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1 Introduction

Biological cells are constantly exposed to stressors, from environmental changes to internal
metabolic activities. To function optimally and, in extreme cases, to survive, they rely on a
delicate balance of physiological and metabolic processes that regulate their internal
environment, collectively known as cellular homeostasis. Maintaining homeostasis is critical
for cell viability, as imbalances can lead to dysfunction, disease, or even cell death. Notably,
the cell's ability to manage and dispose of damaged proteins, organelles, and other cellular
components represents an essential aspect of the cellular life cycle. This dynamic process allows
cells to adapt to changing conditions, prevent the toxic accumulation of dysfunctional
components, and efficiently recycle essential nutrients. Among the mechanisms responsible for
this is autophagy, an essential cellular process of waste and damaged cellular components
recycling, which is responsible for maintaining cellular homeostasis. It is present in almost all
types of cells and is especially important in maintaining cell health of post-mitotic cells. The
process itself consists of several steps: encapsulation of cargo with the phagophore, formation
of the autophagosome, autophagosome fusion with the lysosome, a membrane-bound cell
organelle filled with digestive enzymes, and degradation of cargo and recycling (Fig. 1).

Autophagy Process

Lysosome
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Figure 1. A basic schematic depiction of the autophagy process. Taken from [1]

There are several types of autophagy based on their selectivity and mechanisms. Most broadly,
autophagy can be divided into macroautophagy, which is the typical process as defined in Fig.
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1., where larger cell components such as protein aggregates or organelles are enveloped by a
double-membrane autophagosome and then transported to the lysosome for degradation,
microautophagy, where smaller structures like vesicles or soluble proteins enter the lysosome
directly for degradation, and chaperone-mediated autophagy, where cargo is brought into the
lysosome through specific active transport channels (Fig. 2.). There is also selective and non-
selective autophagy, where non-selective degrades bulk cargo regardless of type, and selective
can target specific molecules or organelles for e.g. mitophagy which is a selective type of
autophagy which targets mitochondria.
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Figure 2. Schematic depiction of general autophagy classification. Taken from [2]

Macroautophagy, also known as bulk autophagy, is the most common autophagy type and is
the most widely researched and analyzed in terms of its prevalence and relative ease of
examination. Macroautophagic modulation as a therapeutic technique is widely recognized for
its potential because it has a role in almost any type of cellular dysfunction and damage.
However, many challenges stand in the way of utilizing this process effectively [4]. Issues are
of practicality, autophagy induction specificity, and a lack of knowledge regarding the exact
molecular mechanisms of its regulation, which is troublesome because, in excess, autophagy
can induce autophagic cell death (Type Il cell death), apoptosis (Type I cell death) and is linked
with necrosis [3]. Therefore, autophagy modulation should be carefully implemented.

Autophagy plays an important role in sensorineural hearing loss (SNHL) [5]. World Health
Organization (WHO) estimates that around 5% of the population is affected by some form of
hearing loss, the leading type of which is SNHL [6]. In short, damage to inner and outer hair
cells leads to degeneration of spiral ganglion neurons (SGN). Significant advances in hair cell
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regeneration using stem cell and gene therapy have been made [5]. However, in the context of
the cochlear implant, a widely applied neuro-prosthetic device that innervates spiral ganglion
neurons (SGNs), now the survival, health, and guided growth of SGNs form a basis for restoring
hearing ability. Since SGNs are non-mitotic, guiding their growth towards the electrode array
and supporting their neuronal survival is essential. It is not clear whether the number of
preserving and functioning SGNs influences hearing performance, as contradictory findings
have been reported [7, 8]. Thus, many studies are now focused on reversing the process of
degeneration, guiding growth, promoting stronger differentiation, or even inducing
neurogenesis. [9-15]. In the context of autophagy, the most relevant approach to improving
cochlear implants seems to be to ameliorate the effects of autophagy induction. Autophagy-
inducing methods have been shown to reduce oxidative stress and remove the accumulation of
waste proteins in ear hair cells, SGNs, and dorsal root ganglion (DRG) neurons in various stress
environments; autophagy induction effects on near homeostatic SGNs remain unexplored [13,
16].

1.1 Spiral ganglion neurons and the cochlea

The cochlea is an inner-ear structure responsible for transforming the mechanical signal of
sound to an appropriate electrical signal in the form of changes of trans-membrane potentials
in the sensory cells, which can stimulate the auditory nerve. The spiral ganglion is a collection
of cell bodies of the auditory nerve fibers residing in the central axis of the cochlea (seen on the
cross-section image in Fig 3. The spiral ganglion innervates the sensory cells in the organ of
Corti (Fig 4.) and transfers the signal toward the brain where the sound is being perceived.
Specifically, spiral ganglion neurons (SGNs) are synaptically connected with inner and outer
auditory hair cells (IHC, OHC), which act as mechanoreceptors. The spiral ganglion consists
of two types of auditory neurons: Type | SGNs and Type Il SGNs. Type | SGNs comprise
around 95% of neurons in the spiral ganglion and are characterized by a smaller level of
myelinization, bipolar morphology, and a larger cell body (cell soma). Whereas Type Il SGNs
make up only around 5% of the neuron population, their morphology is usually pseudo-
monopolar, their soma is smaller, and it has various cytoskeletal and cytoplasmic differences
(a lack of standard organelle, more microfilament etc.) [19].
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Figure 3. A schematic cross-section of the cochlea. Taken from [17].
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Figure 4. An illustration of the organ of Corti. Taken from [18].

1.2 Autophagy and mTOR

The mammalian target of rapamycin (MTOR) is a protein kinase, a specific type of enzyme
responsible for controlling various cellular metabolic processes. The signaling pathway up-
regulates and down-regulates autophagy and cell proliferation, also directly affecting the
metabolism and is involved in cell death signaling pathways (apoptosis) [20, 21, 22].
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Malfunctioned mTOR signaling is linked with various cancers and degenerative diseases, as
over-activation of mTOR can cause protein aggregation and unhealthy cell growth [23].
Specifically, it is composed of two connected protein signaling complexes mTORC1 and
MTORC?2, which are interconnected but serve different functions. mTORC1 is activated by
environmental cues such as starvation, energy consumption, as it is responsible for allocating
resources for protein synthesis [21, 22]. Furthermore, it is one of the main autophagy-inhibiting
complexes. Rapamycin inhibits mTORCL1 function directly and is thus used as an autophagy
activator. mTORC2, however, is regarded as not being affected by rapamycin. It has also been
significantly researched, less than mTORCL. Its function is cell metabolism regulation, which
is affected by growth factors and insulin. Both complexes have been linked with stress response,
neurite regeneration and outgrowth [11,12].

