promotion of
neuritic projections involves activation of biomolecular cascades involving cyclic adeno-
sine monophosphate (cAMP), protein kinase A (PKA), and extracellular regulated kinase
(ERK) [11–15]. Treatment of PC12 cells with forskolin, a diterpine that can promote activa-
tion of cAMP levels, has been shown to reliably produce neuron-like projections [7–9,16–20].
Recently, Zhang et al. [21] showed that, under appropriate conditions, applications of spe-
cific wavelengths of light (electromagnetic radiation) could enhance neurite extensions
in PC12 cells in the absence of chemical stimulation, thus circumventing the need for
physio-chemical factors to promote differentiation in this cell line. Based on Zhang and col-
leagues [21] findings, it was hypothesized that different forms of electromagnetic radiation
(e.g., weak, patterned electromagnetic fields) may also promote or neurite outgrowth.
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Our lab has previously shown that exposures to specific time-varying, physiologically
patterned, propagating electromagnetic fields (EMF) can affect biological systems [22–30].
For example, exposure to a frequency-modulated EMF called the Thomas-EMF is capable
of reducing proliferation of B16-BL6 melanoma cells in vivo and in vitro [31–33]. This
same patterned EMF (e.g., the Thomas-EMF) was also shown to increase analgesia (re-
duce nociceptive responses) in rats and affect the growth rates of bisected planaria and
cancer cells [28,34–39]. Our lab has also shown that exposure to an EMF based on the
firing pattern of amygdaloid neurons (Burst-firing EMF) [40–43] was capable of inducing
analgesia in rats [44], ameliorated self-reported mood and depression scores in human
participants [45,46], and activated mu opioid receptors in cancer cells without enhancing
their growth [28]. The possibility that PC12 cell neurite outgrowth may be affected by
appropriately patterned EMF exposure warrants investigation.

There were several aims to the investigations outlined in this article. Our prime
objective was to determine whether PC12 cells treated with the combination of forskolin and
exposed to patterned EMF showed significantly different proportions of plasma membrane
extensions (PME) as compared to PC12 cells treated with forskolin only. A second goal
for these investigations was to determine whether enhancements in the proportion of
PME of PC12 cells treated with forskolin and exposed to weak, time-varying EMF was
pattern specific or non-specific. Finally, if enhancements in PME of PC12 cells treated
with forskolin and exposed to weak, time-varying EMF is pattern specific, we aimed to
determine what additional effects, if any, may be observed when the EMF parameters (e.g.,
timing, intensity) are modulated.

2. Methods
2.1. Cell Culture and Induction of Plasma Membrane Extensions

Pheochromocytoma (PC12) cells (ATCC, Rockville, MD, USA), derived from the rat
adrenal medulla, were grown to confluence on 100 mm stock plates in RMPI-1640 media
supplemented with 10% horse serum, 5% fetal bovine serum (Hyclone, Fisher Scientific,
Mississauga, ON, USA), and 1% antibiotic and antimycotic at 37 ◦C in a humidified
incubator with 5% CO2. For all experiments, 50 µL of the cell suspension (approximately
20,000 cells) in complete media were allowed to adhere to poly-L-lysine-treated, 35 mm
cell culture dishes for 24 h at 37 ◦C. The media were then replaced with 2 mL of serum-
free RPMI-1640 media and the cells were exposed to the indicated EMF pattern or sham
conditions in and treated with 0.5 µM forskolin at ten minutes during exposure. Forskolin
treatment facilitated the initiation (priming) and induction of PC12 cells neurite extensions.

Plating densities ranged from 1.20 × 104 to 6.41 × 104 cell/cm2 per 35-mm dish. These
plating densities fall within the “low” category of plating density as reported by other
researchers in the field. PC12 cells have a tendency to form clusters or clump together
at higher densities [13,47]. Maintaining a low plating density minimizes the possibility
of clumping which may underestimate the number of extensions attributed to chemical
treatment (i.e., forskolin) and EMF exposure.

2.2. Exposure Apparatus

The EMF-generating device consisted of a 12 × 12 × 12 cm cube of Plexiglass. Each
side of the Plexiglass cube was fitted with a reed relay solenoid (5VDC Reed Relay, 0.5A
at 125VAC; Radio Shack, Sault Ste. Marie, MI; #275-232). Solenoids from opposing faces
were wired in a manner so as to allow opposing pairs and all three pairs to be operated
independently or simultaneously in any combination. The device, named the 4D box by
its developer, was designed in a way as to allow generated EMFs to be presented through
all three geometric planes in any combination [32,33]. Photos corresponding to the 4-D
application geometry can be found in Figure A1.

