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Abstract

Neural interfacing devices are designed to interact with the central nervous system to
alleviate functional deficits in people with disabilities arising from neurological injuries or
diseases. Such devices often involve the use of an invasive microelectrode implant which is
designed to acutely target a site of interest in brain or spinal cord tissue for electrical recording
and/or stimulation purposes. However, glial cells in the CNS will react to the presence of
implanted electrodes and, over weeks to months, form a glial scar that is detrimental to the
functionality of the interfacing device. While strides in biomaterials advances have been made in
attenuating glial cell reactivity to the electrodes, comparatively little is known about glial cell
responses to actual electrical stimulation especially at the electrode-cell interface. To address this
gap in the established literature, a high-throughput in vitro system was designed and developed
to assess glial cell responses to both electrode presence and applied electrical stimulation.
Platinum-iridium microelectrodes (75 um diameter) were fabricated and used in electrical
stimulation experiments. Primary mixed glial cell cultures were generated from the brains of
postnatal day 2 heterozygous C57BL/6] CX3CR-1"ESFF mice and initially subjected to a
biphasic, charge-balanced rectangular stimulation waveform at 0.15 mA and 1.5 mA for 4 h/day
over 1, 3, and 7 days. Analysis of immunofluorescence images and scanning electron microscopy
images captured the spatiotemporal responses of the glial cells in response to electrical
stimulation as well as damage sustained by the electrodes, and validated the feasibility of
comparing glial cell responses as a function of different stimulation conditions using the methods
employed. Live imaging of EGFP-positive microglia confirmed cell death and formation of a
peri-electrode void at close proximity (r < 50 pm) to the electrode tip as a result of electrical

stimulation. Follow-up experiments focused on modifying various electrical stimulation
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paradigm parameters by current, waveform shape, or stimulation frequency reported differential
results in glial cell density, biomarker fluorescence intensity and area coverage around the
electrode tip after single 4 h rounds of stimulation. Finally, electrochemical testing of the
proposed in vitro setup revealed influences of different components of the mixed glial cell
cultures towards the electrochemical performance of the microelectrodes in terms of cathodic
charge storage capacity, impedance, phase angle, and voltage transient excursions. The work
presented in this thesis is intended to function as another set of biological testing tools available
to neural interfacing device developers. The described methods are also intended to validate the
efficacy and safety of proposed iterations of functional microelectrode designs, and complement
data generated in vivo or in a clinical setting that ultimately results in refined designs that are

biocompatible, safe, and longer-lasting in patients.
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1. Chapter 1 — Introduction

1.1. Preface

Some contents found in this chapter have been previously published in two papers:

C. Tsui, K. Koss, M.A. Churchward, K.G. Todd, Biomaterials and glia: Progress on
designs to modulate neuroinflammation, Acta Biomaterialia 83 (2019) 13-28.

https://doi.org/10.1016/j.actbio.2018.11.008.

CT and KK conducted a survey of the literature, wrote, and edited the manuscript. MC and KT

edited and proofread the final manuscript.

C.T. Tsui, P. Lal, K.V.R. Fox, M.A. Churchward, K.G. Todd, The effects of electrical
stimulation on glial cell behaviour, BMC Biomed Eng 4 (2022) 7.

https://doi.org/10.1186/542490-022-00064-0.

CT conducted a survey of the literature, wrote, and edited the manuscript. PL conducted a survey
of the literature. KF conducted a survey of the literature and prepared the table in the manuscript.

MC and KT edited and proofread the final manuscript.



1.2. Background

Neural interfacing is a fast-developing technology that allows external devices to
communicate with the nervous system, thereby further closing the gap between man and machine
[1-5]. Neural interfacing is often discussed in the context of improving the quality of life of a
person with a disability that afflicts the nervous system, restoration of function after injury, or
enhancement of function. Successful neural interfacing technologies that have been developed
and are currently being used for human patients include cochlear implants, deep brain
stimulation (DBS), epidural stimulation, and intraspinal stimulation [6—11]. Electrical activity is
measured and/or applied to facilitate communication between an external device and the organ of
interest (the brain and/or spinal cord), with the goal of eliciting activity from target sets of

neurons and thereby effecting a change in function or behaviour [12—-15].

Oftentimes, neural interfacing devices will entail the use of an invasive implant that is
designed for insertion into brain/spinal cord tissue and function as a electrical signal recorder
and/or stimulator [16,17]. When such implants are inserted into central nervous system (CNS)
tissue, they will encounter and interact with different types of cells. Neurons are one major
population of cells found in the CNS — the other population are glial cells. Collectively glial cells
are vital to the development, growth, and security of the CNS [18-21]. Subtypes of glia, such as
microglia, astrocytes, and oligodendrocytes, all have different and numerous roles that enable
and enhance neuronal function, fate, and survival [22] leading to crucial impacts on cognition

and behaviour.

While glial cells differ substantially from neurons in that they are not classically excitable

by electrical stimulation (i.e., they do not produce action potentials), they are highly sensitive to



both the direct effects of electrical stimulation on nervous tissue and to indirect effects on nearby
neurons affected by stimulation. Moreover, it has been previously shown [23-28] that there exist
voltage-gated ion channels on all glia, and that they are able to communicate with each other
through the use of intracellular ion fluxes. Transmembrane movement of ions (e.g., Ca>", Na",
K") are commonplace across all cells of the CNS; electrical charge is carried through these ions

thus making them responsible for membrane potential changes in the CNS [29].

Neurons are structurally distinct from glia — one of the most obvious differences is that
neurons feature dendrites and an axon to facilitate propagation of action potentials from one cell
to the next. Neurons and glia communicate with one another via release of soluble molecules and
receptor-ligand interactions [30]. Microglia are vital to neuronal development, pruning, and
maintaining of homeostasis [31]. They are also constantly surveillant of their environment [32].
Although microglia do not conduct action potentials as neurons do, their functions are similarly
affected by membrane potentials and ion channels present on the membrane [33,34]. By
regulating the flow of ions such as K*, Ca**, and CI" (and therefore membrane potential and
intracellular ion concentrations), ion channels are key effectors of cell activities such as
migration, proliferation, morphology change, and production of cytokines and reactive oxygen
species [33]. Similarly, astrocytes also feature ion channels which are used to regulate flow of
ions (e.g., K*, Na*, Ca?") between cytosolic and extracellular spaces [35,36]. Transient increases
in calcium ion concentrations in astrocytes, for example, have been documented to have an
impact at the synapse by influencing phenomena such as plasticity and release of

neurotransmitters and gliotransmitters [37,38].

There are many applications of electrical stimulation that target the nervous system. Each

application differs from another in terms of the target area, intensity of stimulation, duration of



stimulation, and whether the application requires the use of an invasive implant. When an
invasive implant is required, for example in deep brain stimulation (DBS), it offers a more direct
and focused interface with target cells and reduces the probability of unwanted diffuse
stimulation of areas adjacent to the target site [39]. The major problem with this approach is the
phenomenon of glial scarring [40,41]. Microglia and astrocytes cordon off the implant/injury site
and segregate it from adjacent healthy tissue. While this normal response to foreign objects can
serve to mitigate the spread of damage to adjacent healthy tissue, it also prevents nearby neurons
from accessing the interface site. This makes the glial scar a significant contributor to poor
signal-to-noise ratios experienced by such implants and failure of the devices altogether over a
longer time-course. The stretch goal for many new invasive devices involves improving the
biocompatibility of the implants that are inserted into tissue — this is to improve their service life

and reduce the need for any troublesome revision surgeries.

The literature review presented in this chapter examines two major topics: a survey of
how glial cell behaviour and reactivity have been factored into biomaterial design for invasive

neural electrodes as well as how exogenous electrical stimulation affects glial cells.

1.3. Biomaterials designs for neural electrode implants

While much discovery work has focused on promoting axonal regeneration and
transplantation of neuronal precursors with the goal of improving a functional deficit that
someone may have from an injury or disease that afflicts the CNS, the most clinically successful

approaches to date have relied on functional electrical stimulation (FES) to compensate for lost



circuit function. External FES devices are capable of improving motor function through
transcutaneous stimulation in cases of stroke and spinal cord injury (SCI) [42,43], while more
invasive techniques such as deep brain stimulation (DBS) have been reported to treat tremors and
chorea in Huntington’s disease, Parkinson's disease, and multiple sclerosis [44—46], and modify
pathological behaviours in depression and obsessive compulsive disorder [47-51]. With larger
implants, the foreign body response ultimately causes materials to be sequestered by a glial scar

comparable to those observed in neuroinflammatory pathology [52].

Given the importance of the inflammatory response, the limited focus on inflammatory
cells in biomaterial design leaves much room for growth of the field. Considering that both
microglia and astrocytes have recently been demonstrated to be essential in a variety of
regenerative roles [53-56], these cells may be key in future design of implants, scaffolds, and
drug delivery systems. Biomaterials to be discussed here have been designed for use in neural
implant devices (electrodes) for recording and stimulation. Common among all studies presented
in this review is their consideration of how biomaterials may interface with different types of
glial cells. Frequent challenges that are addressed across virtually every study include reduction
of glial scarring, mitigation of pro-inflammatory secretion from immune cells (notably
microglia) and the promotion of a regenerative environment at the site of a lesion. Ultimately,
glial cells play a significant role in the progression and resolution of an injury to the brain and
spinal cord. The goal of this section is to explore the role of these glia and their potential in

biomaterial design.

An area of significant focus in the brain-machine interface field is how the electrodes and
other components that come into contact with tissue influence neuronal and glial responses. A

common theme seen among the surveyed reports, and in general with any type of implant, is the



observation of a foreign body response. Microglia will, in response to the presence of an implant
as well as in response to the damage caused by its insertion into tissue, transition to an activated
state via retraction of its processes (i.e., assume an amoeboid morphology) [57].
Neuroinflammation is characterized by the migration of activated microglia and astrocytes to the
implant site, resulting in the release of pro-inflammatory factors that mitigate recovery events
and exacerbate neuronal cell death. A glial scar comprising of microglia and astrocytes will also
form an encapsulating layer around an implant, limiting axonal regeneration and promoting
restoration of damage done to the blood-brain barrier (BBB) during implantation. Brain-machine
interfaces for neural prosthetics have largely focused on the design of microelectrode probes,
which aid in the recording and stimulation of neuronal activity. A common and ongoing
limitation of neural prosthetics is their inconsistent recording quality and long-term stability due
to neuroinflammation altering electrical and chemical activity around any implanted probes.
Many strategies have been considered in reducing the effect of neuroinflammation and gliosis
due to probe implantation in a bid to improve signal quality and general host response to the

implant.

In vivo responses to microelectrode implants have been observed and measured in animal
models, but the mechanisms behind chronic electrode signal degradation remains unclear. An in
vitro 2D culture system presented by Polikov et al. improves upon a widely-used protocol [40].
Cell types known to play a role in neuroinflammation and glial scar formation (i.e., neurons,
astrocytes, microglia), are included in the culture. Mechanical injuries and foreign body
responses were simulated through scrapes in the culture wells and stainless steel microwire,
respectively. Advantages of using such a system include a reduction in resource costs and time,

and high-throughput capability, compared to an in vivo study. For mechanical scrape injury



models, microglial infiltration to the scrapes was observed in the early stages followed by
astrocyte hypertrophy and activation which eventually repopulated the wound. For chronic
microwire implant models, glial scars consisting of a microglia core and astrocytes along the
periphery were formed after 10 days. Neurons did not respond to either injury model, but were
electrically active throughout. Primary glial cell responses observed in this study correlated well
with what was typically seen in in vivo responses to mechanical insults. This reductionist system
can be seen as a useful tool for assessing neuro-electrode biocompatibility and for understanding
causes of implant failure. Understanding the role of glial cells in rejection has led to several

improvements in design.

1.3.1. Microelectrode insulation and coating materials

As the initiation of rejection occurs at the interface of any implant, many modifications in
surface chemistry and insulating coatings have been generated with glial cells and

neuroinflammation in mind (Figure 1-1A).

Bioactivity of microelectrode surfaces was emphasized by Leung et al., including
examination of microglia interactions (e.g., attachment behaviour, cytokine release profile) with
common insulating materials on electrodes (e.g., Epoxylite, parylene-C) [58]. Thin film coatings
(e.g., cellulose acetate, Tecoflex) were also studied. Electrodes were implanted into a rat motor
cortex for 12 weeks. Low protein-binding materials on electrodes resulted in reduced microglia
attachment and activity. Immunostaining was done on electrode surfaces post-implantation to

identify attaching cell types. CD11b-positive microglia were present on all materials tested.



Material contact angle measurements suggest that activated microglia attached more readily to
hydrophobic surfaces; however, all materials examined readily adsorbed serum proteins, plasma
proteins, and extracellular matrix which enabled cell attachment. /n vitro studies suggested that
activated microglia readily attached to commonly used external coatings for neural electrodes,
and also secreted pro-inflammatory and neurotoxic cytokines. However, low protein-binding
coatings (e.g., BSA, Pluronic F108, sodium alginate) resulted in a reduced number of activated
microglia that attach onto an electrode, thus improving their signalling capabilities and

biocompatibility.

Kozai et al. proposed a new design for neural microelectrodes that have improved
electrical characteristics and a more bioactive surface [59]. Atom transfer radical polymerization
allowed for the deposition of a protein-resistant poly(ethylene glycol) methacrylate (PEGMA)
layer on the electrode, which has approximately 1/5 the cross-sectional area of a conventional
silicon electrode but significantly reduces biofouling and improves in strength and flexibility.
Microthread electrodes (MTE) were implanted into rats, and initial studies suggested that they
were stable over 5 weeks in the brains without any significant degradation in recorded signals.
Tissue response due to implantation stab wounds subsided by 4 weeks; reduced GFAP response
in astrocytes, less microglia adjacent to the MTEs, and more neurons reinforced the idea that the
addition of the PEGMA layer is an effective “stealth” interface that masks the foreign nature of
the electrode. It was suggested that future studies expand on the effect of different probe

diameters, bioactive coatings and flexibility compliance levels of various materials.

To promote neuronal growth and activity towards electrode implants as well as improve
implant longevity, L1 neural cell adhesion molecules were investigated by Eles et al. as a

potential neuroadhesive coating that can be covalently attached to electrode surfaces and reduce
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glial scarring [60]. L1 is a transmembrane cell surface glycoprotein that mediates cell recognition
and interactions through homophilic interactions with L1 proteins on other cells. It has been
reported to improve regenerative conditions in cases of CNS and peripheral nervous system
(PNS) injury by facilitating neuronal adhesion, axonal growth, neural migration, differentiation,
and survival [61,62]. While in vivo studies have also shown L1 to inhibit glial and fibroblast cell
attachment [63—66]. NeuroNexus silicon probes were coated with L1 on SiO; surfaces and IrO»
electrode pads, and implanted into transgenic mice. L1 coatings did not affect microglia process
extensions towards the probes, but sustainably over 6 hours prevented microglia from covering
the surface of the implant. Furthermore, L1 coatings reduced morphological activation of more
distant microglia that did not make contact with the probes. It is suggested that while microglia
are incapable of L1-L1 homophilic binding interactions, murine microglia express the a5f31
integrin which can interact with L1 and, through a mechanism yet to be described, reduce the
number and size of microglial processes covering the coated probes. L1 also features terminal
polysialic acid residues, which can bind to microglial SIGLEC-E receptors and suppress
phagocytosis. Bioactive peptides related to microglia-neuron and neuron-neuron interactions,
such as the sequence reported in Sridar et al.’s work [67], can be considered in such a multi-

cellular environment.

Common among studies described herein is the desire to reduce glial cell coverage and
inflammation-associated activity. Approaches in achieving this differ as we see surface
modifications with the goal of reducing protein adhesion (i.e., impart stealth to the inserted
foreign body and prevent detection and attachment by cells), or modifications that promote the
growth and attachment of both neurons and glia towards the implant, but by exploiting certain

receptor-ligand mechanisms attenuate the undesirable inflammatory responses.



1.3.2. Mechanical properties of microelectrodes

Implants can be designed through a variety of approaches in order to reduce or avoid a
foreign body response. For example, materials for CNS implants are often selected for being
chemically inert, but other factors must also be considered. Mechanical stimuli are also
hypothesized to play a role in such reactions as neural cells are mechanosensitive. Neural
implants are usually orders of magnitude stiffer than CNS tissue — such a mismatch in the
mechanical properties of both implant and tissue may cause ongoing damage to the CNS and
contribute to a foreign body response. As an example, in Moshayedi et al.’s work primary
neonatal rat microglia and astrocytes were exposed to materials of varying stiffness but of the
same chemical properties [68]. Morphological and inflammatory responses were assessed in
vitro and in vivo. Immunocytochemistry imaging, gene profiling, and protein expression assays
suggested that microglia and astrocytes interacting with a biologically foreign surface results in
behaviour tantamount to an acute and late chronic inflammatory response, and will act to isolate
the surface from the rest of the tissue. These findings reinforce the narrative that mechanical
stimuli have a significant impact on cell physiology and pathology, and must be considered in

electrode design.

Mechanical properties of microelectrodes were also considered in Kim et al.’s study,
which explained that stiff electrodes implanted in tissue are subject to micromotion, which
worsens the inflammatory response [69]. They suggested that a biocompatible CNS electrode
should have a flexible body (to allow for deformation of local tissue) and a flexible tether (to
follow gross CNS tissue motions). The authors proposed the combined use of ultrafine wires, for

ease in high density recording, and braiding for better mechanical compliance in spite of the
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inevitably large modulus mismatch between tissue and wire material. Implantation of the braided
flexible wires would be possible through the use of a temporary, stiff core. A conventional wire
currently used for intraspinal recording (Nichrome, 50 um) was compared against a braided
multi-electrode probe (BMEP) design (12.7 or 9.6 um polyimide insulated Nichrome wires, 12-
24 wires). Braids were constructed with different combinations of wires with respect to amount
and size. All braid combinations reported a better lateral and axial mechanical compliance than
the single Nichrome wire. The number of wires in the braid had a larger impact on compliance
than wire diameter. The BMEPs could accurately record single units from frog and rat spinal
cords for an extended period of time without becoming dislodged. Future directions include
assessing the BMEP design’s biocompatibility in implanted tissue as well as further modifying

the design of the BMEP by manipulating materials, size, and shape.

To further highlight the importance of a device’s mechanical properties and their
significance in influencing device rejection, mechanical mismatch between implants and neural
tissue was studied as a contributor to the neuroinflammatory response by Nguyen et al [70]. This
group developed new ‘mechanically-adaptive’ nanocomposites which are capable of changing
from a rigid to compliant state 5 minutes following implantation. Initial rigidity allows for
implant insertion into the brain tissue (tensile storage modulus E’ ~ 5 MPa) — the material will
soften upon exposure to physiological conditions (E> ~ 12 MPa). The nanocomposite used,
poly(vinyl acetate)/tunicate cellulose nanocrystal (tCNC), was compared against poly(vinyl
acetate) (PVAc), a more rigid and traditional material. A reduced neuroinflammatory response
was observed at 16 weeks from using ‘mechanically-adaptive’ nanocomposites as opposed to
stiffer materials. Blood-brain barriers were also more stable with more chronically-implanted and

compliant materials. These findings support previous studies on flexible probes suggesting their
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ability to better follow tissue movements thus resulting in a less severe tissue response

[68,71,72].

Elaborating on this idea, Kohler et al. hypothesized that a combination of improved probe
flexibility and embedding probes in gelatin can further limit the astrocyte/microglia response
[73]. Probes were designed to be 8000 times more flexible in the lateral direction versus the
longitudinal direction, with some embedded in a gelatin matrix. Significant microgliosis and
astrocytosis were observed proximal to the probes; flexible probes showed reduced astrogliosis
but no change in microgliosis. However, embedding the probe in gelatin further reduced
microgliosis when compared with the unembedded flex configuration. Inferences that can be
made from these results include the mechanical mismatch caused by rigid implants can
exacerbate inflammation. In addition, an implant whose direction of flexibility corresponds to the
main direction of movement in the brain (i.e., cortical axis, flex mode) will elicit a smaller
astrocytosis reaction, but will not impact microglia activity. Gelatin-embedded probes allowed
for higher neuron survival compared to non-embedded probes. These results suggest potential for
both reduced microglia response and improved neuronal density near the probe — both important

criteria to meet when designing a biocompatible probe.

Thelin et al.’s work focussed on the impact of implant size and fixation mode (tethered
vs. untethered electrodes) on CNS tissue response [74]. From a previous study, it was believed
the lack of tethering would elicit smaller tissue reactions due to reduced motion between the
implant and tissue [75]. Thelin et al.’s study expands on previous reports by monitoring neuronal
numbers close to the implants (i.e., 50 um radius) over long evaluation periods (i.e., 12 weeks)
for electrodes that are and are not tethered in a rat model. Round electrodes were used to

minimize the extent of anticipated tissue reactions. Tethered implants caused larger tissue
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reactions than un-tethered implants, and also induced changes in neuron morphology and
organization around the implant. Electrodes with smaller diameters (50 um) caused less damage
to tissue, which correlated with higher neuronal survival. Glial activation persisted at the 12
weeks post-implantation mark with the large diameter/tethered implants; small
diameter/untethered implants did not have this issue, suggesting that they elicited the least severe

tissue reactions.