1.3 Mechanisms of neurite guidance

Since the widespread and successful implementation of the cochlear implant, important
studies have been made on guided axonal growth in SGNs [14, 15, 24, 25, 26, 27]. A particular
aspect has been given to neuron regeneration and growth. As with any post-mitotic cells,
methods of promoting regeneration, trans-differentiation and resistance to internal or external
injury are of great interest because of their enormous therapeutic potential. For neurons, studies
into neurogenesis or in-vitro on neonatal neurons have been particularly insightful as they have
shed light on multiple pathways of neuronal guidance, health, and growth. The main
mechanisms of axonal guidance are broadly divided into three categories: chemotaxis, in which
neurotrophic factors and other growth factors are used as targeted markers for directional
growth; electrotaxis, where electromagnetic stimulation of varying pulse lengths, amplitudes,
and shapes are applied to the SGNs [29, 30, 31, 32], and mechanotaxis, in which mechanical
and micro-topographical cues are specifically designed and fabricated on appropriate materials
[14, 15, 25, 33]. Combining these mechanisms has also been shown to additionally promote
neurite length and directionality [34, 35]. These discoveries led to various in-vivo therapies
currently being tested; further in-vitro and in-vivo research is still necessary to address complex
signaling cascades, specificity, and toxicity. As a construct placed in the cochlea's neuronal
environment, the cochlear implant is at the forefront to benefit from this type of research.

1.4 Electrotaxis and SGNs

The use of electromagnetic fields for axonal guidance and regeneration has been mainly
observed and researched in spinal cord and peripheral nerve injury, and promising results have
been shown [36, 37, 38]. Surprisingly, there seems to be a shortage of research into electrotaxis
outside this context. In the case of examining the effect of electromagnetic stimulation on
SGNs, there seems to be very few publications [29, 39]. The significant complication of
research on this topic is the sensitive nature of the experiments, where results with the same
exposure parameters can have significantly different results depending on the cell type, cellular

5
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microenvironment, age of the examined cells. Considering this, more parallelized and
standardized experiments are needed. However, since the cellular and intracellular mechanisms
also need explanation, we focus on a more fundamental in-vitro approach to examine
morphological and intracellular changes on SGNs stimulated with a pulsed electromagnetic
field (EMF).

1.5 Electromagnetic field and Autophagy

With the rise of radio-frequency EMF (RF-EMF) use in modern appliances, bulk of the
research has been made on the effects of most common exposure parameters on oxidative stress,
autophagy, and survival of various cell lines [40, 41]. Particularly investigated were neurons as
they are one of the theorized most sensitive cell lines to such stimulation. Furthermore, nerve
tissue damage can be more severe in terms of limited therapeutic options [32, 38, 42]. The
interplay of EMF stimulation and autophagy has yet to be fully understood. Currently, the main
consensus is that EMF stimulation activates autophagy either through reactive oxygen species
(ROS) recruitment, which causes intracellular damage, or through silencing of miR-30a
autophagy inhibition and not through thermic effects [43]. Here, we examine ROS as the
potential mechanism of autophagy induction during SGN growth, either through oxidative
stress-induced damage or general ROS signaling.

1.6 Reactive oxygen species

Reactive oxygen species are characterized as highly reactive byproducts of cellular
metabolism, which in abundance can damage lipid, protein and DNA structures [44]. They are
involved in various pathological conditions such as aging, cancer, and neurodegenerative
disease. Besides this effect, ROS have been linked with an incredible amount of intercellular
signaling pathways, which put redox homeostasis at the forefront of understanding cellular
response to drugs and disease [45]. Specifically, ROS signaling was linked with, among others,
transcription factor NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells)
signaling, mitogen-activated protein kinase (MAPK) signaling, and phosphoinositide-3-kinase
(PI3K)-Akt pathway [46]. Most of these pathways are strongly linked with mTOR as
modulators of autophagic activity [47]. Due to these pathways’ sensitivity, complexity, and
interconnectivity, the disturbance of intracellular redox homeostasis as a therapeutic target
should be carefully attempted.

1.7 A link with neurogenesis

Besides the involvement of autophagy in many homeostatic processes and complex
intracellular interactions, it has also been significantly linked with embryonic development
[48]. Multiple studies have shown the involvement of autophagy in cell differentiation and
maturation, where autophagy-deficient animal models were shown to have significant
developmental and psychological disorders [23, 49]. Moreover, autophagy and type Il

6
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autophagic cell death have been implicated in neurogenesis, spine, synaptic pruning, and
synaptic plasticity [50, 51]. The mechanism of electrotaxis for neuron migration has been
mostly observed in vivo during neurogenesis [30], where endogenic small electric gradients
guide neurons to their destination; also, neuron regeneration via electric field stimulation-
induced differentiation was linked with autophagy pathways [38]. Since this process has also
been observed in the embryonic development of the cochlea and SGNs [51, 52], autophagy has
been proposed to be the main driving force of electrical field guidance and as a potential target
for promoting nerve regeneration, migration, and stem cell differentiation. Recently, autophagy
induction via rapamycin was also shown to promote hair cell differentiation in neonatal mice
inner ear organoids [53].

1.8 mTORC2 and SGN morphology

One of the most successful applications of axonal guidance is using microtopographical cues
for directed neurite outgrowth and promoting health and more differentiation to neurons.
Separately, various studies have shown a beneficial effect on neuron health and even on SGNs
[14, 15, 33, 35, 54]. One study in particular sought to investigate the mechanotransductive
signaling of dorsal root ganglion (DRG) neurons and found out that its investigated targets in
1D cultures, where neurons were cultured in a tube-like construct allowed to grow only in one
dimension, along microtopographical cues of increased outgrowth, mTORC2 was the most
significantly up-regulated [54]. General increased mTOR activity was observed, and mTORC2
co-localized at growth cones at the regenerating front. Although previously regarded as not
being directly involved with autophagy and unaffected by rapamycin, mTORC2 was shown to
be affected by long-term rapamycin exposure. In addition, studies have shown that through
multiple downstream signaling pathways, it acts as an autophagy inhibitor like mTORC1 [21].
Since mTORC2 is involved in cell migration, cytoskeletal reorganization, and cell survival and
clearly has a role in neurite elongation and autophagy by phosphorylation of Becilin-1, GFAP,
VDACL1 and FOXO family, it seems research on these mTOR proteins are crucial for
understanding neuronal regeneration and mechanisms of axonal guidance.