The 4-D exposure device (i.e., EMF-generating device) was controlled by a custom
constructed digital-to-analog converter (DAC). The DAC served to convert digital computer
code to voltage equivalents with an output range between −5 and +5 V, and was outfitted
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with a variable resistor able to adjust the resultant EMF intensity. The digital code for
any patterned EMF generated through the 4-D box consisted of a series of integer values
ranging from 0–256. The DAC was designed in a way that values between 0–126 of the
electromagnetic field (EMF) pattern were translated to negative voltage (e.g., 0 = −5 V),
while a value of 127 within the patterned EMF code produces 0 V, and values between
128–256 of patterned EMF code produce positive voltage (e.g., 256 = +5 V). A custom
computer software program was developed to upload and run various patterned EMFs
typically employed by this laboratory. The software program allowed the experimenter to
set the point-duration, inter-stimulus interval, total exposure duration, and the combination
of which pairs of solenoids the EMF will be generated from. For all experiments described
in this document, point-duration (PD) refers to the amount of time current presented to the
EMF-generating device for each of the points of the digital code that makes up the EMF
pattern. The inter-stimulus interval (ISI) refers to the delay between successive pattern
presentations throughout the exposure duration.

2.3. Exposure Protocols

All experiments were conducted in a tissue culture laboratory located on the 7th
floor of Laurentian University’s Science II building. The tissue culture lab contained two
identical, standard tissue culture incubators. One incubator was devoted to maintaining
stock cultures of PC12 cells and the other was devoted to experimental investigations,
primarily EMF exposures. Exposure and stock culture incubators were maintained at
37 ± 0.1 ◦C and 5 ± 0.2% CO2. Experimental plates were prepared according to the
methods discussed in Section 2.1. On any experimental day, a sham and active EMF
exposure trial was conducted. The order of exposure was counter-balanced across trials. All
sham and active EMF exposures were conducted in the exposure incubator and all replicates
were completed on separate days. The presence (or lack thereof) of the experimental EMF
was verified using a mini-audio amplifier coupled to a magnetic telephone pick-up, while
intensity was verified using an AC milliGauss meter (AlphaLabs). Unless otherwise
specified, each experimental condition was conducted on two plates of PC12 cells and
replicated in triplicate. A photo of the standard exposure set-up can be found in Figure A2.
For comparisons, sham exposures (i.e., patterned EMF is not present) serve as control
conditions. We reiterate the purpose of these investigations was to determine whether the
combination of patterned EMF and forskolin produced a greater proportion of PME as
compared to forskolin alone.

2.4. Experiment #1–Exposure to Burst-Firing EMF for 1 and 3 h

The primary goal for this experiment was to determine whether the combination of
exposure to Burst-firing EMF and forskolin improved the proportion of PME as compared
to forskolin alone. The second directive was to determine whether longer EMF exposure
durations (3 h) improved the proportion of PME as compared to shorter (1 h) exposures.
Thus, for this experiment, prepared pheochromocytoma (PC12) cells were exposed to either
Sham or Burst-firing EMF generated through the 4-D exposure apparatus for 1 and 3 h. The
Burst-firing EMF was generated by converting a series of 230 points, ranging from 0 to 256,
to voltage equivalents. A diagrammatic representation of the Burst-firing EMF configura-
tion can be found in Figure A3. In this experiment, the Burst-firing pattern (PD = 3 msec,
ISI = 3 msec; Intensity = 2–4 µT) was applied through opposing pairs of solenoids and was
rotated along all three spatial axes for 500 msec followed by the simultaneous activation
of all 6 solenoids for 500 msec. Sham exposures consisted of placing the PC12 cells in the
EMF-generating device and with the device off. The only manipulation Sham exposures
received was the injection of forskolin at 10 min into the procedure. Length of exposure to
Sham and Burst-firing EMF condition were 1 and 3 h.
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2.5. Experiment #2–Exposure to Different Patterned EMF