Innovative non-in vivo approaches have also been taken to account for glial cell
responses to mechanical mismatches between electrode implants and surrounding tissue. A 3D in
vitro primary rat cell model capable of inducing micromotion around an implanted device was
developed by Spencer et al. [41]. Axial micromotion was simulated by cyclically displacing
borosilicate probes implanted in a collagenous matrix using a custom motion platform. Axial
micromotion is representative of respiration and vascular pulsations, and is thought to be the
most significant contributor to the phenomenon. Probes were held in place by a fiber chuck and
threaded through a polyimide tube which guided the probe towards the collagen gel. Strain field
measurements were taken to calculate local displacement of the gel in response to micromotion.
Astrocytes were found to be mechanically responsive (e.g., increase cell areas, perimeters) to
local strain fields. Using a different approach, Trotier et al.’s study aimed to more accurately
account for ways in which electrode micromotion facilitates gliosis using a computation model
[76]. Their in silico work modelled the peri-electrode region in CNS tissue which saw the
creation and enlargement of a void around the electrode as a result of micromotion. This is a
more physiologically accurate depiction of mechanical mismatch in comparison to previous
studies which assumed side-by-side contact between electrodes and tissue. In their computation

model, the solid, liquid, and viscoelastic components were the electrode, fluid-filled peri-
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electrode space, and neural tissue, respectively. In follow-up in vitro experiments to validate the
in silico work, rat ventral mesencephalic E14 embryonic cells exposed to fluid shear in a parallel
flow chamber exacerbated expression of gliosis-associated proteins piezo-type mechanosensitive
ion channel component 1 (PIEZO1) and transient receptor potential ankyrin 1 (TRPA1). PIEZO1
was found to play a role in the facilitation of astrogliosis in the context of electrode
micromotion-induced fluid shear stress through the targeting of mitochondrial processes. Results
from the works of Spencer et al. and Trotier et al. provide a way to assess the impact and

biocompatibility of a neural probe prior to in vivo testing.

The reports presented in this section demonstrate major evolutions in the improvement of
probe design with respect to mechanical properties (Figure 1-1C). From the initial
acknowledgement that material stiffness will impact cell function and inflammatory processes,
advances have been made to further characterize the impact of micromotion on glia-mediated
inflammation, identify other parameters such as tethering that exacerbate inflammation, develop
mechanically adaptive electrodes to reduce inflammation, and design strategies towards
improving neuronal survival in the immediate proximity of the implants in addition to reduced

glial response.

1.3.3. Cell grafting onto electrode implants

Reports exist of transplanted stem cells participating in a “bystander” effect in the context
of tissue damage due to CNS injury [77,78]; specifically, these cells can secrete neuroprotective

factors into the surrounding environment and potentially inhibit cytotoxic mechanisms or
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biochemical deficits. Purcell et al. designed a novel probe seeded with neural stem cells that
promotes a pre-existing biological interface with the goal of improving the biocompatibility of
the implant [79]. The probes, made of parylene, feature a hollow well where alginate (a
biocompatible polysaccharide) hydrogels with neural stem cells are present. The (untethered)
probes were implanted into rats and their inflammatory responses were assessed. Introduction of
the neural stem cells in the alginate hydrogel reduced the severity of any early inflammatory
responses (within the first week post-implantation). However, neuronal loss and glial
encapsulation was more problematic at later stages (6 weeks post-implantation). Purcell et al.
suggested that the grafted cells secrete neurotrophic and neuroprotective factors that aid in the
healing process early on, but this is eventually followed by cell death and alginate scaffold

degradation.

1.3.4. Microelectrode arrays

The use of microelectrode arrays (Figure 1-1D) in in vitro and in vivo experiments can
produce a more clinically relevant host response compared to the insertion of a single electrode.
As with studies concerning single electrodes, foreign body response and consequent
inflammation are speculated to contribute to device failure; events include activation of
microglia, the release of pro-inflammatory cytokines, and BBB rupture. Damage to blood vessels
during implantation can also potentially damage adjacent brain tissue. The study of Nolta et al.
aimed to better understand implantation injury (e.g., stab wounds) and foreign body response

resulting from a more clinically relevant microelectrode array (4x4 Utah Electrode Arrays) being
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implanted into young adult rat cortices, and whether foreign body response histology correlates
with single unit recording performance changes [80]. Macrophage/microglia accumulation was
clearly observed on retrieved electrode arrays. Foreign body responses resulting from the
implantation of 4x4 Utah Electrode Arrays are not the same as those caused by devices that
create a single penetrating injury likely due to a difference in the degree of vascular damage. The
electrode arrays caused a more significant lesion to brain tissue, resulting in a cavity devoid of
neuronal elements. Recording performance was affected by BBB ‘leakiness’, astrogliosis, and
tissue loss. This study brings attention to events that result from insertion of a Utah Array and the

ways in which they are different compared to insertion of a single shank electrode.

1.3.5. Anti-inflammatory drugs and microelectrode implantation

Microglia are a key part of the neuroinflammatory process that takes place in the CNS as
part of the immune response to an injury such as electrode probe insertion. While
neuroinflammation is recognized to be a beneficial process in that it helps to clear antigens and
cell debris, it is also regarded as double-edged since it also contributes to damage to healthy
tissue. Anti-inflammatory drugs (Figure 1-1E), as a result, have been studied by various groups
to determine whether it is possible to attenuate the negative aspects of the inflammatory process

while still maintaining the pro-recovery aspects.

Retrodialysis of dexamethasone, an anti-inflammatory steroid, was studied by Kozai et al.
due to previous reports of it suppressing glial scar formation [81]. This study investigated the

extent of the reduction of inflammatory gliosis over time. Transgenic mice expressing green
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fluorescent protein in microglia under the CX3CR1 promoter were used. /n vivo two photon
microscopy was used to monitor any changes in microglia morphology/motility around the
implanted probe. The probes were under artificial cerebrospinal fluid perfusion with or without
dexamethasone. Results reinforced the suggestion that dexamethasone significantly contributed

to the reduction of microglia activation in response to electrode insertion.

An alternate approach by Rennaker et al. examined the effects of systemic minocycline
when used to treat rats implanted with multichannel neural recording electrodes for up to 4
weeks [82]. Minocycline is a tetracycline antibiotic that has been shown to have anti-
inflammatory effects and is neuroprotective in models of ischemic injury and neurodegenerative
disease. It was shown to improve the signal-to-noise ratio and longevity of the interface
recordings, increased neuronal survival around the implant, decreased inflammation, and reduced
microglia and astrocyte activation in treated rats. Improvements were suggested whereby using
smaller electrodes can reduce cortical tissue deformation and thus mitigate the strength of the
early tissue response [83,84]. Rapid insertion techniques could also reduce any strain on cortical
tissue. A longer implant study with minocycline is also warranted given the scope of this study
(4 weeks). It was also suggested that a minocycline/dexamethasone co-regimen be explored to
see if there are any synergistic benefits to using both drugs at the same time to treat

neuroinflammation.

As part of the neuroinflammatory response, activated microglia secrete pro-inflammatory
cytokines, chemokines, and reactive oxygen species (ROS) that can enable BBB breakdown and
decreased neuronal health [85-87]. ROS, a class of pro-inflammatory molecule, when secreted
during inflammation have been shown to impact neuronal health via oxidative stress [87—89].

BBB permeability has been prevented in the past by introducing anti-oxidative enzymes. In the
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case of electrode implants, it is hypothesized that reducing ROS accumulation at and near the
tissue/implant interface can improve BBB stability and neuronal health. The scope of Potter et
al.’s study was on the role of ROS during the initial instability in the biphasic neuroinflammatory
response to microelectrodes [74]. Resveratrol, an anti-oxidant derived from grapes, was
investigated here for its ability to mitigate inflammatory symptoms following electrode
implantation in vivo. Resveratrol enabled extended prevention of neurodegeneration following
electrode implantation; rats that were systemically administered resveratrol showed higher
neuronal cell densities 100 pm from the electrodes 2 weeks after implantation along with
improved BBB stability and reduced ROS accumulation. However, no difference in neuron
populations, ROS levels, or Toll-like receptor 4 (TLR4) expression in comparison with controls
was found at the 4 week mark. Resveratrol-treated rats also showed a higher amount of activated
and total microglia/macrophages, but reduced astrogliosis. A subsequent stab wound healing
response study produced similar ambiguous results. It was then investigated if chronic
administration of anti-oxidants in a rat model could produce a sustained anti-oxidant
environment [75]. ‘Michigan-style’ microelectrodes were inserted into the rat brains, with daily
injections of resveratrol for up to 16 weeks following electrode implantation. Classic markers for
microglia, astrocytes, NeuN, and BBB stability were examined. Sustained levels of resveratrol
were detected around the implanted microelectrodes with reduced amounts of ROS and neuronal
cell death. However, increased hemorrhaging was also correlated to this chronic resveratrol
regimen along with ‘threadlike adhesions’ between the liver and diaphragm. Clearly, chronic
administration of anti-oxidant resulted in unwanted side effects. An optimized dosing regime

would thus be desired to mitigate such drawbacks.
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1.3.6. Macrophages vs. Microglia response to electrode implantation

Ravikumar et al. contributed to the broader understanding of the inflammatory process
post-device implantation by evaluating and comparing the roles of microglia and blood-borne
macrophages infiltrating the CNS due to the rupturing of the BBB [76]. A better understanding
of the roles of both types of cells can be exploited when redesigning microelectrodes to account
for microglia activity against the electrode, macrophage activity against the electrode, and any
interplay between the two cell types. Non-functional, ‘Michigan-style’, silicon microelectrodes
were implanted in mice. The results of the study suggest that systemic myeloid cells have an
important role in regulating neuronal dieback. Over 60% of an infiltrating cell population
consisted of macrophages. A correlation was shown in total infiltrating macrophages (excluding
microglia) and neurodegeneration following electrode implantation. From these results,
infiltrating macrophages, not microglia, are thought to have more influence in mediation of

neurodegeneration.

According to the authors of this study, future studies should aim to study specific
receptor-mediated pathways to mediate neuroinflammation and neurodegeneration. Specifically,
it was suggested that the use of a bone marrow chimera model with transgenic knock-in or
knock-out mice could help clarify differences in inflammatory pathways between cell types and
what role they play in neuroinflammation. However, other studies have demonstrated that
irradiation utilized in generating such bone marrow chimeras can cause prolonged opening of the
BBB, dramatically affecting the function and makeup and distribution of hematopoietic cells in

the CNS (i.e., microglia and infiltrating macrophages) and should be interpreted with an
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abundance of caution [93]. Ultimately, the results of such studies should lead to the development

targeted therapeutics that can result in improved microelectrode performance.
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Figure 1-1: Summary of invasive neural implant biomaterials advances

Diverse biomaterials designs have been developed to maximize functionality of devices
implanted in CNS tissue and mitigate the extent of glial scarring against electrode implants in
CNS tissue — the cells that form the glial scar are microglia (red) and astrocytes (blue) (A).
Approaches include conjugation of biomolecules such as cell adhesion molecules onto the
surfaces of electrodes (B), the computational modelling and design of more mechanically
compliant materials to reduce mechanical mismatch between tissue and devices (C),

development of multi-electrode arrays to maximize recording and stimulation capabilities (D),
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and systemic administration of anti-inflammatory drugs to counteract neuroinflammation elicited

by electrode implantation into CNS tissue (E).

1.4. Electrical stimulation considerations for moderating glial cell behaviour

There remains, however, another question that must be further and more thoroughly
addressed when considering the concept of biocompatibility of neural interfacing devices: how
do glial cells respond to electrical stimulation? In the broader literature, sufficient attention is
given to how neurons respond to electrical stimulation patterns and how this translates into
modified function and behaviour of the subject organism, but rarely is the response of glial cells
to stimulation addressed. As glial cells are the caretakers and defenders of the nervous system,
they also have a major role to play in determining the fate of other cells around them following

electrical stimulation.

This section of the thesis examines available literature on how exogenous electrical
stimulation affects glial cells. Summaries of experiments done in vitro and in vivo are provided,
with consideration of different stimulation paradigms (e.g., direct current vs. alternating current),
invasive vs. non-invasive experimental methods, along with discussion of potential cellular

mechanisms of the glial response to stimulation.
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1.4.1. Glial cell responses to electrical stimulation

1.4.1.1. Non-invasive vs. Invasive electrical stimulation

The glial response to neural interfacing devices has two major elements: the cellular
response to electrical stimulation, and the response to the physical presence of an implant. While
some stimulation paradigms bypass implanted electrodes (e.g., epidural stimulation, a non-
invasive method) the added presence of an invasive implant elicits a foreign body response
orchestrated by microglia and astrocytes. This would conceivably exacerbate any tissue response
to the device. There have been many studies published which focus on the effect of invasive
implants on glial cell reactivity [39,40,94,95], but studies that further integrate electrical
stimulation into their experiments are more limited [96]. There are invasive implant studies that
focus more extensively on glial cell responses to electrical stimulation and less on responses to
the implant itself. Some studies have electrodes that contact cells [97] and apply electrical field
stimulation to them, but data pointing towards evidence of a foreign body response is lacking. To
our knowledge, it appears that there are few studies published that concurrently detail glial cell
responses to both an implant as well as any applied electrical stimulation. Doing such a
concurrent assessment would greatly increase the value of a study’s appraisal of a novel neural

interfacing device.

There also exist invasive studies that offer insight on some fascinating ways in which
glial cells respond to electrical stimulation at the cellular level [98]. Electrical stimulation can

elicit calcium ion waves in glial cells; whether this includes microglia was of interested and
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investigated. Calcium wave generation is made possible through adenosine triphosphate (ATP)
release and purinergic receptor activation. Schipke et al.’s experiments showed that both
astrocytes and glial precursor cells participated in Ca?" waves. In response to electrical
stimulation-induced Ca** waves, patch clamp recordings also revealed a transient induction of an
outward rectifying K" current in microglia, though this was only seen in 5 out of 13 microglial
cells investigated. ATP was deduced to have been released from glia to serve, in part or in whole,
as a carrier for the Ca** wave. Tetrodotoxin (TTX) and Cd*" were introduced into the brain slices
to exclude possible neuronal contributions to the Ca** wave (e.g., generation of actional
potentials and synaptic release). Though it has been suggested that ATP coming from astrocytes
results in purinergic receptor activation in nearby cells which in turn leads to rising internal
calcium levels in those cells [99], it is of interest to determine whether stimulation-induced
increases in extracellular ATP levels would be sufficient to act as a damage-associated molecular

pattern (DAMP) for microglia thus potentially triggering their activation.

In Roitbak and Fanardjian’s study, cat cortices were subjected to electrical stimulation
using implanted silver wires [100]. Electrophysiology recordings of glia did not reveal spikes
that were indicative of action potentials normally seen in neurons. However, when subjected to
stimulation paradigms that were higher in amplitude and frequency, depolarization was observed
in affected glia (though membrane voltage decay was extremely rapid). It was suggested that the
glia depolarizing was largely due to potassium ion contributions — glial cell movement could be

elicited through increases in extracellular concentrations of K.

High frequency stimulation (HFS) is a widely documented form of DBS [38,101] used to
suppress tremors associated with Parkinson’s disease by targeting structures in the basal ganglia

(thalamus, globus pallidus, subthalamic nucleus). Generally, the usage of DBS has been accepted
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to be a safe and effective intervention [101]. Chronic effects of stimulation on glia appear to be
highly localized at the electrode-tissue interface as exemplified by the 12-month study of DBS
on pigs by Orlowski et al. [102]. The effects of HFS on astrocytes have been widely discussed
over the past approximately 15 years. They are highly suspected of being involved in the
increased release of ATP, its downstream product adenosine, and subsequent Al receptor
activation which result in the reduction of tremors [103]. Astrocytes have also been suspected of
being responsible for glutamate release through increased influx of Ca®" into the cell following
stimulation [104], as well as mediate extracellular concentrations of K [105]. In the case of
microglia, a study by Vedam-Mai et al. [106] suggests that DBS is helpful in reducing the
number of activated microglia at and around the lesion compared to microlesion and sham
animals. With regards to its capacity to contribute to the inflammatory response against an
implanted electrode, microglia activity at the electrode-tissue interface is also heavily dependent
on purinergic signalling. A computational model reported by Silchenko and Tass [107] presents
an interesting correlation between the size of a glial scar around an implant and the amount of
ATP produced from device implantation and stimulation. As well, an attenuation of fractalkine
signalling due to DBS was hypothesized by Chen et al. [108] to contribute to reduced levels of
microglia activation. Effects on microglia density and cell size have also been documented in
certain parts of the brain as a result of DBS; according to Hadar et al. [109], the introduction of
an electrode into the medial prefrontal cortex results in a local increase in microglia density and
cell size which was prevented by DBS. They also interestingly found that the same experiments
in the nucleus accumbens produced no significant change in microglia density and cell size even

after introduction of an electrode and stimulation. The study alludes to how microglia are a
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heterogeneous population in the CNS [110], and the way in which they behave are at least in part

due to a subject’s age, area of the CNS affected, as well as the pathology in question.

Non-invasive implants also require the use of electrodes, but they are applied without
penetration of CNS tissue (e.g., transcranial direct current stimulation, tDCS) and thus do not
have penetrating contacts within the tissue. An in vitro model of such an approach uses bridges
made of agar or salt to connect electrolyte solutions to the cultures themselves [111-113]. In a
2015 study, Pelletier et al. cultured murine N2a neuroblastoma cells, BV2 microglial cells, and
C8-D1A astrocytic cells that were exposed to direct current fields through the use of agar bridges
[112]. Upon being electrically stimulated, morphological changes were noted in the glial cell
types — cells either oriented themselves parallel to the electric field (microglia) or were oriented
perpendicular to it (astrocytes). Further to these observations, the results suggested that such
electric fields were capable of affecting both microglia and astrocytes: cyclooxygenase-2
expression in microglia was upregulated after electrical stimulation and lipopolysaccharide
priming, while astrocyte metabolism was increased [114]. These observations suggested an

inflammatory and hypertrophic effect, respectively.

Some modalities, such as epidural electrical stimulation (EES), are somewhat
intermediate in terms of procedure invasiveness [115,116]. EES requires an implant to be
surgically placed at the dorsal surface of the spinal cord, and is necessarily more invasive than
applications such as tDCS, yet lacks the target specificity offered by penetrating electrodes as
used in procedures such as deep brain stimulation (DBS) and intraspinal microstimulation
(ISMS). Baba et al. showed that epidural electrical stimulation of the rat brain had
neuroprotective outcomes following ischemic stroke [115]. Electrical stimulation resulted in less

apoptotic cells as antiapoptotic cascades were activated (Pi3 kinase/Akt signalling pathway).
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Upregulated levels of neurotrophic factors (glial cell line-derived neurotrophic factor, brain-
derived neurotrophic factor, vascular endothelial growth factor) were observed. Electrical

stimulation also enhanced angiogenesis and suppressed microglia and astrocyte proliferation.

Regardless of whether stimulation utilizes an invasive implant (Figure 1-2), there exists
convincing evidence that electrical stimulation paradigms can manipulate glial cells in terms of
their morphology and orientation, and elicit intercellular signalling among glia. It is unclear,
however, if such observations translate to glia possibly taking on a more pro-inflammatory or
anti-inflammatory role and how surrounding cells or tissue would be impacted by this. Further in
vivo evidence suggests electrical stimulation is capable of therapeutic benefit in part by
mitigating inflammation-associated proliferation of glia in the context of stroke — whether such a
concept can be applied to other injuries and neurodegenerative contexts warrants further and

extensive investigation.
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Figure 1-2: CNS electrical stimulation modalities

Different electrical stimulation techniques target different parts of the CNS (brain, spinal cord),

and with varying levels of invasiveness.

1.4.1.2.  Direct current vs. Alternating current

Application of electrical current to tissues is typically accomplished using either direct

current (DC) and alternating current (AC). The choice of which is used for a particular
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stimulation paradigm depends on the application. Direct current is often used in applications
such as transcranial direct current stimulation (tDCS), which (in the clinical context) makes use
of electrodes placed on the outside of the head and is designed to treat disorders such as
depression and Parkinson’s disease. Latchoumane et al. investigated the molecular pathways
underlying the treatment effects of tDCS [117]. Embryonic stem cell-derived neuron-glia co-
cultures were subjected to chronic low frequency stimulation and direct current stimulation
paradigms in the presence of the excitotoxic mediator L-glutamate to simulate CNS injury. The
glia in the cultures, which differentiated into O4-positive oligodendrocytes and GFAP-positive
astrocytes, upregulated transcripts for NMDA receptor subunit NR2A, brain derived
neurotrophic factor (BDNF), and Ras-related protein RAB3A — collectively suggesting that
electrical stimulation can modify neuronal network plasticity. A further summary of key tDCS
findings is reviewed elsewhere [118]. It was shown that low intensity brief tDCS increased
glucose metabolism in cultured mouse astrocytes [119], and that high intensity anodal and
cathodal tDCS activated microglia [120]. In their own experiments, Gellner et al. exposed adult
male rats to 20 minutes of anodal tDCS and saw morphological changes in microglia and
astrocytes [118]. Their study also suggested that amoeboid microglia may be more susceptible to

tDCS due to their higher abundance of voltage-gated ion channels.

Another invasive DC stimulation study utilized monophasic stimulation paradigms on rat
C-fibres in the dorsal horn [121] — the mere stimulation of these fibres, even outside of any nerve
damage, was sufficient to activate microglia (upregulated Ibal, IL-6, etc.) and sensitize the
animal to pain. DC electric fields have also been shown to serve as a helpful, instructive
mechanism for neurite extension of dorsal root ganglion neurons, with electrically stimulated

Schwann cells contributing heightened levels of neurotrophins [122]. It would be interesting to
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know if it would be possible to similarly enable axonal regeneration/neurite extension via

electrically stimulated glial cells in the CNS.

In a simpler experiment, Kearns et al. showed how short-term DC stimulation of
macrophage cell lines could induce expression of markers that were characteristic of M1 and M2
phenotypes [113]. M1 and M2, alternatively termed the ‘classical’ and ‘alternative’ phenotypes,
respectively, describe how macrophages transition between being pro-inflammatory and anti-
inflammatory. This terminology has also been applied to microglia [123,124] and has been used
in the context of other stimuli. In the context of the CNS, M1 microglia are associated with
neurotoxicity and cell death, while M2 microglia are assessed to be acting in a neuroprotective
role [125]. Considerable debate over the past several years suggest that microglia (and indeed
peripheral macrophages) do not fit nicely into a pro-/anti-inflammatory dichotomy (or even a
binary sliding scale). Rather, the way in which microglia would respond to some sort of stimulus
is highly contextual; it would depend on where in the CNS the microglia are located, the nature
of the stimulus/injury, how far away the microglia of interest are from the injury, and at what
point during or after the injury the microglia are being observed. That said, the preceding study
suggests the potential for DC stimulation to be applied to modify microglial activity to promote

tissue healing.