1.9 Autophagy for reversing the process of degeneration

Research into the restoration of autophagic flux as a treatment option in the cochlea has given
promising results. The interplay between autophagy and cochlear conditions is becoming more
elucidated [47]. Currently, the most concrete conclusions are that any form of ototoxic damage
in the form of noise-induced damage, ototoxic drugs, and aging can be alleviated or completely
reversed by inducing autophagy through rapamycin, TEFB, and PRDX1 up-regulation. The
most relevant results for our research come from multiple studies of restoring SGN health
through autophagy induction [12, 55, 56]. The focus of such research has been the pushing back
of SGN degeneration, where the effect of “homeostatic” autophagy induction was not shown to
be significant or conclusive for the dosages used by autophagy inducers. Overactivation of

7
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autophagy through its inducers showed significant morphological changes in neurite length
reduction, changes in the soma size, and a reduction in supporting cell numbers (glial cells).
We theorized that the induction of autophagy through minor damage caused by pulsed EMF
stimulation and smaller doses of rapamycin could promote neonatal SGN health and outgrowth.
More specifically, we assessed and compared morphological changes in the neonatal SGN in -
vitro cultures due to the application of pulsed EMF stimulation and rapamycin-induced
autophagy.
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2 Methods and materials

2.1 Experimental design

The experiments in this study are designed to examine autophagy induction in SGN in-vitro
cultures grown in the presence of a pulsed EMF, where varying concentrations of rapamycin,
an autophagy inducer, were used. The general experimental design of the study is shown in
Table 1. It is a 2x4 factorial design, resulting in eight experimental conditions. The effects were
compared with a control group (without rapamycin or EMF). The concentrations for the
autophagy induction assay were chosen according to literature and experimental observations
with overactivating concentration for SGNs (5 uM), normally activating concentration (0.5
uM), and sub-activating concentration (0.05 pM).

Table 1. General experimental design, overview of control and experimental groups

+ Rapamycin +Rapamycin | +Rapamycin
No rapamycin (R-) (0.05 pM) (0.5 pM) (5 tM)
(R+L) (R+M) (R+H)
No EMF Sub-activation Ngrmgl Overactivation
Control activation
(EMF-) control control
control
EMF +
(EEI\'>I/IFF+) AP ey E:élgv;tiséjnb- Nprm_al Ovelf:gtli:v;tion
activation

2.2 SGN isolation

In this study, postnatal P5 Sprague-Dawely rat pups were used in the study, following the
ethical and practical approval of all experimental procedures by the University of Split School
of Medicine Animal Care and Use Committee as Ministry of Agriculture of Republic of Croatia
(Class. 00308/15-03/0001). The isolation and culturing process was done following previous
works of the lab [15, 33, 57]. After decapitation of the rat pups anesthetized on ice, the brains
were removed through a mid-sagittal incision, after which the temporal bone was extracted.
Then, otic capsules were dissected, and the cochlea isolated under a surgical microscope. The
organ of Corti and modiolar cartilage were removed and the spiral ganglia collected. The
dissection buffer was changed after each step of isolation, and it consisted of phosphate buffer
saline (PBS) along with 0.3 % bovine serum albumin (BSA, Sigma-Aldrich, St. Louis,
Missouri, US, catalog number #A9647) and 0.6% glucose (Merck, Kenilworth, NJ, USA,
catalog number #1.04074.0500).




Dubravko Radisi¢: Effects of electromagnetic stimulation and rapamycin on SGN morphology and autophagy

2.3 In-vitro SGN culture

The SGN explant was first treated with 500 pl of 0.25 % trypsin-EDT and with 38 U/ml
DNase for dissociation at 37 °C for a duration of 30 mins. To stop the trypsinization reaction,
500 pl of DMEM:F12 medium with 10% Fetal Bovine Serum (FBS) was added. After,
trituration was performed with 1000 pL and 200 pL pipette tips with around 20 suctions per
tip. The suspension above was centrifuged at 1000 rpm for 5 min. The cell pellet was then
resuspended in Neurobasal A medium containing 2% B27-supplement, 30 ng/ml GDNF, and
1% Pen/Strep. A Burker-Turk chamber was used for cell counting. Afterward, cell seeding was
done in 100 pL wells at 15000 cell/well density for a less dense culture. Then, the cells were
cultivated on glass coverslips for 1-2 h already split into experimental and control groups in
(Table 1.)

2.4 EMF stimulation

In this experiment, a time-varying magnetic field produced by custom-made copper coils
placed around the cell cultures was applied for all 3DIV of growth. The coils are made with 80
turns and a diameter of 4.1 cm; a sawtooth wave signal (Fig. 5A) was applied with a current
amplitude, rising pulse length, length of time between pulses, and a direction shown in Fig. 5B.
The EMF stimulator device, seen in Fig. 5C, consists of the battery input, the microprocessor,
and the coil. Faraday's law states that changing magnetic flux, caused by changing the electrical
current amplitude, induces an electromagnetic field (EMF) in the space containing the culture
medium (Fig. 6). Electric field lines are concentric to the coil loop. The neurons are affected
by tangential values of concentric electric field lines (Fig. 6). The generated fields and pulse
were confirmed using an oscilloscope, and the batteries were changed every 12 hours to ensure
uniform stimulation.
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A B

Figure 5. A) The shape of pulsed current signal used, B) The used current direction, and C) the
experimental setup of stimulating device

P Current direction in coil

p Induced EMF in culture plane

» Induced magnetic field

Figure 6. Schematic representation of the electromagnetic fields generated in the culture

2.5 Immunocytochemistry & staining

All the experiment groups had their medium changed every 24 hours along with appropriate
doses of rapamycin, and after 3 DIV growth the cells were stained with LC3-11 co-localizing
dye, the autophagy marker (Autophagy Assay Kit, abcam, ab139484), and with a nuclear stain
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(hoechst 33342, ab139484) supplemented with after which the cells were incubated for 30 min
with 5 % fetal goat serum (FGS). After incubation, the cells were fixed with 4 % formaldehyde
and washed 3 times. After fixation, primary antibody staining was preformed, where primary
antibodies bind to the specific proteins of interest. First, the cells were permeabilized with 0.1
% Triton X-100 for 5 minutes to make the cell membranes permeable, allowing antibodies to
access intracellular targets. They were then incubated in PBS containing 1% normal goat serum
(NGS) for 1.5 hours at room temperature to block non-specific binding sites. The primary
antibodies used for the overnight incubation were Anti-Beta Il Tubulin (Tuj), mouse
monoclonal at 1:500 for positive neuron identification and Anti S-100, rabbit polyclonal at
1:500 for the positive identification of glial supporting cells. After the cells were washed with
1x PBS three times, secondary staining was performed for 1.5 h. The secondary antibodies used
were Alexa Fluor 568 goat anti-mouse binding to Anti-Beta I1l Tubulin and Alexa Fluor 647
anti-rabbit binding to Anti-S100, both antibodies were diluted to 1:500 with PBS + 1% NGS.

2.6 Fluorescence microscopy imaging

The imaging of immunocytochemically stained cell cultures was made with fluorescence
microscopy, using Zeiss Axio Examiner.Z1 fluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany) equipped with a Colibri 7 LED fluorescence illumination system and
an Iris 9 camera. The Axio Examiner.Z1 was also supplemented with a motorized stage (MT-
1078/MT-2078/MT-2278, Sutter Instrument, Novato, CA, USA) suitable for precise
positioning and high-resolution imaging. This custom imaging setup was managed using the
uManager (Micro-Manager) software (Open Imaging, Inc., San Francisco, CA, USA) with an
automatic tile-scan custom script to capture most of the sample while imaging at 10x
magnification. Hoechst 33342, a marker for cell nuclei, was excited using a 385 nm UV laser,
with emission collected in the blue-light range, FITC-like autophagy marker was excited using
a 488 nm laser, with emission collected in the green-light range, Alexa 568, bound to neuronal
tissue (Tuj), was excited using a 555 nm laser with emission collected in orange-red light range
and Alexa 647, bound to glial cells (§100), was excited using a 630 laser with emission
collected in red-light range. The filter set used for all imaging was 90 HE LED (Zeiss).