The aim of Experiment #2 was to determine whether differences observed between
PC12 cells treated with the combination of forskolin and exposed to patterned EMFs and
PC12 cells receiving only forskolin (i.e., sham conditions) were specific to the pattern of
the applied EMF or non-specific. To this end, we compared the combination of forskolin-
treated PC12 cells exposed to Burst-firing EMF to cells treated with forskolin alone (Sham)
and PC12 cells treated with forskolin and exposed to one of three other EMF patterns:
Reverse Burst-firing, Thomas-EMF, and 7-Hz pulse. The 7-Hz pulse consisted of a 690-msec
7-Hz sine wave followed by a 210 msec pause. The reverse Burst-firing pattern consisted of
the same series of 230 points which made up the Burst-firing pattern, however the series of
integers were inverted. The Thomas-EMF was generated by converting 859 integer values
between 0 and 256 to a corresponding voltage of −5 V to +5 V (127 = 0 V). The series of
points composing the Thomas-EMF produced 18 doublet peaks with gradually increasing
intervals between 3 msec (for the first 5 repeats) to 120 msec for the last 5 repeats. The
resulting frequency modulation for the Thomas-EMF pattern ranged from 25 Hz for the
first 5 to 6 Hz for the last 5 repeats. For a more detailed description of the Thomas-EMF
see Buckner et al., 2015 and Buckner, Buckner, Koren, Persinger, & Lafrenie 2018. Pictures
of the Burst-firing, reverse Burst, Thomas-EMF, and 7-Hz pulse patterns can be found in
Figure A4. For all patterned EMF applications, PD and ISI were set to 3 msec and peak
intensities were set between 2 and 4 µT. For each trial, two plates were conducted in parallel,
four photos were sampled from each plate for analysis, and all trials were independently
replicated three times.

2.6. Experiment #3–Identifying the Influence of Burst-Firing EMF Timing on PC12 PME

The aim of Experiment #3 was to determine whether there is an optimal timing to the
Burst-firing EMF that will enhance the proportion of PME when PC12 cells are exposed
to the combination of forskolin and patterned EMF as compared to forskolin alone. Here,
we compared 3 different combinations of PD and ISI: (1) PD = 1 msec, ISI = 2 msec, (2)
PD = 3 msec, ISI = 3 msec, and (3) PD = 3 msec, ISI = 3000 msec for the Burst-firing pattern.
All 3 EMF exposure conditions lasted 1 h and were combined with forskolin treatment.
Comparisons were made in reference to PC12 cells that only received forskolin treatment.

2.7. Experiment #4–Investigating the Role of Intensity of Burst-Firing EMF on PC12 Cell PME

The aim of this experiment was to determine whether PC12 cells treated with forskolin
and exposed to varying intensities of the Burst-firing EMF would result in differences in
the proportion of PME as compared to PC12 cells treated with forskolin only (i.e., Sham). In
this experiment, plates of PC12 cells treated with forskolin were exposed to the Burst-firing
EMF (PD = 3 msec, ISI = 3 msec) at one of three intensities: (1) 300–500 nT (low), (2) 3–5 µT
(medium) and (3) >10 µT (high). Intensities were verified using an AC milliGauss meter
(AlphaLabs) and exposures lasted 1 h.

2.8. Experiment #5–Examining Differences in the Proportion of PC12 PME between Changing and
Constant EMF Exposure

Experiment 5 was designed to investigate whether there were any differences in the
proportion of PME between changing and constant EMF exposures. Rather than focus
on differences between the combination of forskolin and EMF applications to PC12 cells
treated with forskolin alone, this experiment aimed to determine differences between EMF
applications only. There were two exposure conditions: (1) changing EMF and (2) constant
EMF. In the “constant” EMF exposure group, PC12 cells treated with forskolin were exposed
to the Burst-firing EMF (PD = 3 msec, ISI = 3 msec; Intensity 3–5 µT) generated through
all 6 solenoids of the 4-D exposure apparatus for 1 h. In the “changing” EMF condition,
the Burst-firing EMF (PD = 3 msec, ISI = 3 msec; Intensity 3–5 µT) was generated through
opposing pairs of solenoids for the duration of 500 msec and rotated across all 3 spatial
axes at the same interval, before all 6 solenoids were activated simultaneously for 500 msec.
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To elaborate, considering the surface of the cell dish to be in the X-plane, the dish would
be exposed first to the Burst-firing EMF from the pair of solenoids in the parallel place
for 500 msec, followed by the pair of solenoids in perpendicular plane for 500 msec, then
the Burst-firing EMF would be presented by the pair of solenoids in the orthogonal plane
for 500 msec, before being presented through all 6 solenoids (3 pairs) simultaneously for
500 msec. The rotated pattern (parallel, perpendicular, orthogonal, all) would be repeated
throughout the 1 h exposure duration.