Electrical stimulation paradigms that utilize AC feature phases of both positive and
negative polarities. Such paradigms are often designed with charge balancing in mind — an
opposing phase offers a way to cycle electrical charge out from any affected cells or tissue and
thus avoid damage. In a recent study, Ishibashi et al. found that astrocytes promoted myelination
in response to biphasic electrical impulses [126]. The cytokine leukemia inhibitory factor (LIF)

was found to be released in larger quantities by astrocytes due to ATP release from firing axons;
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LIF was then found to promote myelination by mature oligodendrocytes. In another study,
stimulation of C6 glioma cells using a variety of balanced and unbalanced waveforms suggested
that the way in which electrical paradigms are designed had an impact on cell oxidative stress

and neuroprotective behaviours [127].

Alternating current paradigms were also used to evaluate inflammation and damage in the
context of electro-acupuncture stimulation of a rat Parkinson’s disease model [128]. Rats with
transected medial forebrain bundles were electrically stimulated via stainless steel electrodes
inserted into 2 acupuncture points: one at the head (between the ears), and another down at the
cervical section of the spinal cord. Whether these electrodes made direct contact with CNS tissue
is unclear. In this study, biphasic electrical stimulation protected dopaminergic neurons from
microglia-mediated cytotoxic damage. It was found that survival rates of dopaminergic neurons
were higher with electrical stimulation than without — this was coupled with observations that the
stimulation significantly reduced TNFa and IL-1P release, and that microglia activation was

reduced.

Another application that utilizes charge-balanced biphasic waveforms is intraspinal
microstimulation (ISMS) - a functional electrical stimulation technique that uses microwires
(tens of um in diameter) implanted into the spinal cord to elicit movement of the lower limbs
following spinal cord injury. The technique has been demonstrated extensively to be effective at
eliciting movements following spinal cord transections [129,130]. The effects of ISMS
paradigms on glial cells appear to remain limited, however. A study by Bamford et al. provides
the only evidence known to the authors on this matter [96]. Microwires were surrounded by
reactive astrocytes and CD68-positive cells were found surrounding the microwire — this was

indicative of microglia/macrophage recruitment and glial scarring. Recruitment of force was not
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altered upon stimulation, which suggests that not enough tissue damage was present to
compromise underlying neural networks. Stimulus trains were run for 4 h/day for 30 days;
further investigation into glial reactivity and force recruitment over a more chronic timecourse
would help determine the maximum lifetime of that implant design in the spinal cord before

device failure due to glial scarring.

Differences in cell orientation with respect to the direction of the electric field have been
noted as a point of contrast between DC and AC paradigms. While orientation of glia (either
parallel or perpendicular to the field) has been documented and is predictable in DC fields [112],
AC stimulation had not been shown to direct orientation of migration in a consistent manner
[131]. Interestingly, Ariza et al. also found that neural stem/progenitor cells (NSCs) exposed to
DC field stimulation favoured differentiation into neurons rather than glia, and that AC
stimulation did not favour differentiation into one cell type over another [111]. This observation
would have implications in designing strategies for guiding neuronal growth/repair in a damaged

nervous system.

1.4.1.3.  Invitro and in vivo works of note

Finally, some attention should be given to the creative ways in which in vitro and in vivo
electrical stimulation experiments have been designed, and the outputs that have been generated

from them with respect to glial cell reactivity.
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A good summary of in vitro experiments explicitly assessing glial cell responses to
electrical stimulation has been compiled by Bertucci et al. [132]. Briefly, the collection of
experiments characterized glial cell responses in terms of polarization towards the electrodes,
cell morphologies, cell protrusion lengths, and cell body sizes. The timecourses of the
experiments listed in the review provided for stimulation intervals of up to 24 h, followed by a
maximum of 48 h post-stimulation monitoring. With such experiments, it would be of interest to
determine glial cell responses past a 24 h time window; what, for example, would be timecourse
over which glial scarring/cell death occurs in similar models? How would these phenomena
change with repeated (e.g., daily) rounds of electrical stimulation applied? If these questions are
addressed, any future in vitro experiments studying glial cell reactivity to electrical stimulation

would better emulate chronic responses.

Cell culture systems have also been developed to study neuron-glia responses to electrical
stimulation. Lee et al. utilized microfluidic systems to create spatially restricted cell cultures
which then received electrical stimulation [133]. Their study remarkably showed
oligodendrocytes maturing and myelinating neurons more efficiently upon exposure to an
electric field. In Xu et al., cortical 3D cultures made of electrospun polypyrrole/polyacrylonitrile
nanofibers were electrically stimulated [97]. The formation of cell clumps/clusters was prevented
with electrical stimulation, but it did not disperse the clumps that had already formed. Electrical
stimulation also increased the degree of glial cell proliferation and accelerated neuron
maturation. In another study, a nanocomposite membrane comprising of poly(L-lactic-co-
glycolic acid)/graphene oxide was cultured with neural stem cells as a candidate composite

material for use in electrically-stimulated nerve repair [134]. The substrate improved neural stem
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cell proliferation and differentiation into neurons (at the expense of differentiation into

astrocytes), and neurite elongation.

In spinal cord injury (SCI) in vivo studies, electrical stimulation of existing glia in the
CNS results in increased GFAP expression (i.e., astrocyte hypertrophy increased) 1 week after
injury [135,136]. By preconditioning SCI rats with electrical stimulation, astrocytes were
activated but secondary symptoms such as edema and necrosis were abated. Brief electrical
stimulation has also been found to be beneficial for neuronal regeneration. A leech model was
used to examine effects of electrical stimulation on neurons [137]. Different neurons (Retzius
and P cells) responded differently to the same electrical stimulation pattern, but regardless of the
pattern used more leech microglia were seen around the stimulation electrode each time which

implies that neuronal regeneration is at least partly due to microglia distribution and activity.

1.4.2. Device development: materials and electrochemistry considerations

In addition to understanding the effects of electrical stimulation on glial cell behaviour as
described in the above sections, acknowledgement must also be given to the engineering and
design aspect of neural electrode implants. As far as development of invasive neural electrode
implants is concerned, factors to be considered include electrode material selection, stimulation
paradigms, and electrode geometry. Detailed documentation of these considerations and more
can be found in a comprehensive summary by Merrill et al. [138]. Damage to neural tissue arises

from mechanical (tissue/device mismatch and insertion damage) and electrochemical means.
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Electrode material selection is important from a safety perspective. It goes without saying
that a conducting material should be used; however, other considerations include potential
material corrosion, ion leaching, degradation, and byproduct formation from electrochemical
reactions. A conductive material that degrades and leaches toxic byproducts into its target
environment will inevitably cause implant rejection and exacerbate inflammation and damage at

the insertion site.

Common electrode materials include platinum, iridium, gold, and silicon. Carbon-based
materials (e.g., graphene, carbon nanotubes) and organic materials (e.g., polyaniline, poly(3,4-
ethylenedioxythiophene)) have also been more recently described in the literature [94,139—-143].
Such materials are generally understood to be compatible and safe for use in CNS tissue [144].
However, the materials listed above generally will elicit a foreign body response from glial cells
— that is, gliosis will ensue and a scar will form that encapsulates the implant. The extent of this
response is partly dependent on the stiffness of the material — for stiffer materials such as metals,
mechanical mismatch between the implants and tissue are further compounded by micromotion-
induced stresses. The materials themselves are generally inert — they do not leach cytotoxic
particles into the surrounding tissue by themselves. Whether electrical stimulation results in
electrochemical reactions at the interface that produces cytotoxic compounds depends on the
material that makes up the implant as well as the parameters of the paradigm itself [138,145]. In
the literature, common ways in which glial cell reactivity is assessed include cytokine
release/expression [143], cell viability [146], morphological comparisons (e.g., ramified vs.

ameboid morphologies for microglia) [147], and cell area coverage of the probe [67].

Merrill et al. [138] explains and compares different stimulation waveforms in terms of

trade-offs between action potential initiation probabilities, tissue damage, and corrosion risk.
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Stimulation paradigm design must also take into account the target cell population. As electrode
implants are primarily targeting neurons, stimulation parameters at the contact sites must be
sensitive to the kinds of tissue in which the electrode is implanted — this will translate into

differences in parameters such as charge per phase and pulse width [145].

Probe geometry is important, especially for implant insertion. A probe should be stiff
enough to facilitate insertion into tissue, but not too stiff that tissue/device mismatch becomes
problematic [148]. Alternatively and interestingly, studies have been done where novel materials
such as PEDOT have been successfully polymerized in situ to form an integrated network with
neural tissue [149] thus effectively blurring the border between device and tissue. The result is an
electrically conductive network that is pervasive throughout local extracellular space, to the point

where scar tissue can be avoided and healthy neurons can be contacted.

Electrochemical considerations are also tied to device material selection. If an electrical
stimulation paradigm results in the oxidation or reduction of a chemical species, especially in a
Faradaic reaction where charge is passed between electrode and electrolyte, it is desirable to add
an opposing and balancing phase to reverse whatever reactions may have occurred. In addition to
redox reactions involving electrode material, other chemical species in the surrounding
electrolyte may also be affected by electrical stimulation. A commonly discussed theme is the
need to avoid water splitting into constituent species of hydrogen and oxygen gas (i.e., keep
voltages within the water window). Gas production can result in local changes in pH near the
electrode and adversely affect cells [150]. In the same study, organic compounds are also known
be susceptible to redox reactions (e.g., the oxidation of glucose to gluconic acid, CO2). Oxygen
reduction is also to be expected during stimulation pulses [151]. Reduced oxygen species can be

damaging to tissue. There may be further chemical species evolved from electrical stimulation,
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with differences seen between in vitro (different cell culture media formulations) and in vivo

(extracellular fluids) [138,150].

1.5. Conclusions: considerations for future work

1.5.1. Biomaterials designs for neural implants

Glia are diverse and multifaceted cells capable of choosing the viable fate of central
nervous cells. In biomaterials science, their primary focus has been on their role in implant
rejection and use in biocompatibility studies. A large body of research has emerged with the
intention of attenuating glial cell accumulation onto microelectrodes and ultimately improving
the lifetime of such implants. These electrodes have been modified with scar mitigating coatings,
improved flexibility and finer shapes to reduce tissue shearing (individually and in microarrays),

and having anti-inflammatory drugs loaded to attenuate acute inflammation.

To date, the biomaterial focus on glia is predominantly shown in studies for
biocompatibility and the reduction of acute inflammation. More recently, utilizing microglia and
macrophage phagocytosis for targeted drug delivery has emerged. The role of cell types such as
microglia in development, regeneration, and neurodegenerative disease has become critical;
however, few biomaterials have emerged to explore and exploit these cellular behaviours. For
example, microglia are capable of secreting a variety of neurotrophic growth factors, which are
essential in repair and restoration after neural injury. It would be tremendously desirable to

induce microglia to do so in place of growth factor therapy, a commonly used and
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pharmacokinetically poor approach. In addition, it has been determined that microglia and
macrophages have different roles in disease pathology. But little thought has been given to
developing biomaterials to optimize microglial preventative measures in early stage pathology
and macrophage targeted treatments in late stage pathology where the BBB has broken down. As
these cells are difficult to distinguish experimentally, their roles are often described
interchangeably. Furthermore, phenotypes of microglia are being linked to neurodegenerative

disease; however, there is limited capability to identify and target these cells for therapeutics.

The functions of microglia, and their cooperative effects with other glia including
astrocytes and oligodendrocytes, has increasingly been shown to be diverse and essential to both
neuroprotection and the capacity to regenerate CNS tissue after injury or disease. As such, there
is a tremendous unexplored potential in biomaterial and engineered design with respect to

modulating glia in the context of neuroinflammation.

1.5.2. Electrical stimulation considerations for modulating glial cell behaviour

Across the literature surveyed in this review, common themes emerge with respect to the
outputs explored in the aforementioned studies (Table T-1). While there are several works which
suggest that electrical stimulation is foremost an inflammation-inducing action on glia, other
studies utilize electrical stimulation with the perspective that it can be harnessed to promote
neuroregeneration and tissue healing by using glial cells as a go-between. Caution should be

exercised however — the way in which glia respond to an electrical stimulus depends very much
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on the nature of the stimulus itself (Figure 1-3), the application, target area within the CNS, and

the target cells — the full complexity of which has yet to be explored.

Parallel orientation to electric field (DC stimulation)
Indifferent orientation to electric field (AC stimulation)

1 Cytosolic Ca*

| CX3CL1, CX3CR1 (DBS)

1 Cyclooxgenase-2 (DC stimulation)

1 Ibat, IL6 (tDCS)

| Proliferation (tDCS, DBS)

| Cytotoxic damage against neurons (biphasic electro-

acupuncture)

1 TNFa, IL1B (biphasic electro-acupuncture)
MICROGLIA 1 CD68 (localized) (ISMS)

Perpendicular orientation to electric field (DC stimulation)
Indifferent orientation to electric field (AC stimulation)

1 Cytosolic Ca2*, ATP, Glutamate (DBS)

1 Glucose metabolism (tDCS)

| Proliferation (tDCS)

1 LIF, oligodendrocyte myelination (biphasic stimulation)
1 GFAP (localized) (ISMS)

1 GFAP (transcranial magnetic stimulation)

ASTROCYTE

Figure 1-3: Summary of biomarker and functional changes to microglia and astrocytes in

response to electrical stimulation

Effects of electrical stimulation differ between microglia and astrocytes, and are further
complexed by different modalities and parameters of stimulation. Note: microglia and astrocyte

graphics are not to scale.

A great body of literature has emerged and developed over the past approximately 10

years on the biomaterial modification of invasive electrodes into neural tissue. The studies
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surveyed have taken a wide breadth of approaches towards mitigating the issue of glial scarring
(e.g., mechanical modification of base materials, conjugation of bioactive substrates onto the
electrode surface, anti-inflammatory treatments following insertion) [139]. We propose that
further advancement of this field of research is required to develop more meaningful devices that
could one day see clinical translation — more specifically, studies that take a biomaterials
approach to modulating glial scar formation should also eventually integrate electrical
stimulation into the proposed experiments. Indeed, the main function of many such devices is to
deliver electrical current to tissue. It is therefore of interest to know, for example, if there are any
differences in electrochemical activity around the electrode-tissue interface resulting from
biomaterial modifications that could negatively impact the biocompatibility of such a device.
Furthermore, would frequent electrical stimulation degrade such electrodes and cause them to
weaken or fail structurally? Current insight into the range of electrochemical reactions that
happen at the electrode-tissue interface is limited, but could potentially be elucidated using
methodologies outlined in Cogan’s review on characterization of neural electrodes (e.g., cyclic
voltammetry, electrical impedance spectroscopy, voltage transient measurements) [145].
Consider also what the threshold for stimulation-induced damage is as outlined by Shannon’s
equation [152], and other aggravating factors in an organism that could contribute to the
inflammatory response against an implant: implant tethering to a relatively fixed surface (e.g.,

skull), electrode wire micromotion, etc.

Any future in vivo and in vitro electrical stimulation studies would have added value in
implementing extended time courses following stimulation (for monitoring of cell responses) and
multiple rounds of stimulation into an experiment. It is anticipated that multiple rounds of

stimulation will be more reflective of clinical applications where frequent (daily) usage of
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exogenous currents is to be expected, and that in vitro and in vivo models that show this will
more accurately recapitulate any chronic cell or tissue response resulting from implant insertion

and electrical stimulation.

More work also needs to be done in terms of the effects of different electrical stimulation
parameters on CNS cells. As neurons come in different shapes and sizes in the CNS,
designing/referencing customized paradigms for stimulating a particular group(s) of neurons in
the CNS is an eventuality. What is also of interest are any changes in glial cell reactivity due to
differences in stimulation parameters (e.g., AC/DC, different charge-balance schemes, current
amplitude, frequency, pulse width, duty cycle, interphase delay, etc.); this is further compounded
by evidence of glial cell heterogeneity throughout the CNS [110]. A more thorough
understanding of the factors mentioned above will open the door to developing novel electrode
and stimulation designs. This will result in reduced glial cell reactivity and translate into a longer

lasting (and more effective) implant.
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Table T-1: Summary of primary studies of electrical stimulation of glia

Invasive/Contact
Current

Ref. Invitro In vivo with cells?

Yes No AC DC

Glial subtypes

Application/Purpose

of study

Engineering of

electric fields to

Ariza et al., Neural stem/ control
[111] v v v v
2010 progenitor cells | differentiation and
growth of transplant
cells
Electrical stimulation
Baba et al., Semi-invasive Astrocytes, as a therapeutic
[115] v v
2009 (Epidural) Microglia treatment for cerebral
ischemia
Bamford et Astrocytes, Intraspinal
[96] v v v
al., 2010 Microglia microstimulation

41




DBS suppression of

Chen et al., fractalkine signalling
[108] v Microglia
2020 in Parkinson’s rat
model
Electrical stimulation
mediated neuronal
Cohen et al., regeneration via
[137] 4 Microglia
2020 microglia (or via
differential microglia
distribution)
Modulation of rat
Colmenarez- hearing sensitivity
Semi-invasive Astrocytes,
Raga et al., [116] via epidural
(Epidural) Microglia
2019 stimulation of
auditory cortex
Fuetal., [134] v Astrocytes Electrical stimulation
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2019

via a PLGA/graphene
oxide substrate for

nerve repair

DBS suppression of

Hadar et al., microglia activation
[109] Microglia
2017 from perinatal CNS
injury
Identifying microglia
role in chronic
Hathway et pain/central
[121] Microglia
al., 2009 sensitization in
response to C-fibre
stimulation
Electrical
Ishibashi et Astrocytes,
[126] stimulation-induced
al., 2006 Oligodendrocytes

remyelination via
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astrocyte activity

Investigation into

underlying molecular

Latchoumane Astrocytes,
[117] pathways that make
etal., 2018 Oligodendrocytes
tDCS work in context
of CNS injury
Model for studying
effects of electrical
Lee et al.,
[133] Oligodendrocytes | stimulation on
2017
oligodendrocyte
myelination activity
Neuroprotective role
of electro-
Liu et al.,
[128] Microglia acupuncture
2004

stimulation against

neurodegenerative
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disease
Longitudinal DBS
Orlowski et Astrocytes,
[102] v study in Goettingen
al., 2017 Microglia
pigs
Identifying the
Pelletier et Astrocytes, mechanisms behind
[112] v
al., 2015 Microglia the clinical benefits
of tDCS
Roitbak and Characterization of
Fanardjian, [100] v Not specified glial cell
1981 depolarization
Proof of Ca®" wave
propagation through
Schipke et Astrocytes,
[98] Not specified microglia using
al., 2001 Microglia

electrophysiological

recordings and
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stimulation

Electrical
Vallejo et al., stimulation-induced
[127] v v C6 Glioma cells
2019 gene expression
modulation of glia
Assessment of extent
Vedam-Mai of microglia
[106] Not specified Microglia
etal., 2016 activation following
DBS
Use of electrical
Xu et al., Astrocytes, stimulation and
[97] v
2018 Ependymal cells | nanofibers in neural

tissue engineering
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1.6. Thesis outline

Considering the review of the above works regarding the effects of electrical stimulation
on glial cell behaviour, our literature survey revealed a death of information. Although there has
been an emergence and substantial advance in biomaterials strategies to modulate glial cell
response to electrode implants in CNS tissue over the past two decades, an absence still remains
on how glial cells respond to these implants when electrical stimulation is applied. There are
limited studies that address how immune cells (not just in the CNS but the body in general) react
to electrical stimulation. Other studies utilize immortalized cell lines to study the effects of
electrical stimulation. To fill the gap in knowledge that has been identified, the work presented in
this thesis centres around recapitulating the glial scarring phenomenon in a 2-dimensional (2D)
in vitro environment. Such an approach is advantageous in that evaluating glial cell reactivity to

stimuli this way has a reduced ethical footprint.

The overarching research objective for the thesis is thus to utilize a high-throughput in

vitro model to evaluate primary glial cell response to electrical stimulation. The following

chapters, outlined in brief below, have been designed to address the research objective:

1.6.1. Chapter 2 Synopsis — Design and evaluation of a high-throughput in vitro model for

evaluating mixed glial cell responses to functional microelectrode implants

The aim of the study performed in this chapter was to develop the experimental
framework used for the electrical stimulation experiments carried out on glial cell cultures in the

thesis, and evaluate its feasibility by electrically stimulating cells over multiple days.
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Specifically, imaging acquisition and analysis methods were developed to quantify the extent of
damage that electrical stimulation inflicted on both glial cells and the microelectrodes
themselves. Platinum-iridium microelectrodes (75 um diameter) were fabricated using a
nanosecond laser. These microelectrodes were threaded through custom-made polydimethyl
siloxane (PDMS) rings that are designed to fit inside the wells of 12-well cell culture plates.
Mixed glial cell cultures were generated using cells harvested from the brains of postnatal day 2
heterozygous CX3CR-1"ESFP mice [153,154]. The cultures were then stimulated 4 h/day over 1
day, 3 days, and 7 days to capture the glial cells’ longitudinal response against both the presence
of the microelectrode implant as well as applied electrical stimulation. The stimulation
paradigms used were biphasic charge-balanced rectangular patterns at 0 mA, 0.15 mA, and 1.5
mA [96]. Glial cell responses were captured in terms of cell density, biomarker (Hoechst, EGFP,
GFAP, IL-1P) fluorescence intensity and area coverage as a function of both current intensity
and distance away from the electrode tip [155]. The quantified image data suggest that the glial
cell responses examined were localized around the deinsulated tip of the electrodes. These
responses were dependent on 1) the level of stimulation current applied, 2) the specific
biomarker that was being looked at, and 3) the distances from the electrode tip (i.e., electrical
stimulation had a different range of effect for each biomarker). It was also found that glial cell
responses did not progressively get worse in a linear manner with increasing time and rounds of
stimulation. Specifically, there were no measurable differences in biomarker outputs between
stimulation currents at day 1, drastic changes in biomarker area coverage and cell density at day
3, and finally a return to no measurable changes in biomarker outputs at day 7. Further study into
the damage that electrical stimulation inflicted onto the electrodes themselves was done via

scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) — those
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analyses indicated oxidation of the electrode surfaces at 1.5 mA of stimulation. In comparison,
the electrode surfaces at 0 mA and 0.15 mA were still intact and did not oxidize post-experiment.
The results generated from this chapter correlate well with the localized glial cell reactivity seen
in a similar experimental design that was performed in rat spinal cord tissue [96]. The
experimental design and methods described in the chapter were then further built upon and used

to evaluate glial cell reactivity to several modified electrical stimulation paradigms (Chapter 3).