2.7 Image analysis

KARMENSscience image processing software (Bedalov d.o.o, Kastel Su¢urac, Croatia) was
used for high-throughput automatic identification and segmentation of SGNs detected on
images, for neuronal tracing, as well as for the analysis of neuronal morphology parameters
such as neurite length, number of neurons, cell soma size (largest drawn circle in the cell body)
and neurite orientation. In addition, ImageJ (National Institutes of Health, Bethesda, MD, USA)
was used for manual corrections, colocalization, and intensity analysis in very dense cell
cultures.

12



Dubravko Radisi¢: Effects of electromagnetic stimulation and rapamycin on SGN morphology and autophagy

2.8 Statistical methods

The statistical analyses were performed with custom-made scripts based on a combination of
Microsoft Excel and Python programming platforms. Morphological data were presented as
mean with their corresponding standard error, based on large-scale samples. In general, the data
did not follow normal distributions; thus, non-parametric Kruskal-Walli’s tests were used,
followed by Dunn's posthoc pairwise tests between each group for measures of autophagy
intensity assay, neurite outgrowth, and soma size. A proportions z-test was used to compare the
ratios of developed neurons and total neurons between the groups. The values of p < 0.05
were deemed as statistically significant.
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3 Results

In this study, each sample was visualized using a 10x objective of the fluorescence microscopy,
obtaining at least 5 images per sample; the imaging regions were selected randomly, making
sure not to overlap them by tracking the image coordinates. The process was repeated until the
appropriate number of images was obtained. We used the KARMENSscience platform (Bedalov
d.o.o0., Kastel Sucurac) to identify and segment neuronal cell structures visible in fluorescence
images. First, the images were processed for intensity in the green channel (Fig. 7A). Next, the
neuronal soma was identified and segmented into vectorized objects, allowing the calculation
of the mean intensity for each pixel of the segmented objects. Each neuron's cell body area was
calculated as the area of the largest possible circle encircling the soma (Fig. 7B). Also, the mean
soma radii were calculated. For neurite tracing, we used a manually based ImageJ plugin Simple
Neurite Tracer (SNT), as the number of images was not large enough to perform a machine-
based automatic neurite tracing in KARMENSscience. The mean neurite length was calculated
in pixels and then converted to micrometers for all samples (Fig. 7C). The number of developed
(having at least one visible neurite extruding from the cell body) and undeveloped neurons
(without visible neurites extruding from the cell bodies) was counted using KARMENSscience
and manual identification, where a final measure of total number of neurons (developed and
undeveloped SGNs) was found and a ratio of developed and total neurons could be found for
each image and group.
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Figure 7. A) Representative image of intensity analysis using KARMENscience, B) Example of soma
size analysis done with KARMENscience, C) Example of neurite tracing done with SNT for neurite
length analysis

3.1 Autophagy is upregulated in SGNs stimulated with a pulsed EMF

The first examined parameter was the comparison of relative measures of autophagy
induction between the control (C), the experimental (EMF+) and positive control (R+) groups.
After 3 DIV growth, the cultures were stained, fixed, and then immunocytochemically labeled.
Representative images used for LC3-11 intensity analysis can be seen in Fig. 8A. A Kruskal-
Walli’s test was performed, and we found a statistically significant difference between the
examined groups (H = 271.1756, p < 0.001). Relative intensity comparison showed that the
amount of fluorescence intensity was increased in the EMF stimulated experimental groups
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compared to the control group in almost all cases (Fig. 8B). For pairwise analysis, Dunn's post-
hoc test was done, which revealed that all the differences between control and EMF stimulated
groups were statistically significant except for the experimental groups treated with a sub-
activating dosage of rapamycin (Appendix Al) (p > 0.05). Further pairwise comparisons
(Fig. 8C) also showed a statistically significant difference between all groups with different
concentrations of rapamycin within the same experimental group (EMF treated or non-EMF
treated). The final mean intensity values can be seen in (Table 2).

Table 2. Table of all calculated means of relative intensities for the autophagy induction assay, and
their respective standard errors, and sample size (N)

Repamyaimcore. [ yyear SEM N
0.05 11027 193 271

0.5 12432 145 554

5 12095 133 435

0 9994 110 322

0.05 11109 213 264

0.5 15302 477 214

5 13864 420 207

0 11100 153 469
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Figure 8. Results of autophagy induction assay A) Representative regions of the appropriate
experimental group fluorescent images of SGNs labeled with the LC3-11 co-localizing autophagy
marker, B) A comparison of relative mean intensity between EMF and non-EMF treated cultures, all
data are represented as mean + SEM, * P < 0.05, ** P > 0.05 (Not significant) from their
respective non-EMF treated control groups, C) Calculated relative mean intensity for each group
cultures, a comparison of rapamycin concentrations, all data are represented as mean + SEM, * P <
0.05 from their respective control groups (Cont. groups)
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Our results indicate that EMF stimulation can indeed upregulate autophagy in SGNs where the
mean fluorescence intensity from the non-rapamycin treated control group intensity
(Mean=9995) was significantly increased in the non-rapamycin EMF treated group (Mean=
11100.87812). Furthermore, a combination of EMF and rapamycin at 0.5 uM and 5 uM seemed
to increase the signal intensity the most (means changed from 12433 to 15302 and from 12095
to 13865 respectively). Relative intensity increased with increasing rapamycin dosage as
expected where at 5 uM of rapamycin where it had a lower mean than in the 0.5 uM treated
groups, likely due to SGN damage. The only non-significant difference was the comparison of
the experimental groups treated with 0.05 uM of rapamycin in the EMF (Mean=11109) and
non-EMF (Mean= 11028) treated groups. The comparison between positive controls of
rapamycin at 0.05 uM and 0.5 uM also showed similar values (Mean=11028, Mean=12433) to
the EMF stimulated group not treated with Rapamycin (Mean=11100.87812) indicating that
autophagy induction via. EMF is similar to Rapamycin treatment within the range between 0.05
uM and 0.5 pM.