2.9. Cell Morphological Measures

To assess the morphology of the cells, 4 photos of each plate were taken 3 days after
receiving the EMF exposure using a phase-contrast microscope at 100× magnification. The
total number of cells were counted for each image and the number of cells bearing plasma
membrane extensions were counted and reported as a proportion of the total cell count.
Criteria to be counted as a PME were set such that the microscopist was able to visually
discern a qualitatively distinct protrusion or extension that could be traced back to the cell
soma. We were not interested in quantitative measures such as the length of the extension,
as we were aiming to examine robust effects that could be appreciated by less experienced
microscopists and observable under these conditions. Additional measures included: the
proportion of cells with multipolar and higher order arborisations, the number of inter-
cellular connections (i.e., synapses), and the proportion of cells whose plasma membrane
extensions exceeded the diameter of the cell soma at its largest extent. Again, the threshold
criteria for additional morphological measures, under each classification, was such that the
microscopist could easily discern qualitatively distinct features. There was no difference in
any of the measures for cells exposed to EMF for 1 h versus 3 h and so data were reported
only for 1 h exposures. Similarly, there was no difference in the morphology of the cells
measured at 3 days versus 6 days after exposure and so data are reported only for images
obtained 3 days after exposure.

2.10. Statistical Methods

Raw data for morphological measures were converted into a proportion (percent)
of the total cells counted (feature of interest/total cell count × 100%) and were used
in subsequent analyses. Unless otherwise specified, all proportions were subjected to a
one-way analysis of variance. Subsequent Tukey’s post-hoc tests, where applicable, were
employed to demonstrate which source(s) of variance were driving the effect. All analyses
were conducted using SPSS version 23 and data were considered significant at the p < 0.05
level. Bonferroni alpha-wise correction was applied to accommodate alpha-level error of
multiple tests.

3. Results
3.1. Descriptive Statistics

Average cell count per field of view, average number of pheochromocytoma (PC12)
cells bearing plasma-membrane extensions (PME) per field of view, and computed total
cell density (cells/cm2) and PME density average over the samples corresponding to each
investigation are summarized in Table 1. For convenience, any sham condition represents
exposures where PC12 only received forskolin treatment (i.e., control conditions), while
any experimental condition that PC12 cells are exposed to an electromagnetic filed (EMF)
reflects the combination of forskolin and the target EMF pattern.
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Table 1. The average of the total number of cells counted per field of view, at a magnification of 100×, average number of
PC12 cells bearing plasma membrane extensions (PME), and the computed cell and PME density across each experiment
and exposure condition within the experiment. As mentioned previously, sham exposures (control) are PC12 cells treated
with forskolin only and all other EMF conditions are samples of PC12 cells treated with both forskolin and exposed to an
EMF. For the cell total and PME columns, means and SEM (in brackets) are reported. Measures of density are reported in
terms of number of cells/cm2. Number of samples refers to the total number of plates exposed to a given condition. In each
experiment, 2 plates were exposed in tandem, 4 photos were sampled from each plate for assessment of cell morphology,
and a minimum of 3 replications were completed for each condition within a given experiment.

Experiment Condition Average Cell
Total

Number
of Repli-

cates

Total
Number of

Plates
Sampled

Average Cell
Density

(Cells/cm2)

Average
PME

Average
PME

Density
(Cells/cm2)

Experiment #1
Exposure
Duration

Sham 1 h 628.5 (175.64) 3 6 4.76 × 104 105.5 (32.35) 7.99 × 103

Sham 3 h 613.00
(180.92) 3 6 4.64 × 104 101.33 (28.98) 7.67 × 103

Burst 1 h 421.5 (160.82) 3 6 3.19 × 104 113.67 (47.92) 8.61 × 103

Burst 3 h 392.17
(166.22) 3 6 2.97 × 104 103.77 (42.36) 7.86 × 103

Experiment #2
Rotation vs.