1.6.2. Chapter 3 Synopsis — Microelectrode stimulation parameter modifications elicit

differential glial cell responses over a short 4-hour timecourse

This chapter builds on the previous chapter — the experimental designs outlined in
Chapter 2 were heavily utilized to further explore the effects of different stimulation paradigm
parameters on glial cell reactivity [127]. A key finding in the Chapter 2 experiments is that a
peri-electrode void forms as a result of electrical stimulation in mixed glial cell cultures — the
extent of void formation correlates with the intensity of the stimulation applied. This chapter also
asks if these voids are the result of cells in proximity to the electrode dying off and/or migrating
away from the electrode. The cells used were harvested from heterozygous CX3CR-17ECSFP mice
[32,153]. In this specific transgenic strain of mouse, the microglia express enhanced green
fluorescent protein (EGFP) under the CX3CR1 promoter gene thus making them imageable
under a fluorescence microscope while still alive. This property was leveraged to live-image
microglia in the mixed glial cell cultures and observe their response to stimulating
microelectrodes using various modified electrical stimulation paradigms. Specifically, EGFP

signal changes (biomarker fluorescence intensity and area coverage) were quantified at and
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around the electrode for each experimental condition across 4 h of stimulation. Glial cell
responses to modifications in current intensity (0.1-0.4 mA) [96,156], waveform shape
(rectangular, sinusoidal, ramped) [127,157,158], and frequency (25-55 Hz) [159,160] were
assessed. Following these live imaging stimulation experiments, the protocol established in the
previous chapter was followed: cells were fixed, immunolabelled, and imaged, and the
microelectrodes were extracted for imaging on the SEM and elemental analysis using EDS.
Differences in biomarker signal changes were captured for all stimulation modifications over a
short 4h experiment. Predictably, greater amounts of biomarker signal losses were seen with
increasing stimulation current. Stimulation with rectangular and ramped waveform shapes
resulted in greater biomarker signal loss compared to with sinusoidal waveforms. While
biomarker signal losses increased with frequency from 25 to 45 Hz, this was not the case when
the cells were stimulated at 55 Hz. SEM and EDS analysis following stimulation using any of the
modified paradigms did not indicate that the electrodes sustained damage. The work described in
this chapter further expands on the work done in the previous chapter by highlighting the impact

that multiple electrical stimulation parameters have on glial cell reactivity.

1.6.3. Chapter 4 Synopsis — Contributions of mixed glial cell culture components on the in

vitro electrochemical performance of platinum-iridium microelectrodes

The goal of this chapter was to describe the contributions of different components in the
mixed glial cell culture design on the electrochemical performance of the platinum-iridium
microelectrodes. Generating electrochemistry data allows for the gauging of the efficacy and

safety of the platinum-iridium electrodes that have been used in the previous chapters’
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experiments, as well as the limits to which they can be pushed before the electrodes themselves
or the cells around the electrodes become damaged. To address the goal of this chapter, a
potentiostat was connected to 12-well plates with embedded electrodes — this allowed for
multiple electroanalytical experiments to be conducted. Analyses performed include cyclic
voltammetry, electrical impedance spectroscopy, and voltage transient analysis. Cyclic
voltammetry assesses the current response of the microelectrodes, at a defined scan rate, within a
defined voltage range [161-163]. From the plot generated the reversibility of electron transfer at
the electrode-solution interface is determined, and the charge storage capacity is calculated
which describes the amount of electrical charge that the platinum-iridium alloy is able to store in
the cell culture system. Electrical impedance spectroscopy assesses changes in electrical
impedance at the electrode-solution interface as a function of frequency of electrical
perturbations applied through the microelectrode [162,164]. Voltage transient analysis is used to
calculate the maximum amount of electrical charge that is injectable by a stimulation pulse
[145]. Also of importance with this technique is that the maximum cathodic potential is also
determined — this metric determines whether or not a given stimulation pulse is safe for cells by
comparing the determined potential to the water window. These analyses were conducted with
the microelectrodes immersed in various solutions: phosphate buffered saline (PBS), DMEM
F12 media, DMEM F12 media + fetal bovine serum (FBS) + penicillin-streptomycin (PS), and
DMEM F12 media + FBS + PS + cell culture. Cyclic voltammetry and electrical impedance
spectroscopy data suggest that there is less physical surface area available for electrode-
electrolyte charge transfer to occur in cell culture media due to presence of large proteins which
foul the surface of the electrode, but that this may be rectified in part by mixed glial cell cultures

making contact with the electrode and serving as a conductive layer. Voltage transient analysis,
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when compared with the threshold for electrolysis of water, suggests that that threshold is not
breached until the 200-250 pA mark for mixed glial cell cultures which is in-line with what is
considered a safe level of current for in vivo microelectrode stimulation. This work was done to
determine contributions of different materials to the electrochemical properties of the

microelectrodes during a cell culture stimulation experiment.

1.6.4. Chapter 5 Synopsis — Conclusions and Future Directions

In the concluding chapter, a summary of the experiments described in the previous
chapters is given. Future directions described include other stimulation parameters (e.g., pulse
duration, charge balance, interphase delay, reversed polarity) yet to be tested. These further
studies would also be coupled with multi-day studies (1, 3, 7 days, etc.) to test the longitudinal
effects that such parameters would have on glial cell reactivity. The thesis focuses strictly on
glial cell response as they are a key driver of the fate of all cells in the CNS in many contexts
(e.g., injury due to electrode implantation). By integrating neurons into the cell cultures in the
future the physiological relevance of this in vitro model is improved as the effects of electrical
stimulation (and any secondary effects via glial cell reactivity) will also be captured through
monitoring neuronal responses. The results generated from this thesis are intended to better
inform neural interface device developers of the biocompatibility and safety of invasive neural
implants, allowing these devices to last longer and function more effectively in persons

experiencing neurological disease or injury.
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1.7.  Significance of Thesis

With the work completed in the thesis, the data generated expands on knowledge on how
electrical stimulation affects actual glial cells — an objective that is effectively addressed by
primary cell culture. With the cell culture and analysis methods described in the thesis, the work
also serves as a proof-of-concept of a high-throughput strategy for evaluating electrode
stimulation designs. Because a core focus of the work done emphasizes modification of electrical
stimulation paradigms, optimization of such paradigms is also possible with the goal of

improving the biocompatibility and lifetime of an implant in a patient.
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2. Chapter 2 — Design and evaluation of a high-throughput in vitro model for evaluating

mixed glial cell responses to functional microelectrode implants

2.1. Preface

Some contents found in this chapter have been previously published in one paper:

C.T. Tsui, S. Mirkiani, D.A. Roszko, M.A. Churchward, V.K. Mushahwar, K.G. Todd, In
vitro biocompatibility evaluation of functional electrically stimulating microelectrodes on
primary glia, Frontiers in Bioengineering and Biotechnology 12 (2024).

https://www.frontiersin.org/articles/10.3389/fbioe.2024.1351087.

CT conceptualized the study, designed the experiments, carried out the experiments, collected
and processed data, wrote, and edited the manuscript. SM and DR provided technical support
with experimental design and fabrication of platinum-iridium microelectrodes, and edited and

proofread the manuscript. MC, VM, and KT edited and proofread the final manuscript.

2.2. Abstract

Neural interfacing devices interact with the central nervous system to alleviate functional
deficits arising from disease or injury. This often entails the use of invasive microelectrode
implants that elicit inflammatory responses from glial cells and leads to loss of device function.

Previous work in the literature focused on improving implant biocompatibility by modifying
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electrode composition; here, we investigated the direct effects of electrical stimulation on glial
cells at the electrode interface. A high-throughput in vitro system that assesses primary glial cell
response to biphasic stimulation waveforms at 0 mA, 0.15 mA, and 1.5 mA was developed and
optimized. Primary mixed glial cell cultures were generated from heterozygous CX3CR-17ECHP
mice, electrically stimulated for 4 h/day over 1, 3, and 7 days using 75 um platinum-iridium
microelectrodes, and biomarker immunofluorescence was measured. Electrodes were then
imaged on a scanning electron microscope to assess sustained electrode damage. Fluorescence
and electron microscopy analyses suggest varying degrees of localized responses for each
biomarker assayed (Hoechst, EGFP, GFAP, IL-1p), a result that expands on comparable in vivo
models. The trends observed from the image data suggest that glial cell responses were non-
linear, with no measurable biomarker differences at day 1, drastic changes in outputs such as
biomarker area coverage and cell density seen at day 3, and then a repopulation of the peri-
electrode void by cells by day 7. Scanning electron microscopy and energy-dispersive x-ray
spectroscopy also indicated damage and oxidation of the electrode surfaces at 1.5 mA. This
system allows for the comparison of a breadth of electrical stimulation parameters, and opens

another avenue through which neural interfacing device developers can improve biocompatibility

and longevity of electrodes in tissue.

2.3. Introduction

Neural interfacing devices interact with the central nervous system with the goal of
improving a functional deficit from conditions including Parkinson’s disease and spinal cord

injury [165-168]. Devices used in interventions such as deep brain stimulation (DBS) and
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intraspinal microstimulation (ISMS) make use of thin invasive implants sometimes no thicker
than a human hair, that are inserted into nervous tissue to physically make contact with and
interact with cells [169-173].

Although such an approach is advantageous in that it allows for direct, acute and effective
stimulation of neuronal networks [129,174], insertion of material into tissue inevitably elicits a
foreign body response. In the case of the central nervous system, the foreign body response is
characterized by microglia and astrocytes cordoning off the implant site from the surrounding
tissue through the creation of a fibrous glial scar [175-177]. The glial scar is problematic in that
it prevents nearby neurons from accessing the implant for recording or stimulation purposes.
Glia-driven inflammation persists in the tissue over several weeks to months which can lead to
device failure and potential revision surgeries.

Over the past decade, there has been an increased effort to improve upon the
biocompatibility of electrodes in the context of neural interfacing [178—180]. The main focus of
such efforts has been on improving the material properties of the electrodes such as conductivity
and mechanical stiffness [181,182]. Other reports document the conjugation of biomolecules
onto the surfaces of the electrodes to mask its foreign signature [60,67]. Antifouling compounds
(e.g., zwitterionic polymers, polyethylene glycol) have also been reported in the literature to
attenuate acute inflammatory responses elicited against invasive implants [183—-187].

Although there have been reports on the effects of direct field electrical stimulation on glial
cell lines in vitro [112,113,127,157]; there is a paucity of reports documenting the effects of
electrical stimulation on primary glial cells and associated cellular responses at the electrode

interface. Evidence previously published by our group suggests that any responses from glia
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elicited by electrically stimulating electrodes develop acutely and are localized near the device
interface [96].

Here, we present a high-throughput and rapid means of assessing glial cell response to
microelectrode implants in vitro via a hybrid cell biology and engineering approach. We
recapitulated cellular responses observed previously in vivo — specifically, localized responses
observed in tissue in proximity to the electrode in a longitudinal rat study by Bamford et al. [96].
In addition to assessing cellular responses to the presence of the electrode, we also determined
cellular responses to different amplitudes of electrical stimulation. Extent of glial cell
inflammation and damage was determined by immunofluorescence microscopy of specific
biomarkers at and around the electrode. Furthermore, we assessed the extent of damage to the

electrode itself through scanning electron microscopy and energy-dispersive x-ray spectroscopy.

2.4. Materials and methods

2.4.1. Materials

Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM F12), Hank's
Balanced Salt Solution (HBSS), fetal bovine serum (FBS), penicillin streptomycin (PS), 0.25%
trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), and Equine Serum (ES) were
purchased from Gibco (Life Technologies, Burlington, ON, Canada). Poly-L-lysine
hydrobromide (PLL) was purchased from Sigma Aldrich (St. Louis, MO, USA). Polystyrene 12-
well cell culture plates were purchased from Greiner Bio-One (Frickenhausen, Germany). Cell
culture flasks (75 cm?) were purchased from Corning (Corning, NY, USA). Sylgard 184

polydimethyl siloxane (PDMS) kit was purchased from Dow Chemical (Midland, MI, USA).
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Rabbit anti-IL-1B (Invitrogen, Burlington, ON, Canada) and chicken anti-GFAP (Abcam,
Toronto, ON, Canada) primary antibodies were used. Donkey anti-rabbit Alexa Fluor 647
(Invitrogen) and goat anti-chicken Alexa Fluor 546 (Invitrogen) secondary antibodies were used.
Hoechst 33342, a nuclear stain, was purchased from Molecular Probes (Life Technologies,
Burlington, ON, Canada).

Microwires (75 pum in diameter, Pt-Ir 80%/20% insulated with polyimide) for
microelectrode fabrication were purchased from California Fine Wire (Grover Beach, CA, USA).
Teflon-insulated, 9-strand stainless steel wires (Cooner AS632) were purchased from Cooner

Wire Company (Chatsworth, CA, USA).

2.4.2. Cell culture preparation

Animal protocols were approved by the Animal Care and Use Committee at the University
of Alberta and conducted in accordance with the guidelines of the Canadian Council for Animal
Care. Mixed glial cell cultures were generated from the brain tissue of postnatal Day 2 C57BL/6J
CX3CR-1"ECFP heterozygous transgenic mice [188]. The mice were decapitated and their brains
removed using surgical scissors and a metal spatula. Following dissection of the meninges using
forceps, the remaining brain tissue was dissociated in 0.25% Trypsin-EDTA at 37 ‘C for 25
minutes. The Trypsin mixture was then centrifuged twice at 500 g for 2 min and triturated in cell
culture media (DMEM F12/10% FBS/1% PS) to further dissociate brain tissue and deactivate
residual Trypsin-EDTA. The resulting cell suspension was placed in 12-well plates coated with
PLL (2 pg/mL). Cells were incubated for 2 weeks at 37 'C and 5% CO», with cell culture media

changed twice weekly.
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At 2 weeks, mixed glial cells were washed with DMEM F12 and then lifted off from the
12-well plates with a Trypsin-EDTA and DMEM F12 mixture (1:3 ratio) treatment for 25 min
[189]. The cells were then collected and subjected to two-fold centrifugation at 500 g for 2 min
and trituration in cell culture media. The resulting cell suspension was then passed through a
syringe and needle, and plated in a 75 cm?® flask at a ratio of 1 plate:1 flask. The flask cultures
were then incubated for 1 week at 37 "C and 5% CO; prior to another round of isolation and re-

seeding onto microelectrodes, with cell culture media changed twice in that week.

2.4.3. PDMS ring fabrication

To stabilize electrode placements in the 12-well plates, custom polydimethyl siloxane
(PDMS) rings were created to prevent movement of the wires within the wells (Figure 2-1).
PDMS is a silicone-based polymer material that is non-cytotoxic and well-documented for use in
various in vivo and in vitro applications [190-193]. PDMS elastomer base and curing agent were
mixed together in a 50 mL tube in a 10:1 ratio, and left to set in the wells of a 12-well plate (2
g/well). Following curing for 2.5 hours in an oven at 70 ‘C, the resulting PDMS discs were
extracted from the wells, hole-punched, and placed in a large 3 L beaker (50% methanol/50%
water) under a fume hood overnight to wash out any unreacted monomers leftover from the
curing process. Following this, the rings were submerged in water and autoclaved in preparation

for use in cell culture.
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2.4.4. Microelectrode fabrication

Platinum-iridium microwires (75 um diameter) were used for fabrication of
microelectrodes. Briefly, microwires were cut ~15 cm in length. The insulation layer of the
microwire tips was removed using nanosecond laser pulses (wavelength = 248 nm, energy = 150
mJ, beam attenuation = 5%, repetition rate = 10 Hz; COMPex 110, Coherent, CA, USA). The
deinsulated region of the microwires was cut using a scalpel blade leaving 300-400 um of bare
metal at the tip. The tips of the microwires were then mechanically bevelled using a
microelectrode beveler (BV-10, Sutter, CA, USA) to an angle of approximately 15 °
Microelectrodes were then placed in 15 mL centrifuge tubes (Fisherbrand, Pittsburgh, PA, USA)
filled with DI water and Alconox detergent, and treated in an ultrasonic cleaner for 30 minutes to
remove the metal debris formed during the mechanical polishing step. The microelectrodes were
then sonicated for another 30 minutes in DI water and rinsed with 70% ethanol. Stranded
stainless steel wires were manually deinsulated to expose approximately 4-5 cm and were used

as the counter electrodes.

2.4.5. Electrode plate setup

Insertion of microelectrodes into the PDMS rings and placement of the rings into the 12-
well plates was all done within the aseptic environment of a biosafety cabinet. An 18.5G needle
was used to puncture a hole through the side of a ring at a 45° angle. A 10 uL pipette tip was then
fitted though the hole, and a microelectrode was threaded through the pipette tip such that the
deinsulated end of the wire lay in the inner hole of the PDMS ring (Figure 2-1). The pipette tip

was then withdrawn to effectively embed the insulated portion of the microelectrode in the side
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of the ring. The ring and microelectrode were then dipped in 70% ethanol, placed in one of the
wells of a 12-well plate, and left to dry to form a sterile seal in the well. This also allowed the
deinsulated tip of the wire to make contact with the bottom of the well. The insulated portions of
the electrodes were then taped down over the edge of the 12-well plate to prevent further
movement. Counter electrodes were placed on top of the PDMS rings and held down over the
edge of the plate with tape on the day of the experiment.

Cells were isolated from the flask as above using diluted Trypsin-EDTA/DMEM F12,
seeded at a density of 70000 cells/well, and left to settle and incubate for 7 days at 37 'C and 5%
CO; prior to the start of electrical stimulation. Cell culture media (DMEM/10% FBS/1% PS, 2

mL/well) was changed twice during the 7-day incubation period.

Outer Diameter:

2 3cm E Electrical Stimulator
Platinum Irldlum
Height: Microelectrode
0.6 cm 0yl
Pipette Tip
PDMS Ring
Inner Diameter:
1.0cm
B D F

PDMS Ring + Threaded
Mlcroelectrocle

PDMS ng TOP View Side View

Figure 2-1: Procedure for inserting 75 um microelectrodes into the sides of PDMS rings

(A) PDMS rings are cured to fit inside the well of a 12-well plate; (B) rings are punctured from
the side with an 18.5G needle at a 45" angle; (C) 10 uL pipette tip is fitted inside the punctured
hole and the electrode is threaded through the pipette tip; (D) the electrode is threaded through to
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the point where its deinsulated tip is able to make contact with the bottom of the well once the
ring is inserted. The pipette tip is removed once the electrode is threaded through. Each threaded
electrode/PDMS ring assembly is then inserted into a 12-well culture plate that is connected to

an electrical stimulator using clamped cables (E, F).

2.4.6. Electrical stimulation experiments

The cells were electrically stimulated for a 4 h duration each day over a total of 1, 3, and 7
days using a paradigm adapted from in vivo ISMS work [96]. The experiments were designed to
have 4 h of electrical stimulation per day as that is the anticipated amount of usage of electrical
stimulation that a patient would require daily in a clinical setting when paired with physical
therapy. An STG4008 electrical stimulator (Multi Channel Systems MCS GmbH, Reutlingen,
Germany) was used to electrically stimulate the cells, with programming of the stimulation
patterns done through the MC Stimulus II software. Cells were stimulated using a biphasic
charge-balanced cathodic-first rectangular waveform, at an amplitude of 0 mA, 0.15 mA or 1.5
mA, 200 ps pulse duration, and 25 Hz. The charge injected per phase at 0 mA, 0.15 mA and 1.5

mA was 0 nC, 30 nC, and 300 nC, respectively.

2.4.7. Immunofluorescence microscopy

Following electrical stimulation experiments, glial cells were fixed with 5% formalin at 37
'C for 10 min and washed three times with PBS. Cells were permeabilized with 0.1% Triton X-

100 (TX100) in PBS and 10% Equine Serum (ES) for 2 h. Following this, the cells were
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incubated overnight at 4 'C with rabbit anti-IL-1B (1:1000) and chicken anti-GFAP (1:5000)
primary antibodies plus 1% ES. The cells were then washed three times with PBS, and incubated
for 2 h at room temperature with goat anti-chicken Alexa Fluor 546 (1:200) and donkey anti-
rabbit Alexa Fluor 647 (1:200) secondary antibodies plus Hoechst 33342 (1:1000) and 1% ES.
The cells were then washed three times with PBS. Fluorescence microscopy was carried out on a
Leica TCS SPE confocal microscope (Wetzlar, Germany). Components labelled included
Hoechst for cell nuclei, enhanced green fluorescent protein (EGFP) expressed from transgenic
microglia, glial fibrillary acidic protein (GFAP) for astrocytes, and interleukin-1 beta (IL-1p) as
a pro-inflammatory biomarker. Analysis of fluorescence microscopy images was carried out with
ImageJ (National Institutes of Health, Bethesda, MD, USA) using a custom macro measuring for
fluorescence intensity and area coverage of biomarkers. Area coverage measured the total
geometric surface generated by each biomarker from the cells in the image’s field of view.
Fluorescence intensity was calculated by dividing the image-wide sum of each pixel intensity
value for a biomarker divided by the area coverage of that biomarker in that image. Cell density
was calculated by counting the number of nuclei found in each image. These metrics
(fluorescence intensity, area coverage, cell density) were expressed as fold change against
control wells with no wire. Zonal analysis (i.e., how outputs change as a function of distance
from the electrode tip) was carried out at prescribed circular radii from the electrode tip (r = 50
um, 100 um, 250 pm) [155]. This was compared to data analyzed from the full frame of the

image (734.05 um x 734.05 pm).
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2.4.8. Scanning electron microscopy

Qualitative assessment of damage to electrodes was carried out using a ThermoFisher
Phenom XL Desktop scanning electron microscope (SEM) (Waltham, MA, USA). Images were
acquired using backscattered electron detection at 610x and 4000x magnification. Elemental
makeup of the electrode surfaces was quantified using the energy-dispersive x-ray spectroscopy

(EDS) add-on to the SEM, at 4000x magnification.