3.2 Neurite outgrowth is increased in EMF-stimulated SGN cultures dosed
with Rapamycin

Next, a neurite outgrowth assay was performed on all groups; following the identification of
SGNs and preprocessing, the neurites were labeled and segmented using a combination of
automatic and manual identification using SNT (Simple Neurite Tracer Plugin, Fiji) and
KARMENSscience. Representative fluorescent images used for average neurite length analysis
can be seen in Fig. 9A. A Kruskal-Wallis’ test was performed again for non-normally
distributed data. We found that there is a statistically significant difference between the
examined groups (H = 178.7718, p < 0.001). For pairwise analysis, Dunn's post-hoc test was
done, which revealed that some of the differences between control and EMF stimulated groups
were statistically significant (Fig. 9B, Appendix A2). On the contrary, no statistically
significant differences were found between groups treated with a sub-activating dosage of
rapamycin and between those treated with an over-activating dosage. Pairwise comparisons
between groups treated with different rapamycin concentrations within the same condition
(EMF treated or non-EMF treated; Fig. 9C) showed a statistically significant difference
between all groups with different concentrations of rapamycin except for the comparison of the
EMF stimulated groups with a sub-activating concentration of rapamycin (0.05 uM). The final
mean values can be seen in Table 3. Surprisingly, results showed a statistically significant
decrease in the mean neurite length in the no-rapamycin groups when stimulating with an EMF,
with a decrease from 64 um (EMF-) to 48 um in the EMF+ group (p < 0.001), contradicting
our previous results. However, in rapamycin-treated groups, EMF stimulation produced a
significant increase in the mean neurite length only in the groups treated with 0.5 uM
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rapamycin, where an increase from 94 pm to 133 um was found (p < 0.001). When comparing
the effects of different rapamycin concentrations within the same condition (EMF and non-
EMF treated groups) it was found that rapamycin alone decreased the mean neurite length for
0.05 uM and 5 uM groups which is consistent with previous works [12]. Importantly, a 0.5 uM
dose of rapamycin alone significantly increased the mean neurite length from 64 pm to 94 um
(p < 0.05). On the other hand, the groups treated with EMF and rapamycin showed an increase
in 0.5 uM and 5 pM groups with an increase from 48 pm to 133 um (p < 0.05) and 78 um
(p < 0.05) respectively.

Table 3. Table of calculated mean neurite length for all groups, and their respective standard errors,
and sample size (N)

Rapamycin conc. [pM] | Mean [pm] SE N

0 64 7 67
0.05 58 3 432
Control 05 ol 5 a0
5 61 4 49

0 48 3 95

0.05 55 3 82
0.5 133 8 162
5 78 6 192
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Figure 9. Results of mean neurite length assay A) Representative regions of the appropriate
experimental group fluorescent images of SGNs showing neuronal tissue, labeled with TUJ1 primary
antibody bounded with Alexa 568 fluorophore B) A comparison of mean neurite length between EMF
and non-EMF treated cultures, all data are represented as mean = SEM, * P < 0.05, ** P > 0.05
(Not significant) from their respective non-EMF treated control groups, C) Calculated mean neurite
length for each group, a comparison of Rapamycin concentrations, all data are represented as mean *
SEM,* P < 0.05,** P > 0.05 (Not significant) from their respective control groups (Cont. groups).
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3.3 Neuron soma size is affected by autophagy induction and EMF

Next, the effect of treatments on average soma radii was assessed. The analysis was done on
the same image sets used for neurite length analysis (Fig. 10A), with additional image analyses
to identify a circular body, defined as the largest possible circle drawn inside the cell soma.
These measurements were used to calculate soma radii for all neurons in all groups as a relative
measure of cell soma size. First, a Kruskal-Wali’s test was used to determine if there was a
significant difference in soma radius between all the groups. We found a significant difference
between the groups (H = 183.2603,p < 0.001). As before, in the pairwise comparison
analysis, Dunn's post-hoc test revealed that all the EMF-treated groups showed a significant
difference in soma radius compared with their EMF- groups except for the groups with no
rapamycin showing insignificant differences (p > 0.05) (Fig. 10A; Appendix A3). The 0.05
uM rapamycin-treated group showed an increase from 4.1 pm to 5.6 um when treated with
EMF (p < 0.05) and the 0.5 uM treated group showed an increase from 3.9 pm to 4.8 pum
when treated with EMF (p < 0.05). As expected, the group treated with an over-activating
concentration of rapamycin (5 uM) showed a significant decrease in mean soma radius, from
4.5 um to 3.3 um (p < 0.05). As for the pairwise comparisons of the effect of different
rapamycin concentrations within the same group, the results showed that among groups not
treated with EMF, no significant difference was found in soma size with increasing rapamycin
concentrations (Fig. 9B, Appendix A3). In the case of groups treated with an EMF, varying
concentrations of rapamycin showed a significant effect on SGN soma size. Surprisingly, the
largest increase was observed in the 0.05 uM rapamycin-treated group, from 3.7 um for the
control group to 5.55 um (p < 0.001) for the mean soma radius, followed by a smaller increase
to 4.8 um (p < 0.001) for the 0.5 uM treated group, and finally, the 5 uM rapamycin-treated
group showed a reduced mean soma radius at 3.3 um (p < 0.001). A summary of these results
can be seen in Table 5. Our results show that the effects of EMF alone are inconclusive;
however, when combined with rapamycin, larger cell bodies are observed. The over -activating
concentrations showed a significant decrease, further amplified by EMF. No evidence was
found of rapamycin alone affecting soma size.
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Table 4. A summary of calculated mean radii of SGN soma for all experimental groups

Rapamycin conc. [pM] Mean [pm] SE N
0 4.1 0.1 131
Control 0.05 4.1 0.1 277
0.5 3.9 0.1 55
5 45 0.2 47
0 3.7 0.1 63
EMF 0.05 5.6 0.2 56
0.5 4.8 0.2 151
5 3.3 0.2 63
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Figure 10. Visualization of soma radius analysis results A) A comparison of the effects of EMF
stimulation on the soma radius of cultures treated with the same dose of rapamycin, all data are
represented as mean + SEM, * P < 0.05, ** P > 0.05 (Not significant) from their respective non-
EMF treated control groups, B) Calculated mean cell soma radii for each group, a comparison of
rapamycin concentrations, all data are represented as mean £ SEM, * P < 0.05, ** P > 0.05 (Not

significant) from their respective control groups (Cont. groups).
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3.4 EMF stimulation and rapamycin modulate the rate of SGN maturation