Constant

Rotation 163.94 (57.96) 4 8 1.24 × 104 71.75 (20.61) 5.43 × 103

Constant 222.13 (60.31) 4 8 1.68 × 104 68.00 (22.06) 5.13 × 103

Experiment #3
Point Duration

Sham 594.75 (78.30) 12 24 4.50 × 104 107.00 (14.79) 8.10 × 103

Burst (3,3) 348.5 (132.73) 3 6 2.64 × 104 107.17 (33.26) 8.11 × 103

Burst (1,1) 298.33
(166.64) 3 6 2.26 × 104 91.83 (49.61) 6.96 × 103

Burst (33,000) 159.00 (23.39) 3 6 1.20 × 104 53.83 (7.61) 4.08 × 103

Experiment #4
Intensity

Sham 690.75
(112.35) 6 12 5.23 × 104 119.54 (21.98) 9.06 × 103

Low 465.17 (27.16) 3 6 3.52 × 104 120.50 (10.83) 9.13 × 103

Med 314.5 (89.31) 3 6 2.38 × 104 85.17 (26.87) 6.45 × 103

Hi 310.67 (43.25) 3 6 2.35 × 104 88.00 (4.49) 6.67 × 103

Experiment #5
EMF Pattern

Sham 594.75 (78.30) 12 24 4.51 × 104 107.42 (14.79) 8.14 × 103

Thomas 846.17
(166.88) 3 6 6.41 × 104 52.03 (21.24) 3.94 × 103

Burst 212.67 (54.73) 3 6 1.61 × 104 47.00 (10.89) 3.26 × 103

Rev-Burst 251.17 (57.28) 3 6 1.90 × 104 33.33 (7.07) 2.53 × 103

7-Hz 304.84 (81.01) 3 6 2.31 × 104 63.29 (25.84) 4.79 × 103

Results of Experiment #1–Exposure to spatially-rotated, Burst-firing EMF on induced
PC12 plasma membrane extensions: PC12 cells treated with 0.5 µM forskolin and exposed
to a spatially-rotated Burst-firing EMF for 1 and 3 h showed a significantly greater propor-
tion of PME compared to cells exposed to sham conditions 3 and 6 days following treatment
(Figure 1). Results of a one-way analysis of variance revealed significant differences for the
proportion of PME-bearing cells on Day 3 [F (1,26) = 6.48, p = 0.017, Ω2-est = 0.21] and Day
6 [F (1,26) = 7.24, p = 0.013, Ω2-est = 0.22] between exposure condition (sham versus field)
with no difference across days.
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3.2. Results of Experiment #5–Determining the Difference between Rotational or Constant
Application of Burst-Firing EMF Generated through the 4-D Exposure Application

PC12 cells treated with 0.5 µM forskolin and exposed to a spatially-rotating Burst-
firing EMF showed the same proportion of PME as cells treated with the same concentration
of forskolin and exposed to a constant application of Burst-firing EMF. One-way analysis of
variance showed that spatio-temporal presentation (constant versus rotated applications)
did not significantly affect the proportion of cells bearing PME (p > 0.05) or any other
morphological measure between treatment conditions (p > 0.05; Figure 2).
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Figure 2. PC12 cells were exposed to Burst-firing EMF in the 4-D box as a function of spatio-temporal pattern of presentation
(constant versus rotated) and the proportion of PME determined and compared. The graph (upper panel) demonstrates
differences in the proportion of PME (dark bar) and multipolar extensions (light bar) across EMF exposure conditions. Error
bars in the graph represent SEM. For each condition (constant and rotation), each trial was conducted in triplicate, 2 plates
were conducted in parallel, and 4 samples per plate were photographed for cell counts in each condition. Both the constant
and rotated exposures were conducted on PC12 cells that were treated with 0.5 µM of forskolin. Supporting photos show
representative images of cells exposed to the constant (A; left) and rotated (B; right) 1 h, Burst-firing EMF. Darkened bars
were fitted to original photos prior to their adjustment. Each darkened bar approximates 100 um in length for the individual
photo for which they have been fitted.
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3.3. Results of Experiment #3–The Influence of Point Duration of Burst-Firing EMF on PC12
Plasma Membrane Extensions