2.4.9. Statistical analyses

All experiments were analyzed with a sample size of six (n = 6) with 2 internal replicates
for each independent experiment. For statistical analysis of fluorescence intensity and area
coverage of biomarkers and cell density, a two-way analysis of variance (two-way ANOVA)
with Bonferroni’s post hoc test was performed. The independent variables analyzed were
electrical stimulation amplitude and distance away from the tip of the electrode. For statistical
analysis of EDS data, a one-way analysis of variance (one-way ANOVA) with Tukey's post hoc
test was performed using GraphPad Prism 10 (San Diego, CA, USA) with electrical stimulation

amplitude being the main effect analyzed.
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2.5. Results

2.5.1. Cellular responses at electrode interface

Mixed glial cell cultures were electrically stimulated using a biphasic charge-balanced
rectangular waveform paradigm for 4 hours daily over a short timecourse of 1, 3, and 7 days. The
cells were then fixed, immunolabelled and imaged on a confocal fluorescence microscope.
Images were acquired across all stimulation amplitudes tested (0 mA, 0.15 mA, 1.5 mA) (Figures

2-2,2-3,2-4).

65



0 mA

0.15 mA
A
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Figure 2-2: Immunofluorescent images of electrically stimulated mixed glial cell cultures at the

electrode interface (4 h/day x 1 day).

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1p (grey). An enlarged

merged channel overlay of each condition is shown on the far right. Scale bars: 50 um.
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Figure 2-3: Immunofluorescent images of electrically stimulated mixed glial cell cultures at the

electrode interface (4 h/day x 3 days).

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1p (grey). An enlarged

merged channel overlay of each condition is shown on the far right. Scale bars: 50 um.
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Figure 2-4: Immunofluorescent images of electrically stimulated mixed glial cell cultures at the

electrode interface (4 h/day x 7 days).

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1p (grey). An enlarged
merged channel overlay of each condition is shown on the far right. Scale bars: 50 um.
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Fluorescence intensity, area coverage, and cell density analyses are shown in Figures 2-5,
2-6, and 2-7. At 1 day, a statistically significant effect was detected for IL-1 area coverage
(Figure 2-5). At 3 days, significant main effects were detected across all biomarkers with the
exception of GFAP fluorescence intensity and EGFP area coverage. Post hoc analyses revealed
significant differences between different distances from the electrode tip and stimulation
amplitudes in Hoechst fluorescence intensity, IL-1p fluorescence intensity, Hoechst area
coverage, Hoechst cell density, GFAP area coverage, and IL-1p area coverage (Figure 2-6). At 7
days, a main effect was detected for Hoechst fluorescence intensity, EGFP fluorescence
intensity, and area coverage for all biomarkers analyzed. Post hoc analyses revealed significant

differences for Hoechst fluorescence intensity and EGFP area coverage (Figure 2-7).
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Figure 2-5: Quantitative analysis of 1-day stimulation images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h/day x 1 day) current and
distance from the electrode tip. Values are expressed as fold change versus no-wire control cell
cultures (n = 6, two-way ANOVA with Bonferroni post hoc test). *p < 0.05; Data = means =+

SEM.
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Figure 2-6: Quantitative analysis of 3-day stimulation images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h/day x 3 days) current and
distance from the electrode tip. Values are expressed as fold change versus no-wire control cell
cultures (n = 6, two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p <

0.001, ****p <(0.0001; Data = means + SEM.
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Figure 2-7: Quantitative analysis of 7-day stimulation images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h/day x 7 days) current and
distance from the electrode tip. Values are expressed as fold change versus no-wire control cell
cultures (n = 6, two-way ANOVA with Bonferroni post hoc test). *p < 0.05; Data = means =+
SEM.
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2.5.2. Electrical stimulation-induced electrode damage

Following immunolabelling and confocal fluorescence microscopy, the electrodes were
extracted from the cell culture wells and imaged on an SEM to qualitatively assess damage
caused by the stimulation experiments (Figures 2-8, 2-9, 2-10). The SEM images at for the 0 mA
electrodes (Figures 2-8A, 2-8D, 2-9A, 2-9D, 2-10A, 2-10D) are best described as having large
amounts of non-conductive deposits on their surfaces. In the 0.15 mA electrodes (Figures 2-8B,
2-8E, 2-9B, 2-9E, 2-10B, 2-10E), lesser amounts of such deposits were seen, but the overall
shape of the electrode was intact. At 1.5 mA, however, deformation of the entire deinsulated tip
of the electrode was apparent with the surface appearing warped and crateriform (Figures 2-8C,

2-8F, 2-9C, 2-9F, 2-10C, 2-10F).
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Figure 2-8: Scanning electron micrographs of electrodes following 1-day stimulation

experiments

Stimulation amplitudes through the electrodes were 0 mA, 0.15 mA, and 1.5 mA. Images were
acquired at 610x (A, B, C) and 4000x (D, E, F) magnification. Scale bars: 200 um (610x), 30 um

(4000x).
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Figure 2-9: Scanning electron micrographs of electrodes following 3-day stimulation

experiments

Stimulation amplitudes through the electrodes were 0 mA, 0.15 mA, and 1.5 mA. Images were
acquired at 610x (A, B, C) and 4000x (D, E, F) magnification. Scale bars: 200 um (610x), 30 um

(4000x).
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Figure 2-10: Scanning electron micrographs of electrodes following 7-day stimulation

experiments

Stimulation amplitudes through the electrodes were 0 mA, 0.15 mA, and 1.5 mA. Images were
acquired at 610x (A, B, C) and 4000x (D, E, F) magnification. Scale bars: 200 pm (610x), 30 pm

(4000x).
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In addition to SEM, EDS was used to quantify the elemental composition of the surfaces of
the electrodes across the different experimental conditions (Figures 2-11, 2-12, 2-13). The most
notable differences in composition were between the 0.15 mA and 1.5 mA conditions. At 1 day,
a main effect was detected only for oxygen and platinum, with Tukey post hoc analysis
calculating a significant difference as well for those elements (Figures 2-11A, 2-11QG).
Specifically, there was a significant difference detected between the 0 mA and 1.5 mA group for
oxygen and between 0.15 mA and 1.5 mA for platinum. At 3 days, electrodes subjected to 1.5
mA of current had a much lower proportion of platinum at their surfaces compared to at 0.15 mA
(Figure 2-12A). No significant differences were found across stimulation conditions for iridium
(Figure 2-12B). Atomic concentrations of carbon across all conditions were similar (Figure 2-
12E). No significant main effects were detected in the nitrogen group across the different
stimulation conditions (Figure 2-12F). There was a statistically significant finding with oxygen
(Figure 2-12G), with higher concentrations detected in the 1.5 mA condition versus the 0.15 mA
condition. At 7 days, statistically significant differences were found for all elements examined
except for chlorine. Specifically, differences were detected for platinum (Figure 2-13A, across
all stimulation conditions), iridium (Figure 2-13B, 0.15 mA vs. 1.5 mA), sodium (Figure 2-13C,
0 mA vs. 1.5 mA), carbon (Figure 2-13E, 0 mA vs. 1.5 mA), nitrogen (Figure 2-13F, 0.15 mA
vs. 1.5 mA), and oxygen (Figure 2-13G, 0 mA vs. 1.5 mA, 0.15 mA vs. 1.5 mA). Trace amounts
of elemental sodium and chlorine found on the electrode samples were likely from the use of

PBS, an aqueous salt solution, while the fixed cell cultures were in storage.
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Figure 2-11: Energy-dispersive x-ray spectroscopy data (1-day stimulation)

Atomic concentrations of (A) platinum, (B) iridium, (C) sodium, (D) chlorine, (E) carbon, (F)
nitrogen, and (G) oxygen on the surfaces of electrodes (n = 6, one-way ANOVA with Tukey’s

ost hoc test). *p < 0.05, **p <0.01; Data = means + SEM.
p p p
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Figure 2-12: Energy-dispersive x-ray spectroscopy data (3-day stimulation)

Atomic concentrations of (A) platinum, (B) iridium, (C) sodium, (D) chlorine, (E) carbon, (F)
nitrogen, and (G) oxygen on the surfaces of electrodes (n = 6, one-way ANOVA with Tukey’s

post hoc test). *p < 0.05, **p <0.01; Data = means + SEM.
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Figure 2-13: Energy-dispersive x-ray spectroscopy data (7-day stimulation)

Atomic concentrations of (A) platinum, (B) iridium, (C) sodium, (D) chlorine, (E) carbon, (F)
nitrogen, and (G) oxygen on the surfaces of electrodes (n = 6, one-way ANOVA with Tukey’s

post hoc test). *p <0.05, **p <0.01, ***p <0.001, ****p <(0.0001; Data = means + SEM.
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2.6. Discussion

The goal of this work was to examine the effects of electrical stimulation on mixed glial
cell cultures at the interface of a microelectrode designed for invasive stimulation of central
nervous tissue using imaging-based methods. We also aimed to replicate in vitro the foreign
body response that is orchestrated by microglia and astrocytes — namely, the formation of a glial
scar that has been observed in vivo [39,96,194,195]. Previous studies successfully used in vitro
methods to demonstrate the glial cell response [40]. We present a refined system with the
integration of electrical stimulation into the experimental model as well as a hybrid cell biology-
engineering approach to assessing damage to both physiologically relevant primary cells and
electrodes.

In our experiments, stimulation paradigms of differing currents (0.15 mA vs. 1.5 mA) were
compared while keeping other factors, such as cell culture composition and microelectrode
material and geometry, constant. In other words, the variable manipulated was the amount of
electrical charge delivered through the electrode interface with every pulse. Biphasic electrical
pulse paradigms are pervasive in invasive implants as they are designed to mitigate tissue
damage by cycling electrical charge out of tissue through the use of a second phase of opposite
polarity [196]. The low current of 0.15 mA was selected for this experiment as it is considered a
safe, physiologically relevant current in in vivo experiments; it has been shown in previously
published ISMS work, for example, that currents near or at this magnitude passed by
microelectrodes of similar design to the ones in our study are capable of activating interneurons
at the lumbar enlargement and eliciting load-bearing movements or other effective functions in
animals [129,130,197-199]. In contrast, a current of 1.5 mA would not be appropriate for in vivo

work using such microelectrodes. That amount of current would risk not only excessive
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activation of the stimulated limbs, but also substantial damage to the stimulated tissue. The 1.5
mA amplitude was selected for this study as a means of inducing maximum damage to the cell
cultures (i.e., a worst-case scenario).

Although the stimulation paradigms used in our experiments are adapted from previous in
vivo ISMS work, the experimental platform and workflow presented have a wider reach. They
can accommodate testing of additional stimulation parameters (e.g., pulse width, frequency,
waveform shape) as well as different electrode materials, sizes, and geometries. Although such
parameters can also be tested in vivo, an in vitro approach allows us to conduct these
experiments with relatively higher throughput and with a reduced ethical footprint. Invasive
electrical stimulation of nervous tissue has applications in treating a large breadth of diseases and
injuries [200-202]; assessing electrical stimulation-induced damage on glial cells and finding
ways in which to modulate glial cell response by modifying both implant and stimulation
paradigm designs are thus valuable research goals for stimulation targets in the brain or spinal

cord.

2.6.1. Fluorescence imaging analysis

In these experiments, it was of interest to determine glial cell reactivity through various
image-based metrics including fluorescence intensity. Fluorescence intensity, a measure of the
image-wide sum of the pixel intensity values for a biomarker divided by the area coverage of that
biomarker, was calculated for each immunofluorescence image. As the method is dependent on
labelling of molecules of interest in cells using fluorescent tags, the data acquired gives insight

into whether certain biomarkers are upregulated or downregulated when exposed to stimuli.
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Significant differences with Hoechst were detected up to 50 um from the electrode at the 3-day
and 7-day mark. These differences were not seen when analyzing Hoechst using the larger ROIs
thus suggesting that electrical stimulation does have a localized effect on Hoechst expression in
mixed glia (Figure 2-6B, 2-7B). No significant differences were detected in the EGFP and GFAP
fluorescence intensity data as a function of either stimulation current or distance from the
electrode across the timepoints measured (Figures 2-5C, 2-5D, 2-6C, 2-6D, 2-7C, 2-7D).
However, the IL-1P fluorescence intensity data at 3 days (Figure 2-6E) suggest that not only does
electrical stimulation significantly downregulate IL-1B production but that also this observation
is detectable even when measuring the full image as opposed to a subset of it. Interestingly, this
finding contrasts with the data from the 1-day and 7-day sets which saw no significant changes in
IL-1p production across different stimulation conditions and radii from the electrode tip. /n vivo
findings revealed that electrical stimulation did not lead to additional upregulation in
inflammatory biomarkers in electrically stimulated animals compared to unstimulated animals
[96]. However, it is worth noting that the levels of IL-1P seen in 0 mA, 0.15 mA, and 1.5 mA
seen are all above that of a control that we used where there was no wire. This suggests that the
mere presence of the microelectrode in the cells is capable of eliciting upregulation of
inflammatory biomarkers such as IL-1 [203-206], but that additional stimulus in the form of
electrical current does not induce further significant biomarker upregulation even at the interface.
Such observations were also made in Bamford et al.’s study [96]. In that study, the encapsulation
responses by reactive GFAP-positive astrocytes as well as inflammatory responses were
attributed in large part to the insertion of the wires and not to subsequent repeated electrical
stimulation. The current study draws inspiration from the stimulation paradigm and

microelectrodes used in Bamford et al.’s study. IL-1B is a documented pro-inflammatory
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biomarker associated with neuroinflammation and is expressed by both microglia and astrocytes.
Our study revealed differences in IL-1p fluorescence intensity as a function of stimulation
current up to the full size of the images measured — this supports evidence suggesting that IL-13
is upregulated in astrocytes and microglia in a wide range of diseases and injuries [207-209].
The highest IL-1p signals were seen in the 0.15 mA condition compared to the 1.5 mA condition
— peri-electrode void formation at 1.5 mA likely explains the lower IL-1 signal at that current.
GFAP is a biomarker associated with the cytoskeleton of astrocytes; its upregulation is
associated with astrocyte response to injury or disease [210-213]. However, in the current study,
analyses of GFAP fluorescence intensity showed no significant differences between the different
stimulation conditions and across the different distances from the electrode tip.
Immunofluorescence images were also acquired and measured for area coverage — the total
geometric size of a biomarker’s signal across all cells present in the image’s field of view. From
the images acquired of the cell cultures interacting with the electrodes (Figures 2-2, 2-3, 2-4), a
large mass of both microglia and astrocytes were observed at and around the electrodes. More
specifically, microglia in the 0 mA images have been seen in very close proximity to the surface
of the electrode while larger concentrations of astrocytes were seen further afield from the
electrode. This is in line with established knowledge on how glial scar formation occurs;
specifically, microglia are known to migrate to a lesion or foreign body first and facilitate
migration of astrocytes to the site of interest [214-219]. The two cell types then work together to
cordon off the site from any nearby healthy tissue. /n vivo, glial scarring takes place over the
course of several weeks [220,221]. Given our experimental design and timecourse, we are only
able to model an early response that is consistent with the glial scarring process and not the glial

scar itself. When electrical stimulation is used, however, our image data suggest a localized
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disruption of the aggregation of cell bodies around the electrode. The Hoechst area coverage data
trends observed in this study vary across the different time points that were sampled. At 1 day,
Hoechst expression did not change across stimulation conditions or distance from the electrode
tip (Figure 2-5F). However, the data at 3 days suggest that electrical stimulation, even at a low
current of 0.15 mA, significantly reduces mixed glia area coverage compared to the 0 mA
condition even when the entirety of each image (734.05 um x 734.05 um) was measured (Figure
2-6F). The trend observed from this holds true even when calculating cell density from the
Hoechst image data (Figure 2-6A). Although differences in Hoechst area coverage between
stimulation conditions were also detected at 7 days (Figure 2-7F), such a difference was only
found up to 50 um from the electrode tip. Although no differences were detected in the EGFP
area coverage data with respect to stimulation conditions or distance from electrode until the 7-
day mark (Figure 2-7G), GFAP area coverage data suggests reduced area coverage with 0.15 mA
and 1.5 mA conditions vs 0 mA even when the full frame of the image was measured (Figure 2-
6H). This contrasts with the data presented for 1 day and 7 days (Figure 2-5H, 2-7H), which saw
no differences in GFAP area coverage between any of the conditions analyzed. The IL-1f area
coverage data at 1 day and 3 days (Figure 2-5I, 2-6I) suggests a more localized effect, with
significant differences between stimulation conditions detected up to a distance of 100 pm from
the electrode tip — at 7 days, however, any differences seen between stimulation conditions
disappear (Figure 2-71). The gap devoid of cells (plus evidence of autofluorescent debris)
observed from the immunofluorescent images was expected for the 1.5 mA stimulation
amplitude as it was an extremely high current for the size of electrode that was used; however, it
was not expected that this gap would also be present in the 0.15 mA case as this is a safer and

more physiologically relevant stimulation amplitude that has been tolerated in vivo [96,199]. The
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data suggest a trendwise decrease in area coverage with the 0.15 mA and 1.5 mA stimulation
conditions compared to 0 mA — we believe the formation of the voids around the electrodes as a
result of stimulation is reflected in this drop in area coverage. The observation that electrical
stimulation reduces cell coverage at the interface presents two possible scenarios as to the fate of
the cells that otherwise would have been at the interface: 1) the cells at the interface had died as a
result of the electrical stimulation, or 2) the cells at the interface had migrated away from the
interface as a result of the stimulation. While the methods described in this study do not allow us
to determine if one or the other scenario occurred, follow-up live cell imaging experiments that
take advantage of transgenic EGFP expression in the microglia will enable us to track cell
movements and behaviour over a 4-hour stimulation time course at the electrode interface.

The temporal changes seen in the immunofluorescence data for this study are similar to
what has been seen in in vivo work. In other injury models, microglia activation and astrocyte
responses have been observed within hours and days of injury, with the scarring process
unfolding over the course of many weeks. A neuroinflammation study by Xie et al. demonstrated
that, in vivo, the scarring process can span upwards of 6 weeks, with GFAP expression
diminishing over time in areas further away from a flexible polyimide microelectrode assembly
implanted into cortical tissue [222]. In that study, Ibal-positive cells were not observed to have
proliferated over the duration of the experiments. Additional surveys of the literature indeed
suggest the glial encapsulation phenomenon to be a process that spans upwards of 12 weeks in
the context of implanted neural electrodes [223]. In other contexts, such as stroke, it has been
shown that GFAP expression in brain tissue exposed to intracerebral hemorrhage was elevated 7
days post-injury followed by a diminished signal at 21 days post-injury [224]. In another murine

stroke model, temporal evaluation of IL-1p expression in brain tissue showed that expression
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was significantly higher than controls at 3 h post-injury, a decreased expression at 48 h post-
injury, and again increased expression at 1 week post-injury [225]. In the context of SCI,
microglia are activated and rapidly advance to the site of injury within hours to days. The glial
scar in this context has been reported to consist of a high density of glial cells and extracellular
matrix material at the 2-week mark following injury [226]. Other reports suggest that, in the
acute phase of SCI, reactive astrocytes migrate to the site of injury around 7 to 14 days post-
injury and facilitate a substantial secretion of scar-related extracellular matrix material (e.g.,
chondroitin sulfate proteoglycans - CSPGs) [227]. Although spatial and temporal dynamics of
glial cell reactivity and scar formation differ depending on the context of injury (stroke, SCI,
neural implant insertion, etc.), a common feature of all these injuries is the ability of glial cells to
mobilize to the site of injury and undergo actions such as cytokine release. Such activities may
exacerbate, attenuate, or oscillate over the course of a few days as shown in vivo — the
immunofluorescence analysis of the biomarkers in the current study have also demonstrated
primary glial cells’ capacity to respond in such manners, within days, to electrically stimulating

microelectrodes in an in vitro environment.

2.6.2. SEM Analysis

In addition to assessing and quantifying damage to the mixed glial cell cultures as a result
of electrical stimulation, we sought to assess electrical stimulation-induced damage to the
electrodes themselves. This was done using scanning electron microscopy, which enables close
inspection of a material’s microstructure. The non-conductive deposits seen in abundance on the

0 mA electrodes (Figures 2-8A, 2-8D, 2-9A, 2-9D, 2-10A, 2-10D) are likely residual organic

87



matter (i.e., cells) that were attached to the surfaces of these electrodes. The images for this
condition support the findings from the immunofluorescence images of the 0 mA condition, and
reinforce the idea that the glial cells congregate at and around the electrode as part of a foreign
body response [40,228,229]. Electrical stimulation at 0.15 mA (Figures 2-8B, 2-8E, 2-9B, 2-9E,
2-10B, 2-10E) resulted in less of these organic deposits covering the surface of the electrode, but
the current was otherwise not intense enough to cause deformation and warping of the material at
the surface. Applying an extreme current of 1.5 mA, on the other hand, caused visible
deformation and corrosion of the electrodes (Figures 2-8C, 2-8F, 2-9C, 2-9F, 2-10C, 2-10F).
With this comes a change in the surface material composition and geometric surface area of the
electrodes [138,145,150,230-232] — such a change at even just 4 hours of usage would of course
suggest that 1.5 mA is an inappropriate level of current to be passed through these

microelectrodes.