Finally, we aimed to examine how different treatment conditions affect the differentiation
and development of SGNs. To this end, the number of all nuclei was calculated for all images
and groups. Following this, the number of developed neurons (defined as having at least one
visible neurite with the minimal length of 10 um) was calculated for each image (Appendix B).
A proportions z-test was used (Appendix A4) to determine significant differences between the
proportions of developed neurons in all experimental groups. The EMF treatment alone did not
significantly change the proportion of developed neurons, as seen in (Fig. 11A) (Z = —1.7539,
p > 0.05 ), having shown a very small increase. The rest of the comparisons between EMF
and non-EMF-treated groups showed curious results. First, for a low concentration of
rapamycin (0.05 pM), EMF treatment seemed to interfere with the positive effect of rapamycin
at this concentration, causing a significant decrease from 0.56 to 0.18 (Z = 9.7467, p <
0.001). As for the moderate and high concentrations of rapamycin (0.5 uM and 5 uM) the
results seem to follow trends from previous analysis, that of a synergistic effect between
rapamycin and EMF stimulation, increases from 0.29 to 0.51 (Z = —5.7349, p < 0.001) and
from 0.09 to 0.48 (Z = —11.1234, p < 0.001), respectively. As for the comparisons of the
effect of rapamycin concentration alone (Fig. 11B), for the non-EMF treated group, the small
and moderate concentrations of rapamycin increased the proportion of developed neurons
significantly from 0.09 to 0.56 ( Z = 16.0538, p < 0.001) and 0.29 ( Z =7.4773, p <
0.001) , respectively. A high concentration of rapamycin seemed to not have a significant
effect on this proportion (Z = 0.1196, p > 0.05). In the case of the EMF treated group, the
use of rapamycin yielded a significant increase from the control group at 0.13 ratio of
developed neurons, the increase was to 0.18 for the 0.05 uM treated group (Z = 1.9831, p <
0.05), to 0.51 for the 0.5 uM treated group (Z = 11.5613, p < 0.001) and to 0.48 for the 5
uM treated group (Z = 10.0163, p < 0.001). A summary of the results can be seen in Table
5.

Table 5. A summary of calculated mean proportions of detected developed SGNs to all detected SGNSs,
with corresponding statistics, * the number of samples here is indicative of the amount of images per
sample, the specific counts for each image can be found in (Appendix B)

Rapamycin conc. [pM] Mean SE N*

0 0.09 0.01 6

Control 0.05 0.56 0.02 5
0.5 0.29 0.03 5

5 0.09 0.01 8

0 0.13 0.02 7

0.05 0.18 0.02 6

0.5 0.51 0.03 5

5 0.48 0.03 5
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Figure 11. Summary of results for comparison of proportion of developed neurons against all neurons
A) A bar plot showing the comparison of non-EMF and EMF treated groups with the same rapamycin
concentration, all data are represented as mean = SEM, * P < 0.05, ** P > 0.05 (Not significant)
from their respective non-EMF treated groups, B) Bar plot comparison of effects of different
rapamycin concentrations on mean proportion of developed neurons from their respective control
groups (Cont. Groups), all data are represented as mean £ SEM, * P < 0.05, ** P > 0.05 (Not
significant) from the control groups with the same condition (Cont. Groups)
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4 Discussion

The present study aimed to examine the effects of autophagy induction and EMF on the
growth and size of neonatal SGNs. To this end, rapamycin was administered in most control
groups besides EMF and was replenished for each medium change during 3 DIV. In our case,
Rapamycin served not only as a positive control for autophagy but as a parameter to be
examined due to observed potential synergistic effects with EMF stimulation. Before analysis
of the effects of autophagy induction, it is essential to consider that at different developmental
stages, autophagic and apoptotic activity can vary intensely, especially in the P1 to P7 window,
and the rats used were P5. Specifically, a study found that SGNs of neonatal rats at around P5
experience increasing levels of autophagic and apoptotic activity (Type | cell death) [49], this
should be taken into consideration when comparing our results.

Firstly, it is clear that EMF successfully induced autophagy, and in comparison, with positive
controls with rapamycin, it seems the effect is not as large as that of autophagy induction via
higher concentrations of rapamycin. Furthermore, further evidence that EMF influences
autophagy can be seen in groups treated with both EMF and rapamycin, which showed an even
greater level of autophagic activity. Of course, this is only a relatively qualitative measure since
the amount of autophagosomes depends on their production and degradation rate. For a more
robust measure, autophagic flux should be assessed in the future by inhibition of lysosome
activity to ensure that the observed increase is indeed only autophagy induction.

The most significant parameter that was examined is the mean SGN neurite length, which
showed surprisingly insignificant results when treated with EMF alone, this contradicts some
of our previous results and could be caused by changes in the culture conditions such as cell
density, medium composition and EMF stimulation duration which were all different for these
experiments, this analysis should be repeated with standardized conditions. Rapamycin
treatment, on the other hand, showed a significant increase in neurite length for the medium
concentration and the most significant increase in combination with EMF stimulation, implying
a synergistic effect between EMF and rapamycin for medium concentrations. High
concentrations of rapamycin showed either a smaller increase or even a decrease in neurite
length, which is to be expected, as 5 uM is usually the threshold where autophagy induction
starts being excessive, and Type Il (Autophagic) cell death can start occurring. Smaller
concentrations of rapamycin showed negligent effects on neurite length.

As for soma radius, EMF and rapamycin alone showed no significant effects; the only
significant increases were in the groups with combined conditions with an increase for small
and medium concentrations, with high concentration again showing a surprising reduction in
soma size. Among these 3 parameters, a similar trend can be noticed: smaller to medium
concentrations of rapamycin, when supplemented with EMF stimulation, show a significantly
greater increase in autophagic activity, SGN size, and outgrowth. Besides electrical or
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mechanical effects, this interplay between EMF and intracellular signaling might be through
ROS generation, which, besides causing more oxidative stress and damage, also induces more
autophagy, as previously reported [40]. However, minor damage doesn’t seem to cause cell
death with these parameters; in fact, adding rapamycin appears to boost autophagy further.
Thus, we theorize that this observed trend is in the form of a ,,preconditioning” effect, a cellular
response to oxidative stress reported to be a potential neuroprotective strategy [58]. So, a
combination of autophagy induction and ROS signaling, which induces more mitophagy and
the release of anti-apoptotic factors, causes the observed effect of more significant SGN
development. Another observed trend is the decrease in the observed preconditioning effect or
outright detrimental effects in the groups supplemented with a high concentration of rapamycin,
this is likely due to autophagy over-activation. These promising results should, in the future, be
examined by assessing ROS generation directly, along with other protein markers for cell
viability and autophagy as to determine whether this could indeed be a usable strategy for
promoting SGN health during development.

The analysis of the proportion of developed neurons showed a different trend in the case of
a low dosage of rapamycin, where EMF seems to have a negative effect on the number of
developed SGNs. Otherwise, the synergistic effect was again observed in the groups with
medium and high doses of rapamycin. In general, autophagy induction via rapamycin seems to
have a positive effect on neuronal development in smaller doses of rapamycin, while for higher
it seems to have a detrimental effect; previous studies showed detrimental effects of high
rapamycin. However, the positive effects were limited to restoring function in the face of
damage [11, 55]. On the other hand, EMF stimulation seems to increase development for higher
doses of rapamycin, which could indicate that EMF stimulation causes more complex effects
than just autophagy induction since EMF combined with rapamycin should show similar results
to rapamycin only group (5 uM). Still, the opposite seems to be the case. Due to the high
variability of the number of developed neurons, which could be attributed to different sources
of unintentional stress or parts of the explant taken for the culture, this result should be carefully
interpreted and further examined by a higher number of experiments to reduce the chances of
unintentional false positives. Likewise, since a significant part of image analysis was manual
corrections, some results may vary due to human error.
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5 Conclusion