PC12 cells treated with 0.5 µM forskolin and exposed to 1-h Burst-firing EMF showed
increased proportion of PME, independent of changes in PD and ISI timing (Figure 3). One-
way analysis of variance revealed significant differences for the proportion of PME-bearing
[F (3,35) = 5.83, p = 0.003, Ω2-est = 0.35] and multipolar cells [F (3,35) = 8.27, p = 3.24 × 10−4,
Ω2-est = 0.44] between Burst-firing EMF treated samples and Sham exposures. There
was no difference between any of the different combinations of PD and ISI used in
this investigation.
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Figure 3. The graph (upper panel) shows the the proportion of PC12 cells expressing PME (dark bar) and multipolar
extensions (light bar) as a function of exposure to different PD and ISI settings for the Burst-firing EMF. Error bars represent
SEM. * indicates significant differences between groups (p < 0.05). The photo shows representative samples of PC12 cells
3 days after exposure to (A): 1 h Sham exposures; (B), Burst-firing EMF with PD: 3 msec, ISI: 3 msec; (C), Burst-firing EMF
with PD: 1 msec, ISI: 1 msec; and, (D), Burst-firing EMF with PD: 3 msec, ISI: 3000 msec. Darkened bars were fitted to
original microscope photos and adjusted for clarity. Individual darkened bars approximate 100 um in length. As discussed
previously, sham treatments are PC12 cells treated with forskolin only, while all EMF exposures were treatments where
cells received both forskolin treatment and EMF. For each exposure condition, 2 plates were conducted in parallel within a
given trial, 4 photos were sampled from each plate for cell counting in a given trial, and all trials were triplicated for each
condition. Sham conditions were replicated 12 times; each Sham exposure consisted of 2 plates conducted simultaneously
and 4 photos were sampled from each plate to assess cell morphology.
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The efficacy of the pattern of EMF application on the proportion of plasma membrane
extensions in PC12 cells treated with sub-micromolar (0.5 µM) concentrations of forskolin
was tested.

3.4. Results of Experiment #4–Effect of Intensity of Burst-Firing EMF on Plasma Membrane
Extensions in PC12 Cultures

Different intensities of Burst-firing EMF did not change the proportion of PME in PC12
cells treated with 0.5 µM forskolin and exposed to EMF (Figure 4). A one-way analysis of
variance revealed statistically significant differences in the proportion of PME-bearing cells
[F (2,29) = 6.08, p = 0.003, Ω2-est = 0.41] and multipolar cells [F (3,29) = 12.36, p = 3.3 × 10−5,
Ω2-est = 0.59] which was shown to be driven by the significantly lower proportions of PME
in Sham-treated cells by Tukey’s post-hoc analysis. No differences were obtained between
the highest intensity and all other EMF exposure intensities.
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of different intensities. Error bars represent SEM. Sham conditions were replicated 6 times and all other conditions were
replicated in triplicate. For each replication, 2 plates were exposed in parallel and 4 sample photos were taken from each
plate for cell counting. * indicates significant differences between groups (p < 0.05). The photo shows representative images
of PC12 cells exposed for 1 h to: (A). Sham conditions; (B), low intensity (0.3–0.5 µT); (C), medium intensity (3–5 µT); and,
(D), high intensity (10+ µT) Burst-firing EMF. Darkened bars were fitted to original microscope photos and adjusted for
clarity. Individual darkened bars approximate 100 um in length. Recall that sham treatments are PC12 cells treated with
forskolin only (control), while all EMF exposures were treatments where cells received both forskolin treatment and EMF.

3.5. Results of Experiment # 2–Pattern Specificity of EMF Application on Forskolin Induced PC12
Plasma Membrane Extensions

PC12 cells treated with 0.5 µM forskolin and exposed to EMF showed different effects
on PME depending on the particular patterned EMF (Figure 5). Analyses of variance
indicated significant differences between the proportion of PME-bearing [F (4,29) = 3.93,
p = 0.031, Ω2-est = 0.39] and multipolar cells [F (4,29) = 4.71, p = 0.006, Ω2-est = 0.43] as a
function of patterned EMF exposure. Tukey’s post-hoc tests showed that the proportion of
PME and multipolar extensions in the Burst-firing EMF and 7-Hz pulse EMF conditions
were significantly greater than Sham condition, Thomas-EMF, and Reverse-Burst-firing
EMF conditions which were not different from each other.