2.6.3. EDS Analysis

In assessing electrical stimulation-induced damage to the electrodes following
experiments, energy-dispersive x-ray spectroscopy was also available for use on the scanning
electron microscope. This was done alongside the SEM work outlined in the preceding section.
The EDS, which measures elemental composition of the surface of the material, provides
information regarding the types of deposits on the surface of the electrode as well as potential
reaction byproducts arising from electrochemical reactions. A higher proportion of oxygen (and
lower proportion of platinum) seen for the 1.5 mA electrodes across all time points was likely

due to an increase in irreversible oxidation induced by such a high current (Figures 2-11A, 2-
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11G, 2-12A, 2-12G, 2-13A, 2-13G) [138]. No differences in levels of these elements were
detected between the 0 mA and 0.15 mA conditions until the 7-day mark, thus suggesting that
any redox reactions that occurred at the interface were reversible and that continued, repeated,
usage of the electrodes eventually would result in a higher susceptibility to oxidation. Iridium
followed a similar trend compared to platinum (Figures 2-11B, 2-12B, 2-13B); however, a
statistically significant drop in atomic concentration was not detected until the 7-day mark. A
higher proportion of carbon was expected from the 0 mA electrodes compared to the other
conditions as suggested by the non-conductive organic deposits seen from the SEM images.
Cells and extracellular matrices are primarily comprised of carbon compounds hence our
hypothesis that the 0 mA electrodes would have a higher carbon content [233,234]. The high
atomic carbon readings across all conditions tested (Figures 2-11E, 2-12E) were thus contrary to
what we had expected. However, the high readings of carbon across all electrodes examined was
possibly the result of the cell cultures, electrodes included, being subjected to the same types and
concentrations of organic compounds in the fixation and immunolabelling processes (e.g.,
formalin, ES, antibodies) — to preserve the integrity of the cell cultures following experiments,

our electrodes were extracted only after the immunolabelling and fluorescence microscopy steps.

2.6.4. Charge injection as a damage mechanism

Also of interest to us are the potential mechanisms of damage inflicted upon cells as a
result of electrical stimulation. Irreversible redox reactions, as previously mentioned, could
potentially lead to leaching of cytotoxic byproducts into the cell culture media and have an

adverse effect on nearby glial cells [138]. The amount of electrical charge delivered in a pulse is
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a function of stimulation amplitude and pulse width, and would also have an effect on cellular
response. The charge injection capacity for Pt-Ir electrodes has previously been quoted to be in
the range of 50-150 pC-cm?-ph’! [235]. Factoring in the geometric surface area of the
deinsulated portion of our Pt-Ir microelectrodes (approximately 89 000 pm?) suggests that
supplying a current of 1.5 mA will far exceed this charge injection capacity range, while a
current of 0.15 mA (approximately 33.7 pC-cm™-ph™') will not. Charge density is an important
parameter to calculate when designing neural electrodes as the size and material of electrodes
affect design safety limits [138,236,237]. Other previous reports document using stimulating
electrodes at varying charge densities across different materials (e.g., platinum, iridium oxide,
platinum-iridium, stainless steel, PEDOT/polypyrrole nanotubes) [238-242] — comparisons made
in these works highlight the significance of material selection in electrode design as well as the
differences seen in terms of charge injection, development of toxic byproducts, and tissue
damage. In McCreery et al.’s work, circular platinum disk electrodes of varying sizes (0.01 — 0.1
cm?) were subjected to charge injection of 1 uC (i.e., charge densities ranging between 10 - 100
uC-cm2-ph!) with the goal of confirming and studying the effects of electrode size and charge
density on neuronal injury [236]. In the same study, penetrating microelectrodes (6.5 + 3 x 10°
cm?) were injected with current resulting in a geometric charge density of 800 uC-cm-ph'! —
although this was beyond the referenced safe range quoted in Rose and Robblee, it was also
mentioned in the study that the microelectrodes were subjected to potentiodynamic cycling to
increase charge capacity and reduce electrode dissolution [236]. Charge injection into tissue, or
in this case cell cultures, is intended to elicit action potentials in neurons. In the case of glia, it is
possible that even biphasic charge injection can cause charge imbalances along the membranes

of cells. This in turn may trigger activation of glial ion channels, voltage-gated or otherwise, in
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an effort to restore perturbed membrane potentials back to their resting values [23,243]. Doing so
may also cause cells to become damaged through changes in tonicity [244]. Characterizing the
microelectrode’s capabilities with regards to impedance, charge storage capacity, and charge
injection limit are important to better understanding some of the mechanisms behind the sorts of
electrochemical phenomena that take place at the electrode-cell culture interface as well as the

limits to which the electrodes can be stimulated before corrosion occurs [138,145].

2.6.5. Limitations of study

The current study uses primary mixed glial cell cultures as a way of exclusively studying
glial cell response to electrode presence and electrical stimulation. This reductionist approach to
controlling for variability brought on by other factors also means that there is a limit to how
much this in vitro model is representative of in vivo physiology. Although neurons were not
included in the cell culture model, Bamford et al. did note that a local (but statistically
insignificant) increase in NeuN in their electrically stimulated animals [96]. Other structures,
such as the blood-brain barrier, were also not modelled in the current study. /n vitro cell density
is also less compared to in vivo. In our experimental design, routine refreshes of cell culture
media and a finite space for cell cultures to grow in prevented us from examining longer term
(e.g., 30 day) effects that could otherwise be done in animals or other cell culture models [245—
247]. A seeding density of 70000 cells/well was selected to provide a confluent amount of cells
in the centre of each cell culture well at the time of the start of the experiment. The space in each
well that was available for cell culture (0.79 cm?) was much smaller than the total surface area of

the well itself (4.15 cm?) due to the presence of the PDMS ring (Figure 2-1). In our design there
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was therefore limited space available for cell culture in each well thus limiting potential culture
time prior to passaging or fixation. Furthermore, the electrodes were inserted into the plates first
before cell seeding took place (i.e., a stab wound scenario was not captured in the experiments).
When inserting the PDMS rings and electrodes into the 12-well plates, they were first sterilized
in 70% ethanol as such work takes place in a biosafety cabinet. Previous trial work we conducted
saw cell death from potential residual ethanol as well as the PDMS rings sitting on top of cells
that would have already been seeded in the plate. For this reason we elected to embed the PDMS
rings and electrodes in the plates first before cell seeding.

Despite the limitations of conducting in vitro studies as described above, the in vitro results
reported herein agree well with results reported from previous in vivo studies - although
inflammatory responses were observed in response to the presence of the electrodes themselves,
applied electrical stimulation does not induce additional upregulation of biomarkers associated
with a pro-inflammatory state. Specifically, in Bamford et al.’s study consistent applied electrical
stimulation (48 nC/phase, 25 pulses per second) over a 30 day timespan induced no further
damage in rat spinal cords than was found in unstimulated rats. This may also mean that
astrocytes are more responsive to other cells’ reactions to electrical stimulation than react

directly to the electrical stimulation itself [248,249].

2.7. Conclusions

The experiments in the present work investigated the effects of electrical stimulation on
mixed glial cell populations at the interface of Pt-Ir microelectrodes. An in vitro setup was used

to evaluate the responses of primary mouse glial cells in a high-throughput setup that is designed
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to inform the design of in vivo experiments. The cellular responses to both the presence of the
electrodes as well as applied electrical stimulation were captured.

The data presented herein suggest a large aggregation of microglia and astrocytes at the
electrode interface, which is reminiscent of a foreign body response observed in vivo. When
electrical stimulation is factored in, a lower density of cells at and around the electrode interface
was observed. A previous in vivo study reported comparable findings in rats - although
inflammatory biomarkers were upregulated in electrically stimulated animals, this was attributed
to the initial insertion of the electrodes into tissue and cell reactivity to the electrode itself as
opposed to reactivity from consistently applied stimulation over a maximum of 30 days [96].
Analysis of the fluorescence image data collected revealed differences in biomarker fluorescence
intensity and area coverage as a function of both stimulation current intensity as well as distance
from the electrode tip — taken together, this suggests that electrical stimulation of mixed glia
induces localized responses around the electrode tip to varying degrees. In vitro, the microglia
and astrocytes may be either dying as a result of electrical stimulation or retreating away from
the vicinity of the electrode. Live cell imaging using transgenic cells expressing EGFP can
determine the fate of glial cells at the electrode interface as a result of different electrical
stimulation paradigms in future experiments.

Varying stimulation parameters such as current, pulse width, frequency, and waveform
pattern (e.g., rectangular, sinusoidal, ramped) can be readily investigated using the experimental
approach developed in this work (Chapter 3). Furthermore, additional data analysis such as
microglia-astrocyte ratio changes, up- or down-regulation of other cytokines, etc. would greatly
benefit from these proposed experiments examining the impact of various parameters. The types

of electrochemical reactions at the interface as a result of varying stimulation parameters and
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factors such as electrode material composition, electrode geometry, and cell culture media, can
also be determined (Chapter 4).

The results generated from this work are intended to better inform device developers of
neural interfaces of the biocompatibility and safety of invasive neural implants, allowing these
devices to last longer and function more effectively in persons experiencing neurological disease

or injury.
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3. Chapter 3 — Microelectrode stimulation parameter modifications elicit differential glial

cell responses over a short 4-hour timecourse

3.1. Preface

The work presented in this chapter would not have been possible without the assistance
of Anna DeCorby (BSc. Hons. Neuroscience Student 2020-21), and Matthew Birtle (BSc. Hons.
Neuroscience Student 2022-23). AD had contributed to the development of the live-imaging
protocol used for the EGFP-positive microglia in this study, and also generated preliminary live-
imaging data (current modification between 0.5 and 1.5 mA) as part of her NEURO 498 thesis
project. MB had further contributed to the lab’s live-imaging program by generating preliminary
data for the waveform modification work as part of his NEURO 498 thesis project. No data
gathered by either AD or MB were used in any of the figures presented in this chapter.
Christopher Tsui designed and performed the experiments described in this chapter, generated
Imagel code to process and compile the live-imaging and immunolabeled image data, and wrote

the contents of this chapter in its entirety.

3.2. Abstract

In the previous chapter, a cell culture model to assess glial cell responses to electrically
stimulating microelectrodes was developed. Using that model, glial cell responses to functional
stimulating platinum-iridium microelectrodes were captured and quantified. The experiments

described in Chapter 3 measure glial cell responses to various modified stimulation paradigms,
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and further highlight the importance of electrical stimulation considerations when designing a
biocompatible neural interfacing device. The formation of peri-electrode voids around the
immediate vicinity of stimulating 75 wm diameter platinum-iridium microelectrodes also
prompted an investigation into the fate of cells that would have once populated that area. Live
imaging experiments were designed where EGFP-positive microglia from heterozygous CX3CR-
17EGFP mice were imaged over a 4-hour timecourse. The resulting live-imaging animations
showed necrotic microglial cell death around the electrodes as a result of biphasic, charge-
balanced, cathodic-first stimulation. The degree to which this was occurring was further analyzed
by electrically stimulating mixed glia for 4 hours with modified parameters by current (0.1-0.4
mA), waveform shape (rectangular vs. sinusoidal vs. ramped), and frequency (25-55 Hz); live
imaging was performed in addition to post-fixation immunolabelling to draw conclusions for
each modification study. Current modification experiments predictably suggested that higher
currents resulted in more biomarker signal loss around the electrode interface and thus cell death.
Waveform shape modifications suggested that sinusoidal waveforms resulted in less cell death
than the other waveform shapes tested. Frequency modifications suggested that, although
increasing frequency from 25 Hz to 45 Hz resulted in more signal loss/cell death, the lesser
amount of signal loss seen at 55 Hz does not follow this trend. Scanning electron microscopy and
energy-dispersive x-ray spectroscopy of the electrode surfaces post-stimulation did not reveal
any significant damage or changes to surface elemental composition. The results presented in
this study highlight the impact that electrical stimulation parameters have on glial cell fate at the
electrode-cell culture interface, and provide data towards potential refinement of stimulation

paradigms used in functional electrical stimulation applications.
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3.3. Introduction

Neural interfacing devices are designed to treat neurological injuries or disease, often
through the use of an invasive implant (e.g., microelectrodes) [250-255]. The use of
microelectrodes, while effective in acutely targeting a site of interest, also elicits a foreign body
response from glial cells. Glia are the group of cells in the central nervous system that regulates
its overall function, homeostasis, and fate [256-259]. The established literature extensively
documents the foreign body response against electrode implants; microglia and astrocytes work
together to cordon off the site of the implant from the surrounding tissue to limit the spread of
cell death and damage caused by both insertion and otherwise presence of the implant in the
tissue [68,194,260,261]. This is done through the formation of a glial scar, a fibrous assembly
made primarily of microglia and astrocytes that encapsulates the implant. However, this is
disadvantageous in that the fibrous scar prevents effective communication between the electrode
implant and any nearby neurons — as neural electrodes are designed to send or receive electrical
signal from nearby neurons, instances of glial scar formation left unchecked risk device failure

over weeks to months [195].

The risk that glial scarring poses to the overall functionality and efficacy of neural
electrode implants has thus motivated researchers to devise strategies to mitigate the effects of
glial scarring (and by extension glial cell reactivity) with the overall goal to facilitate effective
communication between electrodes and nearby neurons. Many innovative tissue engineering
strategies have emerged, especially over the past decade, to attenuate glial cell reactivity to
microelectrode implants. Many reports suggest using bioactive molecules conjugated onto the

surface of the microelectrodes to ‘mask’ its foreign signature [262-267], the use of anti-
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inflammatory compounds to mitigate neuroinflammation [268-272], and more mechanically
compliant materials to reduce the stiffness mismatch between electrodes and much softer CNS
tissue [273-278]. The vast majority of the reports focus on glial cell reactivity against the
microelectrodes themselves — however, there exists a gap in the literature regarding the effects of
electrical stimulation paradigms on glial cell behaviour. There are limited reports on the effects
of electrical field modulation on the behaviour of glial cell lines [112,113,127]. By investigating
such effects, neural interface device developers will be better informed of more of the factors at

play that influence the biocompatibility and longevity of electrode devices.

The previous chapter addressed the motivation for investigating the influence of electrical
stimulation on glial cell by describing a high-throughput in vitro cell culture system that models
the early onset of glial scarring as it pertains to functional microelectrode implants.
Microelectrodes (75 um diameter) were fabricated, threaded through custom-made PDMS rings,
and placed in 12-well culture plates that were then connected to a stimulator. Mixed glial cell

1""EGFP mice were stimulated over 1, 3, and 7

cultures harvested from P2 heterozygous CX3CR-
days with currents of 0 mA, 0.15 mA, and 1.5 mA to demonstrate the fundamental feasibility of
comparing glial cell response using the methods employed in the study, namely primary cell
culture, immunofluorescent image analysis, scanning electron microscopy, and energy-dispersive
x-ray spectroscopy. The data collected in the previous chapter suggest a significant difference in
glial cell responses through biomarker (Hoechst, EGFP, GFAP, IL-1p) expression. Statistically
significant differences were found in biomarker expression profiles in response to the different

current amplitudes applied across the different timepoints. Furthermore, biomarkers were

analyzed according to fluorescence intensity, cell count, and geometric area coverage at
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prescribed distances from the deinsulated tip of the microelectrodes — zonal analysis revealed

that with the stimulation currents used there were different areas of effect on each biomarker.

A key observation made from the results of the previous chapter is that a peri-electrode
void was formed from electrically stimulating the cell cultures — this was most prominent in the
1.5 mA condition. It was then of interest to determine whether the glial cells that had once
occupied the spaces closer to the electrode interface had died, or had retreated away from the
interface when stimulation current was applied. To further investigate the fate of these cells, we
leveraged the transgenic mouse species that were used in the previous chapter — specifically,
C57BL/6J mice that have been genetically modified to express enhanced green fluorescent
protein (EGFP) under the CX3CR1 promoter gene [153]. This allows for the live imaging of
microglia in the cell cultures without the use of immunolabelling procedures. By imaging the
microglia situated at the electrode interface and applying electrical stimulation, the question of

the fate of the cells near the electrode when stimulation is applied is answered.

In addition to determining the fate of the microglia through live cell imaging, another
goal of the work presented in this chapter was to further build on the foundation that the work in
the previous chapter laid out by exploring the effects of other electrical stimulation parameters
on glial cell behaviour and reactivity. It is therefore of interest to more closely explore the effects
of lower, more physiologically relevant stimulation current [279-283], stimulation waveform
shape [143,157,284], and stimulation frequency [285,286]. By employing the methods used in
the previous chapter as well as live imaging of EGFP-positive microglia, a more acute

examination of the fate of the glial cells at the interface can be undertaken.
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3.4. Materials and methods

34.1. Materials

Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM F12), Hank's
Balanced Salt Solution (HBSS), fetal bovine serum (FBS), penicillin streptomycin (PS), 0.25%
trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), and Equine Serum (ES) were
purchased from Gibco (Life Technologies, Burlington, ON, Canada). Poly-L-lysine
hydrobromide (PLL) was purchased from Sigma Aldrich (St. Louis, MO, USA). Polystyrene 12-
well cell culture plates were purchased from Greiner Bio-One (Frickenhausen, Germany). Cell
culture flasks (75 c¢cm?) were purchased from Corning (Corning, NY, USA). Sylgard 184

polydimethyl siloxane (PDMS) kit was purchased from Dow Chemical (Midland, MI, USA).

Rabbit anti-IL-1p (Invitrogen, Burlington, ON, Canada) and chicken anti-GFAP (Abcam,
Toronto, ON, Canada) primary antibodies were used. Donkey anti-rabbit Alexa Fluor 647
(Invitrogen) and goat anti-chicken Alexa Fluor 546 (Invitrogen) secondary antibodies were used.

Hoechst 33342, a nuclear stain, was purchased from Molecular Probes (Life Technologies,

Burlington, ON, Canada).

Microwires (75 pm in diameter, Pt-Ir 80%/20% insulated with polyimide) for
microelectrode fabrication were purchased from California Fine Wire (Grover Beach, CA, USA).
Teflon-insulated, 9-strand stainless steel wires (Cooner AS632) were purchased from Cooner

Wire Company (Chatsworth, CA, USA).
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3.4.2. Cell culture preparation

Animal protocols were approved by the Animal Care and Use Committee at the
University of Alberta and conducted in accordance with the guidelines of the Canadian Council
for Animal Care. Mixed glial cell cultures were generated from the brain tissue of postnatal Day
2 C57BL/6J CX3CR-1"ECSP heterozygous transgenic mice [188]. The mice were decapitated and
their brains removed using surgical scissors and a metal spatula. Following dissection of the
meninges using forceps, the remaining brain tissue was dissociated in 0.25% Trypsin-EDTA at
37 °C for 25 minutes. The Trypsin mixture was then centrifuged twice at 500 g for 2 min and
triturated in cell culture media (DMEM F12/10% FBS/1% PS) to further dissociate brain tissue
and deactivate residual Trypsin-EDTA. The resulting cell suspension was placed in 12-well
plates coated with PLL (2 pg/mL). Cells were incubated for 2 weeks at 37 "C and 5% CO,, with

cell culture media changed twice weekly.

At 2 weeks, mixed glial cells were washed with DMEM F12 and then lifted off from the
12 well plates with a Trypsin-EDTA and DMEM F12 mixture (1:3 ratio) treatment for 25 min
[189]. The cells were then collected and subjected to two-fold centrifugation at 500 g for 2 min
and trituration in cell culture media. The resulting cell suspension was then passed through a
syringe and needle, and plated in a 75 cm? flask at a ratio of 1 plate:1 flask. The flask cultures
were then incubated for 1 week at 37 'C and 5% CO> prior to another round of isolation and re-

seeding onto microelectrodes, with cell culture media changed twice in that week.
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3.4.3. PDMS ring fabrication

To stabilize electrode placements in the 12-well plates, custom polydimethyl siloxane
(PDMS) rings were created to prevent movement of the wires within the wells. PDMS elastomer
base and curing agent were mixed together in a 50 mL tube in a 10:1 ratio, and left to set in the
wells of a 12-well plate (2 g/well). Following curing for 2.5 hours in an oven at 70 ‘C, the
resulting PDMS discs were extracted from the wells, hole-punched, and placed in a large 3 L
beaker (50% methanol/50% water) under a fume hood overnight to wash out any unreacted
monomers leftover from the curing process. Following this, the rings were submerged in water

and autoclaved in preparation for use in cell culture.

3.44. Microelectrode fabrication

Platinum-iridium microwires (75 pum diameter) were used for fabrication of
microelectrodes. Briefly, microwires were cut ~15 cm in length. The insulation layer of the
microwire tips was removed using nanosecond laser pulses (wavelength = 248 nm, energy = 150
mJ, beam attenuation = 5%, repetition rate = 10 Hz; COMPex 110, Coherent, CA, USA). The
deinsulated region of the microwires was cut using a scalpel blade leaving 300-400 um of bare
metal at the tip. The tips of the microwires were then mechanically bevelled using a
microelectrode beveler (BV-10, Sutter, CA, USA) to an angle of approximately 15°.
Microelectrodes were then placed in 15 mL centrifuge tubes (Fisherbrand, Pittsburgh, PA, USA)
filled with DI water and Alconox detergent, and treated in an ultrasonic cleaner for 30 minutes to

remove the metal debris formed during the mechanical polishing step. The microelectrodes were
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then sonicated for another 30 minutes in DI water and rinsed with 70% ethanol. Stranded
stainless steel wires were manually deinsulated to expose approximately 4-5 cm and were used

as the counter electrodes.