Numerous methods for guiding and promoting neuron outgrowth have been developed,
and it is an ongoing topic of research on how to utilize these findings to treat SNHL
applications. In this study, we propose a new approach to support the growth of developing
SGNs for improving cochlear implant efficiency. The first step in this new potential
application was identified: using electromagnetic guidance cues in tandem with autophagy
induction can have a synergistic effect of promoting SGN health, outgrowth, and
development larger than any of these parameters alone, where cases of autophagy
overactivation caused a reduction in overall SGN development. Furthermore, our work
demonstrated that autophagy, as an intracellular process, is closely linked with SGN growth,
and its manipulation can significantly affect critical morphological parameters such as
neurite outgrowth, soma size, and the number of developing neurons. Our findings might
indicate that autophagy is not simply a side effect of neuronal growth but one of the main
driving forces. Yet, there is evidence that EMF stimulation alone might not have such
straightforward consequences as autophagy induction alone in terms of intracellular
signaling and should be carefully investigated in the future due to the synergistic effect
persisting in autophagy over-activating groups. The effects of pulsed EMF stimulation alone
did not show significant differences in neuron outgrowth or size, perhaps due to a smaller
sample size, and should be examined further. Due to the sensitive nature of research linked
with cellular stress responses like this, more parameters such as autophagic flux, multiple
autophagy proteins, cell viability, and ROS generation should be examined to correctly
pinpoint intracellular signaling caused by EMF and the best possible parameters for utilizing
this combined approach.
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A Appendix: Complete statistics

Al Relative intensity statistics

Table 6. Color and number legend for statistics

Table 7. Statistics for autophagy induction assay, relative intensity

Color Rapamycin conc.
legend [uM]
non-EMF 0
EMF 0.05
0.5
5

Group Mean Standard Error N

0 9994.449509 | 110.7451588 271

0 11100.87812 | 153.8270513 554
0.05 11027.96208 | 193.1912461 435
0.05 11109.00014 | 213.1047515 322
0.5 12432.67002 145.7400772 264
0.5 15302.32217 | 477.5809236 214
12095.31203 | 133.3485355 207
13864.66297 420.009946 469

Table 8. Shapiro-Wilk test for normalcy of data, relative intensity

Group | Shapiro-Wilk Statistic Shapiro-Wilk p-value
0 0.898227995 7.12048E-14
0 0.801018069 1.42492E-23
0.05 0.812756603 2.22945E-17
0.05 0.831790571 3.09576E-16
0.5 0.909017884 1.07701E-17
0.5 0.87683952 3.52392E-12
5 0.917895834 1.1947E-14
5 0.846217384 1.54832E-13

Table 9. Levene test for quality of variance for relative intensity

Levene Statistic

Levene p-value

55.1701579

4.216E-74
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Table 10. Kruskal-Wallis test for relative intensity

Kruskal-Wallis Kruskal-Wallis p-
Statistic value
271.1755723 8.55007E-55

Table 11. Dunn's post-hoc pairwise test for relative intensity comparison

Group 1 Group 2 p-value
0.05 0.05 0.60543
0.05 0 0.000885
0.05 0.5 6.91E-05
0.05 5 3.4E-17
0.05 5 9.59E-06
0.05 0.5 8.42E-33
0.05 0 1E-21
0.05 0 4.69E-11
0.05 0.5 0.000368
0.05 5 2.76E-18
0.05 5 5.73E-05
0.05 0.5 8.69E-34
0.05 0 8.14E-23

0 0.5 2.49E-07
0 5 9.59E-10
0 5 4.01E-12
0 0.5 4.42E-25
0 0 6.56E-14
0.5 5 6.25E-26
0.5 5 0.561864
0.5 0.5 8.96E-40
0.5 0 3.84E-30
5 5 6.4E-27
5 0.5 0.009042
5 0 0.05941
5 0.5 2.06E-40
5 0 4.81E-31
0.5 0 2.31E-05

Vi
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A2 Mean neurite length statistics

Table 12. Color and number legend for statistics

Table 13. Descriptive statistics for mean neurite length

Color Rapamycin conc.
legend [uM]
non-EMF 0
EMF 0.05
0.5
5

Group Mean Standard Error N

0 64.41513824 7.38410495 67

0 48.38884606 | 2.817198789 432
0.05 58.37347358 | 2.846788605 140
0.05 55.21725778 | 3.263710575 49
0.5 94.1155279 5.926265561 95
0.5 132.7534441 | 8.412847283 82
60.80923863 4.26746729 162
77.78152255 | 5.767224683 192

Table 14. Shapiro-Wilk test for normalcy of data, mean neurite length

Group | Shapiro-Wilk Statistic Shapiro-Wilk p-value

0 0.525924117 2.83474E-13

0 0.882870586 4.21759E-07
0.05 0.730811604 8.15215E-26
0.05 0.916327177 5.22461E-05

0.5 0.762096049 9.8191E-14

0.5 0.832515222 2.42037E-12

5 0.908398101 0.00118727

5 0.610986648 1.1979E-20

Table 15. Levene test for quality of variance for mean neurite length

Levene Statistic
13.11308613

Levene p-value
2.3411E-16

vii
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Table 16. Kruskal-Wallis test for mean neurite length

Kruskal-Wallis Kruskal-Wallis p-
Statistic value
178.7718535 3.53966E-35

Table 17. Dunn's post-hoc pairwise test for mean neurite length comparison

Group 1 Group 2 p-value
0.05 0.05 0.122744
0.05 0 0.021394
0.05 0.5 1.77E-30
0.05 5 0.014926
0.05 5 5.93E-07
0.05 0.5 1.26E-16
0.05 0 0.947143
0.05 0 0.474753
0.05 0.5 1.27E-10
0.05 5 0.310148
0.05 5 0.060832
0.05 0.5 8.08E-06
0.05 0 0.199348

0 0.5 2.49E-07
0 5 0.726917
0 5 0.365523
0 0.5 0.000761
0 0 0.051787
0.5 5 2.9E-05
0.5 5 4.88E-09
0.5 0.5 0.030559
0.5 0 1.7E-16
5 5 0.696842
5 0.5 0.009042
5 0 0.032842
5 0.5 0.00078
5 0 0.000442
0.5 0 9.25E-10

viii
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A3 Mean SGN soma radius statistics

Table 18. Color legend for statistics

Color Rapamycin conc.
legend [uM]
non-EMF 0
EMF 0.05
0.5
5

Table 19. Descriptive statistics for mean SGN soma radii

Group Mean Standard Error N

0 4.095143644 | 0.146947416 131

0 3.652838819 | 0.096689379 277
0.05 4.117735515 | 0.086532648 55
0.05 5.545542977 | 0.175949602 47
0.5 3.89977351 0.112048954 63
0.5 4.807905611 | 0.159450014 56
4.528658883 | 0.159810158 151
3.252963658 | 0.226810174 63