NeuroSci 2021, 2, X 11 

 
images of PC12 cells exposed for 1 hour to: (A). Sham conditions; (B), low intensity (0.3-0.5 µT); (C), medium intensity (3 

– 5 µT); and, (D), high intensity (10+ µT) Burst-firing EMF. Darkened bars were fitted to original microscope photos and 

adjusted for clarity. Individual darkened bars approximate 100 um in length. Recall that sham treatments are PC12 cells 

treated with forskolin only (control), while all EMF exposures were treatments where cells received both forskolin treat-

ment and EMF. 

3.5. Results of Experiment # 2 – Pattern Specificity of EMF Application on Forskolin Induced 

PC12 Plasma Membrane Extensions 

PC12 cells treated with 0.5 µM forskolin and exposed to EMF showed different effects 

on PME depending on the particular patterned EMF (Figure 5). Analyses of variance in-

dicated significant differences between the proportion of PME-bearing [F (4,29) = 3.93, p = 

0.031, Ω2-est = 0.39] and multipolar cells [F (4,29) = 4.71, p = 0.006, Ω2-est = 0.43] as a function 

of patterned EMF exposure. Tukey’s post-hoc tests showed that the proportion of PME 

and multipolar extensions in the Burst-firing EMF and 7-Hz pulse EMF conditions were 

significantly greater than Sham condition, Thomas-EMF, and Reverse-Burst-firing EMF 

conditions which were not different from each other.  

 

Figure 5. The graph (upper panel) shows differences in morphology between PC12 cells treated with 0.5 µM forskolin and 

exposed to different patterned EMF with PD and ISI set to 3 msec and verified intensity within 2 – 4 µT for 1 h. The 
Figure 5. The graph (upper panel) shows differences in morphology between PC12 cells treated with 0.5 µM forskolin and
exposed to different patterned EMF with PD and ISI set to 3 msec and verified intensity within 2–4 µT for 1 h. The proportion of



NeuroSci 2021, 2 394

cell total for plasma membrane extensions (PME) are represented in the dark bars, whilst the proportion of the multipolar
cells are represented in the light bars. Error bars correspond to SEMs. For each exposure condition, 2 plates were conducted
in parallel for a given replicate, 4 sample photos were taken from each plate for cell counting, and all conditions were
replicated 3 times. * and
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and EMF.

4. Discussion

In this study we showed that exposure to a particular EMF pattern, Burst-firing EMF,
could promote neuritogenesis in PC12 cells treated with suboptimal levels of forskolin,
a cAMP activator, when compared to PC12 cells that received forskolin alone. There
are several inferences derived from the results of the outlined experiments. Firstly, the
exposure of PC12 cells to Burst-firing EMF in combination with forskolin increased the
proportion of PME as compared to PC12 cells treated with forskolin alone. Secondly,
there were no differences in the proportion of PME between shorter (1 h) and longer (3 h)
exposures to the Burst-firing EMF; however, the proportions of PME in both 1 and 3-h
Burst-firing EMF conditions were significantly greater than the proportion of PME of PC12
cells treated with forskolin alone. Thirdly, there were no differences between groups of
PC12 cells treated with forskolin and exposed to different timings of the Burst-firing EMF;
however, all timing groups had a significantly greater proportion of PME as compared
to forskolin-only conditions. Fourthly, similar findings were observed when examining
different intensities of the Burst-firing EMF; there were no differences in the proportion of
PME between the different EMF intensities, however all intensities tested had a significantly
greater proportion of PME as compared to PC12 cells treated with forskolin alone. Lastly,
the combined treatment of forskolin and exposure to either Burst-firing EMF or 7-Hz pulsed
EMF was able to produce a significantly greater proportion of PME as compared to PC12
cells treated with forskolin alone or the combination of forskolin and exposure to Reverse
Burst-firing EMF and Thomas-EMF.