3.4.5. Electrode plate setup

Insertion of microelectrodes into the PDMS rings and placement of the rings into the 12-
well plates was all done within the aseptic environment of a biosafety cabinet. An 18.5G needle
was used to puncture a hole through the side of a ring at a 45" angle. A 10 pL pipette tip was then
fitted though the hole, and a microelectrode was threaded through the pipette tip such that the
deinsulated end of the wire lay in the inner hole of the PDMS ring. The pipette tip was then
withdrawn to effectively embed the insulated portion of the microelectrode in the side of the
ring. The ring and microelectrode were then dipped in 70% ethanol, placed in one of the wells of
a 12-well plate, and left to dry to form a sterile seal in the well. This also allowed the deinsulated
tip of the wire to make contact with the bottom of the well. Tape was then used to hold down the
insulated portion of the electrodes over the edge of the 12-well plate to prevent further
movement. Counter electrodes were placed on top of the PDMS rings and taped down over the

edge of the plate on the day of the experiment.

Cells were isolated from the flask as above using diluted Trypsin-EDTA/DMEM F12,
seeded at a density of 70000 cells/well, and left to settle and incubate for 7 days at 37 'C and 5%
CO; prior to the start of electrical stimulation. Cell culture media (DMEM/10% FBS/1% PS, 2

mL/well) was changed twice during the 7-day incubation period.
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3.4.6. Live imaging electrical stimulation experiments

The cells were electrically stimulated for a 4 h duration using stimulation paradigms
adapted from previously reported in vivo ISMS work [96]. An STG4008 electrical stimulator
(Multi Channel Systems MCS GmbH, Reutlingen, Germany) was used to electrically stimulate
the cells, with programming of the stimulation patterns done through the MC_Stimulus II
software. To confirm that current was running through the cell cultures (and to rule out any
short-circuits in the setup), a Tektronix MDO3014 Oscilloscope was used to assess electrical
signal in each stimulating well at the start of each experiment. A summary of each live imaging
study, along with parameters tested, is presented in Table T-2. Each study used a 200 pus pulse

duration and a biphasic charge-balanced cathodic-first waveform.

Study Waveform Current Frequency Charge/phase

0 mA 0nC

0.1 mA 20 nC

Current mod. Rectangular 0.2 mA 25 Hz 40 nC

0.3 mA 60 nC

0.4 mA 80 nC

Rectangular 30 nC

Waveform mod. Sinusoidal 0.15 mA 25 Hz 23.56 nC

Ramped 15 nC
25 Hz

Frequency mod. Rectangular 0.15 mA 35 Hz 30 nC
45 Hz
55 Hz
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Table T-2: Electrical stimulation parameter modification summary

A summary of the different stimulation modification studies described in this study (current
modification, waveform shape modification, frequency modification) and their associated

stimulation parameters (waveform shape, current, frequency, charge per phase).

Current

Waveform

-

azm Immunofluorescence
— sam I
am Microscopy

Live Imaging - EGFP

Frequency Signal Traces

- R

Scanning Electron
Microscopy

Figure 3-1: Experimental workflow of live imaging experiments

Mixed glial cell cultures are generated, embedded with microelectrodes, and placed on a
confocal microscope for live cell imaging (A). Stimulation paradigm modifications performed
were based on current, waveform shape, and frequency (B). Live imaging produced EGFP signal
traces; cells were then fixed, immunolabeled, and imaged. Electrodes were extracted after and

imaged on a scanning electron microscope (C).

Live imaging was done on a Leica TCS SPE confocal microscope (Figure 3-1) (Wetzlar,
Germany). The detection channel was set up to capture EGFP signal from the microglia in the

otherwise mixed glial cell cultures. The live imaging time-lapse series were captured in stacks of
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125 frames per 4 h experiment. A 5-frame baseline was captured at the beginning of each
experiment, followed by 4 h of electrical stimulation over the next 120 frames (i.e.,
approximately 2 minutes between frames in each series). Following stimulation, glial cells were
fixed and immunolabeled according to the protocol outlined in the following subsection (3.4.7.

Immunofluorescence microscopy).

Analysis of the time-lapse series was performed on ImageJ (National Institutes of Health,
Bethesda, MD, USA) using a custom macro that calculates temporal change in EGFP
fluorescence intensity as well as geometric area coverage in the field of view of the image. This
is expressed as a fold-change versus the first frame in the series, and normalized to control wells
that received neither electrical stimulation nor electrode insertion. These data were further
analyzed by zone (i.e., how EGFP metrics change as a function of distance from the electrode
tip) by restricting mean pixel intensity and area coverage measurements to prescribed circular
radii from the electrode tip (r = 50 pm, 100 um, 250 um) [155]. This was compared to data
analyzed from the full frame of the image (734.05 pum x 734.05 um). Image animations were
prepared using the ImageJ StackReg plugin (Rigid Body option) [287]. Multi-colour overlays
showing net changes in cell movement over the 4 h experiments were generated using the

ImageJ Time-Lapse Colour Coder tool.

3.4.7. Immunofluorescence microscopy

Following 3 days of stimulation, glial cells were fixed with 5% formalin at 37 °C for 10

min and washed three times with PBS. Cells were permeabilized with 0.1% Triton X-100
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(TX100) in PBS and 10% Equine Serum (ES) for 2 h. Following this, the cells were incubated
overnight at 4 'C with rabbit anti-IL-1p (1:1000) and chicken anti-GFAP (1:5000) primary
antibodies plus 1% ES. The cells were then washed three times with PBS, and incubated for 2 h
at room temperature with goat anti-chicken Alexa Fluor 546 (1:200) and donkey anti-rabbit
Alexa Fluor 647 (1:200) secondary antibodies plus Hoechst 33342 (1:1000) and 1% ES. The
cells were then washed three times with PBS. Fluorescence microscopy was carried out on a
Leica TCS SPE confocal microscope. Components labelled included Hoechst for cell nuclei,
enhanced green fluorescent protein (EGFP) expressed from transgenic microglia, glial fibrillary
acidic protein (GFAP) for astrocytes, and interleukin-1 beta (IL-1B) as a pro-inflammatory
biomarker. Analysis of fluorescence microscopy images was carried out with Imagel using a
custom macro measuring for fluorescence intensity and area coverage of biomarkers. Area
coverage measured the total geometric surface generated by each biomarker from the cells in the
image’s field of view. Fluorescence intensity was calculated by dividing the image-wide sum of
each pixel intensity value for a biomarker divided by the area coverage of that biomarker in that
image. Cell density was calculated by counting the number of nuclei found in each image. These
metrics (fluorescence intensity, area coverage, cell density) were expressed as fold change
against control wells with no wire. Zonal analysis (i.e., how outputs change as a function of
distance from the electrode tip) was carried out at prescribed circular radii from the electrode tip
(r=>50 um, 100 pm, 250 pm) [155]. This was compared to data analyzed from the full frame of

the image (734.05 pm x 734.05 pum).
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3.4.8. Scanning electron microscopy

Qualitative assessment of damage to electrodes was carried out using a ThermoFisher
Phenom XL Desktop scanning electron microscope (SEM) (Waltham, MA, USA). Images were
acquired using backscattered electron detection at 610x and 4000x magnification. Elemental
makeup of the electrode surfaces was quantified using the energy-dispersive x-ray spectroscopy

(EDS) add-on to the SEM, at 4000x magnification.

3.4.9. Statistical analyses

For statistical analysis of fluorescence intensity and area coverage of biomarkers and cell
density, a two-way analysis of variance (two-way ANOVA) with Bonferroni’s post hoc test was
performed. The independent variables analyzed were electrical stimulation amplitude and
distance away from the tip of the electrode. For statistical analysis of EDS data, a one-way
analysis of variance (one-way ANOVA) with Tukey's post hoc test was performed. The

statistical analyses stated were performed using GraphPad Prism 10 (San Diego, CA, USA).

3.5. Results

In the present study, two goals were addressed: 1) ascertain how different parameters of
electrical stimulation impact glial cell behaviour at the electrode interface, and 2) determine the

cause of the formation of the peri-electrode void seen in the results generated in the previous
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chapter (and by doing so determine the fates of the cells that would have otherwise populated
that void). To address these research aims in detail, live imaging was used to monitor microglia
dynamics over a 4 h stimulation timecourse — this was possible as the microglia used in the
cultures were harvested from transgenic C57BL/6 mice that expressed EGFP under the CX3CR1
promoter gene. Primary mixed glial cell cultures were electrically stimulated using paradigms
modified in terms of stimulation current, waveform shape, and frequency — this was done ina 4 h
window while the microglia were live-imaged on a confocal fluorescence microscope (Figures S-
1, S-2, S-3). The acquired EGFP fluorescence intensity and area coverage signal traces and
colour-coded maps showing net movement of cells at the electrode interface are shown in
Figures 3-2, 3-3, and 3-4. The cells were then fixed, immunolabelled and imaged on a confocal

fluorescence microscope (Figures 3-5, 3-6, 3-7).

3.5.1. Live imaging — signal changes

Live imaging animations were captured for each experimental condition, collapsed into
colour-coded images showing net movement over an entire 4 h stimulation experiment (Figures
3-2A, 3-3A, 3-4A) and quantified in terms of signal (fluorescence intensity and area coverage)
changes over the duration of the experiment at different ROIs (Figures 3-2B, 3-3B, 3-4B). In all
signal traces captured, the changes in EGFP fluorescence intensity and area coverage were most
readily seen within the smallest ROI (r < 50 um); as the ROI increases in size, it becomes more
difficult to observe any differences in EGFP signal that the electrical stimulation paradigms elicit

compared to baseline controls thus highlighting the localized effects of the stimulation.
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Net EGFP signal changes over the course of each 4 h live imaging experiment are shown
in Figures 3-2C, 3-2D, 3-3C, 3-3D, 3-4C, and 3-4D. For the current modification study,
statistically significant differences in EGFP area coverage were found between the different
currents used within distances of 50 pum, 100 um, and 250 um away from the electrode tips. Loss
in area coverage increased with current. For the waveform modification study, a statistically
significant difference was found in EGFP fluorescence intensity between the rectangular and
sinusoidal waveform conditions at 50 um away from the electrode tip. For the frequency
modification study, significant differences were found in EGFP fluorescence intensity and area
coverage between the frequencies used at 50 um away from the electrode tip. Although greater
losses in EGFP fluorescence intensity and area coverage were observed with increasing
stimulation frequency from 25 to 45 Hz, the comparatively smaller decrease in EGFP area

coverage and increase in fluorescence intensity seen at 55 Hz did not conform with this trend.
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3.5.2. Immunofluorescence image analysis

Fluorescence intensity, area coverage, and cell density analyses are shown in Figures 3-8,
3-9, and 3-10. For the current modification study (Figure 3-8), statistically significant differences
in cell density, Hoechst area coverage, and EGFP area coverage were detected between the
different currents used at 50 um and 100 pum away from the electrode tip; statistically significant
differences were also detected for IL-1p area coverage for all ROIs examined. For the waveform
modification study (Figure 3-9), statistically significant differences were detected for cell
density, Hoechst area coverage, EGFP area coverage, IL-1p area coverage, and IL-1f
fluorescence intensity between the different waveform shapes employed up to 100 pm away
from the electrode tip. For the frequency modification study (Figure 3-10), significant
differences were found in cell density and EGFP area coverage between the stimulation

frequencies used within 50 pm from the electrode tip.
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Figure 3-2: Live imaging data summary - current modification

Primary glial cell cultures were electrically stimulated using modified levels of current. Microglia in the cultures were live imaged on
a confocal fluorescence microscope over 4 h — the resulting image stacks for each condition were then collapsed into colour-coded
overlays which is a visual representation of net movement of microglia in the fields of view over the course of the stimulation
experiment (A). Scale bars: 50 um. EGFP signal traces were calculated in terms of fluorescence intensity and area coverage over 4 h
(B). Net EGFP signal changes over 4 h were also calculated in terms of fluorescence intensity (C) and area coverage (D). EGFP signal
change values are expressed as fold change versus the first frame in the live imaging set, and normalized to no-wire control cell
cultures (n =5, two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p <0.001, ****p <(0.0001; Data = means

+ SEM.
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Figure 3-3: Live imaging data summary - waveform shape modification

Primary glial cell cultures were electrically stimulated using modified waveform shapes. Microglia in the cultures were live imaged on
a confocal fluorescence microscope over 4 h — the resulting image stacks for each condition were then collapsed into colour-coded
overlays which is a visual representation of net movement of microglia in the fields of view over the course of the stimulation
experiment (A). Scale bars: 50 um. EGFP signal traces were calculated in terms of fluorescence intensity and area coverage over 4 h
(B). Net EGFP signal changes over 4 h were also calculated in terms of fluorescence intensity (C) and area coverage (D). EGFP signal
change values are expressed as fold change versus the first frame in the live imaging set, and normalized to no-wire control cell

cultures (n = 6, two-way ANOVA with Bonferroni post hoc test). *p < 0.05; Data = means £ SEM.
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Figure 3-4: Live imaging data summary - frequency modification

Primary glial cell cultures were electrically stimulated using modified frequencies. Microglia in the cultures were live imaged on a
confocal fluorescence microscope over 4 h — the resulting image stacks for each condition were then collapsed into colour-coded
overlays which is a visual representation of net movement of microglia in the fields of view over the course of the stimulation
experiment (A). Scale bars: 50 um. EGFP signal traces were calculated in terms of fluorescence intensity and area coverage over 4 h
(B). Net EGFP signal changes over 4 h were also calculated in terms of fluorescence intensity (C) and area coverage (D). EGFP signal
change values are expressed as fold change versus the first frame in the live imaging set, and normalized to no-wire control cell

cultures (n = 3, two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p <0.001; Data = means + SEM.
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Figure 3-5: Immunofluorescent images of mixed glia - 4 h stimulation (current modification)

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1pB (grey). A merged

channel overlay of each condition is shown on the far right. Scale bars: 50 pm.
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Figure 3-6: Immunofluorescent images of mixed glia - 4 h stimulation (waveform shape

modification)

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1p (grey). A merged

channel overlay of each condition is shown on the far right. Scale bars: 50 pm.
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Figure 3-7: Immunofluorescent images of mixed glia - 4 h stimulation (frequency modification)

Electrodes are marked by the white dashed outline in each image. Cell cultures were labelled
with Hoechst 33342 (blue), EGFP (green), GFAP (magenta), and IL-1p (grey). A merged

channel overlay of each condition is shown on the far right. Scale bars: 50 pm.
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Figure 3-8: Quantitative analysis of current modification images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h) current and distance from
the electrode tip. Values are expressed as fold change versus no-wire control cell cultures (n = 6,
two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p < 0.001; Data =

means = SEM.
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Figure 3-9: Quantitative analysis of waveform shape modification images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h) waveform shape and
distance from the electrode tip. Values are expressed as fold change versus no-wire control cell
cultures (n = 7, two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p <

0.001; Data = means + SEM.
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Figure 3-10: Quantitative analysis of frequency modification images

(A) Cell density, (B, C, D, E) fluorescence intensity, and (F, G, H, I) area coverage profiles of
immunofluorescent images as a function of electrical stimulation (4 h) frequency and distance
from the electrode tip. Values are expressed as fold change versus no-wire control cell cultures
(n = 3, two-way ANOVA with Bonferroni post hoc test). *p < 0.05, **p < 0.01, ***p < 0.001;

Data = means + SEM.
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Figure 3-11: Scanning electron micrographs of electrodes following 4 h current modification

experiments

Images were acquired at 610x (A) and 4000x (B) magnification. Scale bars: 200 um (610x), 30
pm (4000x). Energy-dispersive x-ray spectroscopy data showing atomic concentrations (C) of
platinum, iridium, sodium, chlorine, carbon, nitrogen, oxygen, phosphorus, and sulphur on the
surfaces of electrodes following stimulation experiments (n = 6, one-way ANOVA with Tukey’s

post hoc test). *p < 0.05; Data = means + SEM.
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Figure 3-12: Scanning electron micrographs of electrodes following 4 h waveform shape

modification experiments

Images were acquired at 610x (A) and 4000x (B) magnification. Scale bars: 200 um (610x), 30
um (4000x). Energy-dispersive x-ray spectroscopy data showing atomic concentrations (C) of
platinum, iridium, sodium, chlorine, carbon, nitrogen, oxygen, phosphorus, and sulphur on the
surfaces of electrodes following stimulation experiments (n = 7, one-way ANOVA with Tukey’s

post hoc test). *p < 0.05; Data = means = SEM.
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Figure 3-13: Scanning electron micrographs of electrodes following 4 h frequency modification

experiments

Images were acquired at 610x (A) and 4000x (B) magnification. Scale bars: 200 um (610x), 30
um (4000x). Energy-dispersive x-ray spectroscopy data showing atomic concentrations (C) of
platinum, iridium, sodium, chlorine, carbon, nitrogen, oxygen, phosphorus, and sulphur on the
surfaces of electrodes following stimulation experiments (n = 3, one-way ANOVA with Tukey’s

post hoc test). *p < 0.05; Data = means £ SEM.
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3.5.3. Electrode damage analysis

Following immunolabelling and confocal fluorescence microscopy, the electrodes were
extracted from the cell culture wells and imaged on an SEM to qualitatively assess damage
caused by the stimulation experiments (Figures 3-11A, 3-11B, 3-12A, 3-12B, 3-13A, 3-13B),
with images taken of the entire deinsulated tip of the electrode as well as a close-up view of the

tip’s microstructure.

In addition to SEM, EDS was used to quantify the elemental composition of the surfaces
of the electrodes across the different experimental conditions (Figures 3-11C, 3-12C, 3-13C).
Across all of the experimental conditions tested, post hoc tests revealed statistically significant
differences only in phosphorous (0.1 mA vs 0.4 mA) and sulphur atomic concentrations (0.2 mA
vs 0.3 mA) for the stimulation current modification study. No significant differences were

observed in the other elements across any of the stimulation parameters tested.

3.6. Discussion

The main goal of the work described in this chapter was to use the cell culture model
established in the previous chapter to further investigate glial cell reactivity to various electrical
stimulation parameter modifications (current, waveform shape, and frequency). Secondary to this
main goal was the need to assess the feasibility of analyzing live transgenic EGFP signal from
microglia — this was done to determine the fate of the microglia around the electrode interface
and shed light on the origins of the peri-electrode void described in Chapter 2. From the time-

lapse animations acquired from the live imaging experiments, microglia near the electrodes were
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seen exploding — in other words, cells were dying as a result of electrical stimulation. The
animations show a sudden rupturing of microglial cell membranes over the duration of the 4-
hour stimulation experiments — this specifically suggests that necrotic cell death is occurring.
Previous literature also suggests transient openings in cell membranes when electrical
stimulation is applied thus allowing for influx of water into the cell or efflux of cellular contents
[288]. This is in contrast to apoptotic cell death, which is a more ordered process and may take
up to several days to occur [289,290]. This also outweighs evidence for the other hypothesis
which postulated that cells were retreating away from the electrode interface when electrical
stimulation was being applied — the time-lapse animations and compiled colour-coded images
showing net movement of microglia over the course of a 4-hour experiment showed that cells

were either dying near the interface, or were otherwise stationary if placed further afield.

Although the live imaging animations contrast with evidence of glial cells migrating in
the presence of an electric field [291,292], the context of other studies differs from the work
presented in this thesis in that attention is being placed on glial cells that are at or near a
microelectrode implant rather than looking at how glial cells generally behave in the presence of
an electric field. As glial cell reactivity and the scarring process are detrimental events to the
long-term functionality of invasive microelectrode implants into CNS tissue, there is merit in
assessing if there are ways in which to modify various electrical stimulation parameters with the

goal of reducing glial cell reactivity and thus improve the biocompatibility of an implant design.
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3.6.1. Live imaging analysis

Live imaging is a technique that allows for the observation of dynamic changes in cell
movement and behaviour — its advantage over immunolabelling is that cells are being imaged
while they are still alive. Previously published works take great advantage of the same transgenic
strain utilized in this chapter to image microglia in a wide variety of contexts [32,293-296]. The
experiments described in this chapter allowed for the collection of time-lapse image data which
was then used to calculate EGFP signal change from microglia over a 4 h experiment in terms of
fluorescence intensity and area coverage. Fluorescence intensity is a measure of the image-wide
sum of the pixel intensity values for a biomarker divided by the area coverage of that biomarker,
and area coverage is the total geometric size of a biomarker’s signal across all cells present in the
image’s field of view. The time-lapse image data suggests that the majority of microglia in the
field of view around the deinsulated electrode tip do not move much — this is best shown by the
color-coded maps representing net microglia movement over the 4 h time span of each
experiment (Figures 3-2A, 3-3A, 3-4A) where stationary objects are shown in white. Traces of
fluorescence intensity and area coverage signal for each time-lapse image series are shown
(Figures 3-2B, 3-3B, 3-4B), with the most drastic differences in how the signal traces behave for
each experimental condition seen in the region of interest (ROI) closest to the electrode tip (r =
50 um). The data gathered from the live imaging experiments present a look into the fate of the
cells present at the electrode interface when stimulation is applied. The data suggest that,
although cells die to varying degrees as a result of differing stimulation parameters, the effects
seen are highly restricted to the immediate vicinity of the electrode interface and do not suggest
more widespread cell damage or death. This further builds on the results reported in the previous

chapter as well as previous work [96] that any glial cell reaction towards the electrodes and
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applied electrical stimulation are likely to be highly localized. The signal traces seen for the
current, waveform shape, and frequency modification data are similar in that any differences in
stimulation conditions are best highlighted within the r = 50 um ROI; this is in comparison to the
other ROIs presented (r = 100 um. r = 250 pum, full frame) where not much of a deviation is seen

in signal traces from the various experimental conditions versus the baseline control traces.