Table 20. Shapiro-Wilk test for normalcy of data for mean SGN soma radii

Group | Shapiro-Wilk Statistic Shapiro-Wilk p-value

0 0.454596072 6.30296E-20
0 0.854410724 2.60622E-06
0.05 0.758032727 7.49702E-20
0.05 0.889651059 9.65964E-05
0.5 0.454596072 6.30296E-20
0.5 0.800429724 4.48608E-13

5 0.8661297 8.3038E-05
5 0.255708469 8.09207E-23

Table 21. Levene test for quality of variance for mean SGN soma radii

Levene Statistic ’
2.786995145

Levene p-value
0.00714828
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Table 22. Kruskal-Wallis test for mean SGN soma radii

Kruskal-Wallis Kruskal-Wallis p-
Statistic value
183.2603457 3.98953E-36

Table 23. Dunn's post-hoc pairwise test for mean SGN soma radii comparison

Group 1 Group 2 p-value
0.05 0.05 1.04E-10
0.05 0 0.726031
0.05 0.5 0.001758
0.05 5 0.012086
0.05 5 3.93E-17
0.05 0.5 0.213572
0.05 0 0.045591
0.05 0 2.41E-06
0.05 0.5 5.62E-05
0.05 5 0.00596
0.05 5 9.99E-31
0.05 0.5 1.46E-11
0.05 0 2.46E-11

0 0.5 0.09257
0 5 0.081622
0 5 3.94E-09
0 0.5 0.252534
0 0 0.07297
0.5 5 0.622027
0.5 5 4.14E-24
0.5 0.5 0.000175
0.5 0 7.12E-05
5 5 4.44E-14
5 0.5 0.001929
5 0 0.000465
5 0.5 7.74E-10
5 0 6E-05

0.5 0 0.338824
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A4

Proportion of developed SGNs in culture

Table 24. Color legend and rapamycin concentrations

Rapamycin conc.

Color legend [uM]
non-EMF 0
EMF 0.05
0.5
5

Table 25. Statistics for comparison of proportions of developed SGNs in culture, Z-test

Group 1 | Group 2 | Proportion 1 | Proportion 2 SE1 SE2 Z- P-value
statistic

0.05 0 0.557734205 | 0.285714286 | 0.023182 | 0.025175 | 7.52882 | 5.12E-14
0.05 5 0.557734205 | 0.094252874 | 0.023182 | 0.014009 | 14.70573 | 5.92E-49
0.05 0.5 0.557734205 | 0.092057762 | 0.023182 | 0.012283 | 16.05383 | 5.37E-58
0.05 0.05 0.557734205 | 0.181102362 | 0.023182 | 0.024164 | 9.746768 | 1.9E-22
0.05 0.5 0.557734205 | 0.509868421 | 0.023182 | 0.028671 | 1.298489 | 0.194119
0.05 5 0.557734205 | 0.483091787 | 0.023182 | 0.034733 | 1.787345 | 0.073882
0.05 0 0.557734205 | 0.126361656 | 0.023182 | 0.015508 | 13.77537 | 3.59E-43
0 5 0.285714286 | 0.094252874 | 0.025175 | 0.014009 | 6.843585 | 7.72E-12
0 0.5 0.285714286 | 0.092057762 | 0.025175 | 0.012283 | 7.477338 | 7.58E-14
0 0.05 0.285714286 | 0.181102362 | 0.025175 | 0.024164 | 2.920523 | 0.003494
0 0.5 0.285714286 | 0.509868421 | 0.025175 | 0.028671 | -5.73496 | 9.75E-09
0 5 0.285714286 | 0.483091787 | 0.025175 | 0.034733 | -4.60758 | 4.07E-06
0 0 0.285714286 | 0.126361656 | 0.025175 | 0.015508 | 5.564917 | 2.62E-08
5 0.5 0.094252874 | 0.092057762 | 0.014009 | 0.012283 | 0.117968 | 0.906093
5 5 0.094252874 | 0.181102362 | 0.014009 | 0.024164 | -3.31116 | 0.000929
5 0.5 0.094252874 | 0.509868421 | 0.014009 | 0.028671 | -12.5941 | 2.28E-36
5 5 0.094252874 | 0.483091787 | 0.014009 | 0.034733 | -11.1234 | 9.65E-29
5 0 0.094252874 | 0.126361656 | 0.014009 | 0.015508 | -1.52912 | 0.126234

0.5 0.05 0.092057762 | 0.181102362 | 0.012283 | 0.024164 | -3.61547 | 0.0003
0.5 0.5 0.092057762 | 0.509868421 | 0.012283 | 0.028671 | -13.7043 | 9.57E-43
0.5 5 0.092057762 | 0.483091787 | 0.012283 | 0.034733 | -12.0363 | 2.29E-33
0.5 0 0.092057762 | 0.126361656 | 0.012283 | 0.015508 | -1.75393 | 0.079443
0.05 0.5 0.181102362 | 0.509868421 | 0.024164 | 0.028671 | -8.05611 | 7.88E-16
0.05 5 0.181102362 | 0.483091787 | 0.024164 | 0.034733 | -6.93286 | 4.12E-12
0.05 0 0.181102362 | 0.126361656 | 0.024164 | 0.015508 | 1.983139 | 0.047352
0.5 5 0.509868421 | 0.483091787 | 0.028671 | 0.034733 | 0.59429 | 0.552318
0.5 0 0.509868421 | 0.126361656 | 0.028671 | 0.015508 | 11.56132 | 6.47E-31
5 0 0.483091787 | 0.126361656 | 0.034733 | 0.015508 | 10.01632 | 1.29E-23

Xi
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B Appendix: Raw count of SGNs for each image used for
the proportion analysis

Table 26. Color legend and rapamycin concentrations

Rapamycin conc.

Color legend [uM]
non-EMF 0
EMF 0.05
0.5
5

Table 27. Table of all data collected for the developed to undeveloped proportions analysis

TR Group Developed Global
count count
1 0 12 23
2 0 23 55
3 0 49 95
4 0 5 30
5 0 3 119
6 0.05 40 108
7 0.05 51 108
8 0.05 45 90
9 0.05 66 77
10 0.05 54 76
11 0.5 7 93
12 0.5 7 63
13 0.5 13 61
14 0.5 6 57
15 0.5 8 100
16 0.5 3 60
17 0.5 3 24
18 0.5 4 96
19 5 18 126
20 5 4 46
21 5 3 55
22 5 11 145
23 5 5 63
24 0 9 147
25 0 7 65

xii
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26 0 22 149
27 0 6 53
28 0 14 45
29 0.05 6 16
30 0.05 21 25
31 0.05 34 44
32 0.05 17 38
33 0.05 36 116
34 0.05 41 65
35 0.5 3 4
36 0.5 3 6
37 0.5 26 39
38 0.5 16 57
39 0.5 52 101
40 5 2 4
41 5 2 35
42 5 9 31
43 5 12 37
44 5 5 48
45 5 10 47
46 5 6 52

Xiii