Most notably, our results indicated that PC12 cells treated with 0.5 µM forskolin
and exposed to Burst-firing EMF presented though pairs of solenoids arranged across
the 3 spatial axes enhanced neurite formation as measured by the proportion of treated
cells that expressed PME or multipolar extensions as compared to PC12 cells treated with
forskolin alone. The results of these studies show that there is a specificity of the applied
EMF pattern in order to appreciably alter the proportion of observed PME as compared
to chemical only treatment. For example, exposure to the Burst-firing EMF was the most
successful at increasing the proportion of PME-bearing cells and the proportion of cells
with multipolar extensions. Exposure to the Thomas-EMF and the Reverse-Burst-EMF
did not affect PC12 morphology. The observation that the inverted presentation of the
Burst-firing EMF, reverse-Burst, was no longer able to promote neuritogenesis suggests that
simply supplying the same energy to the system is not sufficient to affect PC12 cells under
these conditions but the pattern of the EMF is critical in mediating its effects. Exposure to
the 7-Hz pulse was also able to increase the proportion of PME-bearing cells, similar to the
Burst-firing pattern.

PC12 cells that are induced to differentiate by treatment with neurotrophic factors be-
come responsive to dopamine and are similar to peripheral dopaminergic neurons [48–50].
Exposure to the Burst-firing pattern has been shown to act, at least partially, on µ-opioid
receptors [28], which are related to the biomolecular features of dopamine reactions [51–53].
The 7-Hz pulse has some similarity to naturally occurring electromagnetic fluctuations
in the environment such as the geomagnetic field (that which arises from the rotation of
Earth’s fluid iron core) and Schumann harmonics (the consequence of lightning discharges
between the Earth’s surface and the ionosphere). Exposure to this frequency has remarkable
impacts on animal behaviour and neurodevelopment [54–56]. Although unsubstantiated,
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it is possible that the 7-Hz pulse activates neuritogenesis in the PC12 model by mimicking
fluctuations in the geomagnetic field, although more rigorous experimental investigations
are warranted.

The spatial presentation of the Burst-firing EMF also did not seem to be critical in
mediating effects on PC12 neuritogenesis. Exposure to rotated presentations of the Burst-
firing EMF through the three spatial axes did not show any difference in PC12 cell PME
from exposure to constant presentation through all 3 pairs of solenoids simultaneously.
In this case, the pattern of the EMF is not different (i.e., same content) and therefore
presentation in both the rotated and constant conditions are argued to provide appropriate
stimulation to elicit the observed effects. Exposure to Burst-firing EMF appears to be
able to affect PC12 neuritogenesis over a wide range of intensities. PC12 cells exposed to
Burst-firing EMF at low intensity (300–500 nT), medium intensity (3–5 µT) or high intensity
(10+ µT) were all able to increase the proportion of cells expressing PME or multipolar
extensions to a similar level than exposure to sham conditions. One interpretation of this
result is that there is a threshold of intensity required to affect the PC12 cell morphology
and any stimulus greater than that intensity is effective. Again, limitations arise as the
technology employed does not allow the field strengths to exceed 15 µT and it is possible
that higher intensities may render differing results.

Data collected comparing the 1 and 3-h exposure durations to the Burst-firing EMF
revealed no statistical differences in the proportion of PME-bearing cells between these
two exposure conditions. The simplest explanation for this observation is that the 1 h
exposure is sufficient to activate the required signal transduction pathway to induce PME
in PC12 cells and that both the 1 and 3 h exposures are spontaneously downregulated
with similar kinetics. For these experiments, a suboptimal concentration of forskolin,
which can induce cAMP production, is required for the exposure to Burst-firing EMF to
induce PME; it was previously shown that exposure to Burst-firing EMF alone is unable
to induce PME. This suggests that Burst-firing EMF and forskolin work in a synergistic
manner. This would indicate that forskolin and Burst-firing EMF work via different but
complementary signalling pathways. One candidate pathway to explain the effect of Burst-
firing EMF is the MEK/ERK pathway. Maintained activation of the MEK/ERK pathway
is quintessential to the formation of PME as evidenced by results of studies using nerve
growth factor [9,14,27]. Further, exposure to other physiologically patterned EMF has been
shown to promote activation of the MEK/ERK pathway [33]. Additional experiments to
address this possibility are required.

We conclude that the effects of EMF application on PC12 cells treated with forskolin
are contingent upon the pattern of the applied field. Different intensities of the exposure
or discrete changes in the temporal construction of the pattern (i.e., timing) were all still
able to promote the changes in PC12 morphology. However, exposure to the inverted
configuration of the Burst-firing field in combination with forskolin was not able to alter
PC12 morphology.
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