When calculating net signal change over a 4 h experiment, a few observations were
drawn from each of the studies performed. EGFP fluorescence intensity generally increased as a
result of electrical stimulation regardless of change in current, waveform shape, or frequency as
seen in the larger ROIs. The most drastic changes seen, however, were mostly confined to within
50 um away from the electrode tip as exemplified with changes in stimulation frequency (Figure
3-4C). Increases in EGFP signal over time may suggest activation of microglia as a result of
electrical stimulation. Statistically significant increases in EGFP fluorescence intensity in the live
imaging data were seen for the waveform shape modification data and frequency modification
data within the r = 50 pm ROI (Figures 3-3C, 3-4C) — at this ROI, increases in fluorescence

intensity over 4 h were seen when sinusoidal stimulation or stimulation at 55 Hz was used.

EGFP area coverage signal, on the other hand, diminished over the course of 4 h of
stimulation regardless of modifications applied to electrical stimulation paradigms. Statistically
significant differences between different experimental groups were found in the current
modification and frequency modification data to varying degrees (250 pum and 50 pm,
respectively). The current modification data (Figure 3-2D) suggest that as the stimulation current
increases, the greater the EGFP area coverage drop thus implying a greater loss of microglia
around the electrode interface at 0.3 mA and 0.4 mA compared to 0 mA. Similar trends are also

seen in the frequency modification data (Figure 3-4D). Although increasing frequency up to 45
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Hz resulted in a greater loss in area coverage signal as shown at r = 50 um, remarkably this trend
does not continue at 55 Hz. At 55 Hz, EGFP area coverage change is comparable to 0 Hz thus
suggesting that less microglia are lost at the interface when stimulating at that frequency
compared to stimulation at 25, 35, or 45 Hz. In contrast to the other modification studies,
however, waveform modification did not result in any significant change in EGFP area coverage
over the course of a 4 h stimulation experiment (Figure 3-3D). These observations, along with no
statistically significant findings in the waveform shape modification data, suggest that different
stimulation parameters have differing degrees of impact on microglial presence at the electrode

interface.

3.6.2. Immunofluorescence image analysis

Following live imaging experiments, cell cultures were fixed, immunolabelled, and
imaged to further assess responses of other relevant biomarkers. The immunofluorescent images
acquired across the different studies undertaken suggest that modification of parameters such as
current, waveform shape, and frequency to the degree that has been described in these
experiments is capable of creating the peri-electrode space that has been previously described in
Chapter 2 and earlier in the current chapter. Analysis of the immunolabelled images revealed
differences in glial cell reactivity in terms of cell density, biomarker fluorescence intensity and
biomarker area coverage as a function of differences in stimulation parameters as well as the

range to which those differences are seen from the tip of the electrode.
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In the current modification study, there was a higher cell density in the 0 mA and 0.1 mA
conditions compared to the higher currents as shown within the r = 50 um ROI of Figure 3-8A.
This conforms to the hypothesis made that applying a higher current would result in a lower
number of cells near the electrode even after 4 h of stimulation. This finding is corroborated by
the Hoechst and EGFP area coverage data (Figures 3-8F, 3-8G), but not the GFAP area coverage
data which may suggest that modification of exogenous stimulation current in the range defined
in this work (0 mA — 0.4 mA) is more impactful on microglia at the interface than astrocytes.
Expression of IL-1f, a pro-inflammatory cytokine that has been reported in the literature to be
produced by activated microglia and astrocytes [297-301], was also found in the analysis to be
widespread in the images acquired. Although there was more IL-1p signal coverage in the 0 mA
groups compared to 0.4 mA even when the full frame of the images (734.05 um x 734.05 pum)
was analyzed (Figure 3-8I), this did not necessarily translate to there being statistically
significant differences in IL-1p fluorescence intensity among the different experimental groups
involved (Figure 3-8E). No differences among the different experimental groups were found in
terms of fluorescence intensity for the other biomarkers examined (Figures 3-8B, 3-8C, 3-8D)
either. The current modification data generated suggests that, even at a physiologically
appropriate range and level of electrical stimulation [302], increasing electrical current is capable

of decreasing biomarker area coverage but not fluorescence intensity.

In the waveform modification study, the data suggest that the rectangular and ramped
waveforms produced the strongest glial cell response compared to the control condition. A
statistically significant decrease in cell density versus control was found for these two waveform
shapes within 50 um from the electrode tip (Figure 3-9A). Hoechst, EGFP, and IL-1p area

coverage also suggest localized (up to 100 um from the electrode tip) decreases in biomarker
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area coverage compared to control when using a rectangular or ramped waveform (Figures 3-9F,
3-9G, 3-9I). Like with the current modification data, stimulating glial cells using modified
waveform shapes has a more pronounced impact on microglia than astrocytes as far as biomarker
area coverage is concerned. The only significant differences seen in the biomarker fluorescence
intensity data was for IL-1P3, which showed ramped waveforms inducing a higher degree of IL-
1B expression compared to control at a range of within 100 um from the tip of the electrode. The
findings of this study on varying waveform modifications contrasts with a recent report by
Lennikov et al. which found a diminished level of microglia activation when exposed to an
electrical field of a ramped waveform [157]. However, several key differences exist which may
explain the contrasting results between that study and the data reported herein including the
usage of BV-2 cell lines and the application of an electrical field across the generated cell
cultures as opposed to examining the cells at the electrode-cell culture interface. Furthermore,
the data presented in Figure 3-9 contrast with the hypothesis that the ramped waveform would be
the least damaging paradigm in the experiment given that it delivered a smaller amount of
electrical charge per phase (15 nC/ph) compared to the rectangular (30 nC/ph) and sinusoidal
(23.56 nC/ph) waveforms. Aside from the total amount of charge that is delivered per phase, the
rate at which charge is being delivered to the cells may also influence the way in which they
respond. The rate of charge delivery is more gradual for sinusoidal stimulation compared to
rectangular and ramped stimulation, which feature sudden and steeper increases in charge
delivery, respectively. The data presented here suggest that, of the three waveform shapes
examined, a sinusoidal waveform would be the least detrimental in terms of either ablating cells
away from the electrode interface or otherwise upregulating pro-inflammatory cytokines in the

cells that do remain.
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The frequency modification study varied stimulation frequencies between 25 Hz and 55
Hz. It has been reported in the literature that different groups of neurons in various parts of the
CNS are best activated using specific frequencies [303—307]. However, the effects of varying
stimulation frequency on glial cell behaviour remain not well understood. The range of
frequencies selected for the experiments performed in this chapter are considered within the low-
frequency range of CNS electrical stimulation modalities [308,309]. Functional electrical
stimulation following spinal cord injury, which is the application from which the stimulation
paradigm used in this chapter was adapted, typically uses stimulation frequencies of 20-30 Hz
for efficient activation of motor neurons [96,310]. From the immunofluorescence data analyzed,
a higher stimulation frequency (55 Hz) resulted in a higher cell density compared to a lower
frequency of 35 Hz — this difference was seen closer to the tip of the electrode at r = 50 pm
(Figure 3-10A). This observation correlates with the EGFP area coverage signal traces in the live
imaging work (Figure 3-4D) — there, at r = 50 um, decreases in microglia coverage were much
greater at lower frequencies compared to at 55 Hz which suggests that stimulating at that
frequency is less detrimental to microglia at the interface compared to stimulation at 25, 35, and
45 Hz. This is contrary to the hypothesis that a higher frequency would result in a higher degree
of cell reactivity or cell death since a higher stimulation frequency entails more charge cycling in
a given period of time, thus resulting in more stress placed on the cells. Resonance, which
describes how an external stimulus at certain frequencies can cause an object to vibrate more
intensely, may play a role in causing a greater amount of cell death to occur when going from 25
to 45 Hz. At that range of frequencies for electrical stimulation, the cells may be more
susceptible to having their membranes ruptured. Because the glial cells used in the experiment

come from whole mouse brains, resonance frequencies may vary depending on the region of the
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CNS being examined due to heterogeneity in glial cell characteristics [311]. There also exists
literature describing electrical stimulation of various locations in the CNS (e.g., hippocampus,
subthalamic nucleus, spinal cord) using frequencies of >100 Hz thus suggesting efficacy in using
higher frequencies without adverse long-term effects [312—317]. In the immunolabelled image
data, no other statistically significant differences were found in terms of biomarker fluorescence
intensity and area coverage between the different frequencies tested, across different distances
from the electrode tip (Figures 3-10B-E, F, H, I). Taken together, the data produced in the
frequency modification study suggest that frequency, for the most part, neither exacerbates nor

attenuates glial cell activity compared to a no stimulation (0 Hz) condition.

3.6.3. Electrode damage analysis

Following stimulation experiments, it was also of interest to assess any damage that the
platinum-iridium electrodes had sustained as a result of modifying electrical stimulation
parameters. SEM allows for inspection of the deinsulated tip for any damage or deposits as a
result of the cell culture experiments performed. Similar to the 0 mA and 0.15 mA electrodes
from the previous chapter, evidence of organic deposits were seen on the electrodes employed in
each of the modification studies described in this chapter. The 0 mA wires (current modification
study, Figure 3-11A), control wires (waveform shape study, Figure 3-12A), and 0 Hz wires
(frequency study, Figure 3-13A), all qualitatively had larger amounts of organic deposits on the
deinsulated tips compared to the other experimental groups in their respective studies. The SEM

images acquired already suggest that electrical stimulation, regardless of the modification
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applied to the stimulation paradigm, is capable of reducing the amount of organic matter on the

deinsulated surface of the electrode without visually damaging or corroding the electrode itself.

In addition to SEM, EDS allows for the measurement of the elemental composition of the
surface of a sample. From the EDS scans performed, no significant differences were found
across the vast majority of the elements surveyed (Pt, Ir, Na, Cl, C, N, O, P, S). The selection of
elements scanned was adapted from the experimental design of the previous study — in the
current chapter, however, phosphorous and sulphur were also scanned to account for the
presence of additional biomolecule residue (nucleic acids) that may be on the surfaces of the
electrodes. Across the three modification studies performed, no statistically significant
differences were found among any of the stimulation parameters tested (Figures 3-11C, 3-12C,
3-13C). The exceptions to this finding were for phosphorus and sulphur in the current
modification study — larger amounts of phosphorus were found at 0.1 mA compared to 0.4 mA,
and larger amounts of sulphur were found at 0.2 mA compared to 0.3 mA. Taken together, the
SEM and EDS data generated across the different experiments performed suggest that
modification of stimulation parameters (current, waveform shape, frequency), to the extent
defined in the experiments in this chapter do not result in damage to the electrode following 4 h

of stimulation.

3.6.4. Limitations of study

The study described in this chapter is a high-throughput in vitro setup designed to assess

glial cell reactivity and electrode damage to various electrical stimulation parameters before
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potential in vivo or clinical work. As it is a continuation of the work described in the previous
chapter, it also inherits its shortcomings (e.g., limited space for growth in each cell culture well,
lack of stab injury replication). The mixed glial cell cultures generated used cells taken from the
entire postnatal day 2 mouse brains — although it allows for the ‘global averaging’ of the glial
cell response in response to stimuli in an in vitro environment, for future work it may be
advantageous to further tease out the heterogeneity of responses of glial cells depending on
which region of the CNS they originate from [311]. Because of the way in which the work
described in this chapter was carried out, namely live imaging over a 4 h timecourse, the results
produced from the experiments in this chapter paint a very limited window in the temporal
response of the glial cell cultures in response to the parameter modifications used. Because live
imaging entails removal of cell culture plates from the incubator for several hours to an imaging
space that is at room temperature, results generated in this chapter cannot necessarily be
compared 1-to-1 to data generated in the previous chapter. Additional live imaging sessions of
the same cultures, for example over several days, would be able to provide additional
information on how factors such as EGFP signal, biomarker responses and electrode damage
play out as the acute phase of the glial scarring process unfolds. Live imaging was also done only
on microglia in this work given the nature of the transgenic mouse breed that was employed in
the experimental design. Although comparisons of microglia versus astrocyte response were
inferred from the immunofluorescence data, it would also be worthwhile to capture live astrocyte
responses to electrical stimulation by, for example, employing a murine strain that expresses a
fluorescent protein under the GFAP reporter gene [318-321]. For the SEM/EDS analysis, the
high carbon readings taken from all of the electrodes across the different studies can, like in the

previous chapter, be attributed to the fixation and immunolabelling process applied to each cell
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culture plate following an electrical stimulation experiment — electrodes were extracted only after
immunolabelling and fluorescence microscopy of each well was completed. Additionally, it
would be of interest to determine whether the statistically significant differences in phosphorus
and sulphur concentrations found in the current modification study, as well as atomic
concentrations of other non-metallic elements, can be attributed to differing amounts of
biomolecules present on the surfaces of the electrodes, or whether they are from residue from
storage in PBS or immunolabeling material — follow-up work with mass spectrometry, for

example, may be able to answer this question [322-325].

3.7. Conclusions

This chapter builds on the work described in the previous chapter and other in vitro
works described in the literature by assessing glial cell responses to both the presence of the
electrode as well as any applied electrical stimulation. The experiments in this chapter were
designed to address how glial cells respond to electrical stimulation paradigms modified in terms
of current, waveform shape, and frequency. In the pursuit of this objective, a secondary objective
was also defined to determine the fate of glial cells located at or near the electrode interface from
electrical stimulation using live cell imaging. EGFP signal traces showing microglial responses
at the electrode interface during 4 h live imaging experiments were also calculated. Finally,
SEM/EDS data generated allowed for the comparison of any damage sustained by electrodes as a

result of the stimulation paradigms tested.
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Localized responses to the live imaging and immunofluorescence metrics defined were
found to varying degrees. EGFP signalling traces from the live imaging data suggest that
increasing stimulation current up to 0.4 mA does decrease microglial area coverage by the
electrode interface, and that this effect diminishes when farther away from the electrode
interface. EGFP signal traces did not differ statistically between different waveform shapes
tested. When stimulation frequency was tested, however, a lesser degree of microglia loss was
observed at the electrode interface with a 55 Hz paradigm compared to lower frequencies used.
The finding of lesser microglia loss at 55 Hz was also corroborated with the cell density data
from immunofluorescent image analysis. In addition, immunofluorescent image analysis
determined that increasing current reduced biomarker area coverage in cells but did not influence
biomarker fluorescence intensity. Analysis of immunolabeled cell cultures stimulated using
different waveform shapes suggests that sinusoidal waveform stimulation results in a lesser
amount of cell loss and changes in biomarker fluorescence intensity and area coverage when
compared to rectangular and ramped waveforms. Finally, SEM and EDS analyses of the
electrodes for potential damage and surface composition change as a result of modifying
waveform parameters did not turn up any significant changes in elemental compositions for Pt,
Ir, Na, Cl, C, N, O, P, S nor was there any evidence of surface degradation/corrosion on the
deinsulated tips. A more detailed appreciation for the electrochemical performance of the
electrodes resulting from stimulation, however, would be best acquired with follow-up
experiments (Chapter 4) — in other words, it would be of interest to learn about the phenomena
taking place at the electrode-cell culture interface that may be causing the cells to react the way

they do.
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By continuing to expand on the work done in this chapter (e.g., increase timecourse of
experiments to several days, test more stimulation parameters — pulse width, interpulse delay,
charge balancing, anodic-first stimulation), a more fulsome picture of how glial cells respond to
varying stimulation parameters over time in the context of mounting an inflammatory response
against a functional microelectrode implant and glial scarring can be captured. The main
advantage of carrying out such work in an in vitro environment is that a substantial amount of
high-throughput work can be done at a reduced cost in terms of animal lives. By creating this
additional methodology/platform with which neuroscientists and device developers can test
varying designs of neural interface devices before potential translation to in vivo applications and
beyond, time and resources can be more efficiently devoted to further refining more promising

design iterations that are biocompatible, safe, and longer-lasting in patients.
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4. Chapter 4 — Contributions of mixed glial cell culture components on the in vitro

electrochemical performance of platinum-iridium microelectrodes

4.1. Preface

The work presented in this chapter would not have been possible without the assistance
of Soroush Mirkiani, who provided technical assistance with the experimental setup and data
collection described in the chapter. SM supplied the MATLAB code which was used to analyze
raw data in this chapter. Christopher Tsui designed the experiments, performed the experiments,

collected and analyzed data, and wrote the contents of the chapter in its entirety.

4.2. Abstract

Electrically-stimulating microelectrodes in a biological setting are capable of causing
damage to nearby cells. Repeated rounds of stimulation over long time courses may result in
unintended changes to the local environment around an invasive microelectrode implant and
have implications on the biocompatibility and longevity of a neural interfacing device. A
description of the phenomena that are taking place at the electrode-cell culture interface is thus
required for the 75 pm diameter platinum-iridium microelectrodes with the goal of providing
context into why and how electrical stimulation occurs in mixed glial cell cultures. Specifically,
the potential contributions that certain parts of the cell cultures have on the electrochemical

performance of the platinum-iridium microelectrodes are of interest. Using cyclic voltammetry,
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electrical impedance spectroscopy, and voltage transient analysis, microelectrode performance in
various electrolytes (PBS, DMEM F12, DMEM F12 + FBS + PS, live cell cultures) was
assessed. Cyclic voltammetry measurements yielded cathodic charge storage capacity values that
were lower in magnitude in cell culture media (-1356 pC/cm? = 221 uC/cm?, 50 mV/s) compared
to PBS (-2982 uC/cm? + 404 uC/cm?, 50 mV/s) — a result that is likely attributed to amino acids
and larger proteins present in cell culture media fouling the surfaces of the microelectrodes and
making less physical area available on the electrode for electrode-electrolyte charge transfer.
Impedance (7838 Q + 1264 Q, 1 kHz) and phase angle measurements (-62.68° + 3.81°, 1 kHz)
for cell culture media also support the observations made in cyclic voltammetry. However,
integrating live glial cells with the cell culture media suggests that they serve as a conductive
layer (i.e., reduce impedance and improve charge storage capacity). Voltage transient analysis
showed that the threshold for electrolysis of water is reached sooner for cell culture media at
lower currents when compared to PBS. The presence of cells, however, acts as a voltage buffer
thus making electrical stimulation at higher currents possible (~200-250 pA) without breaching
the water window as soon compared with just cell culture media (~100-150 pA). The methods
described in this chapter are well-suited for describing the impact that electrical stimulation has
at the electrode-electrolyte interface for platinum-iridium microelectrodes in cell culture, and

pave the way for further predictive testing into the potential service life of microelectrodes.

4.3. Introduction

Electrical stimulation of the brain and spinal cord using devices designed to interface

with the central nervous system (CNS) is an established field of study, with many examples
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existing of neural interfacing devices successfully alleviating functional deficits arising from a
person’s neurological injury or disease [326—329]. Invasive neural interfacing devices which
make use of electrodes designed to penetrate into CNS tissue are advantageous in that they allow

for acute, specific activation of target neurons [185,260,330].

Although invasive neural implants have the advantage of high stimulation target
specificity, their physical proximity to the target tissue is also their drawback. Such implants are
subject to neuroinflammation and the foreign body response that is brought on by glia, the
regulatory cells of the CNS [331-333]. These events will eventually lead to the formation of a
glial scar around an implanted electrode over the course of many weeks [222,334,335]. The
presence of the glial scar acts as a double-edged sword — while it serves as a physicochemical
barrier around an implant to prevent further cell death that would have been initially caused by
insertion into tissue (i.e., a stab wound), it also is detrimental in that it prevents nearby neurons

from accessing the implant for either recording or stimulating purposes.

Because of this issue that glial scarring presents to electrode implants in CNS tissue, it is
important to devise ways in which to mitigate the glial scarring phenomenon and attenuate glial
cell reactivity to the presence of the electrode implants [277,336]. The literature on improving
biocompatibility of invasive neural electrode implants into CNS tissue has largely focused on
modifying glial cell responses to the implant itself. However, to more accurately appreciate and
gauge the responses of glia to these implants it is also important to assess their responses to
electrical stimulation. Electrical stimulation, along with neuronal signal recording, are possible
features of such implants. The field of literature that examines the effects of electrical
stimulation as they relate to glial cell reactivity is limited [112,127,157]; therefore, there exists

an opportunity to expand on this field of study and generate information on glial cell reactivity to
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functional electrode implants that will aid device development and engineering efforts to

improve on their biocompatibility and longevity in humans.

In the previous chapter, primary mixed glial cell cultures were used to explore the effects
of electrical stimulation parameter modifications (current, waveform shape, frequency) on glial
cell reactivity. Live cell imaging of EGFP-positive microglia revealed that cells at close
proximity to the deinsulated electrode tip (< 50 pum) died as a result of 4 h of electrical
stimulation. Follow-up post-fixation immunolabelling of the cell cultures suggests that
increasing stimulation current results in a greater amount of cell death near the electrode. Of the
three waveform shapes investigated (rectangular, sinusoidal, ramped), the sinusoidal waveform
was inferred to have caused the least amount of cell death at the electrode interface. When
stimulation frequency was modified, it was found that electrically stimulating glial cells at 55 Hz
resulted in less cell death compared to stimulation at lower frequencies (25 Hz, 35 Hz, 45 Hz).
Taken together, the data presented in the previous chapter demonstrate the significant impact that
stimulation parameter modification has on the reactivity and fate of cells at an electrode

interface.

In Chapters 2 and 3, attention was also paid in part to the effect that the electrical
stimulation experiments had on the 75 pm platinum-iridium microwires themselves. In Chapter
2, for example, stimulating at a very high current of 1.5 mA resulted in a highly deformed
surface of the deinsulated tip of the microwires. This, coupled with statistically higher readings
of oxygen versus a lower current condition of 0.15 mA, suggests that a sufficiently high current
is able to irreversibly oxidize the surface of the microelectrode’s platinum-iridium alloy. In
Chapter 3, none of the stimulation parameter modifications tested resulted in corrosion of the

electrode tips nor did it result in higher concentrations of oxygen on the surfaces of the
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electrodes. Platinum and iridium are considered to be noble metals, meaning that they are not
expected to oxidize unless in cases of high current. However, cells were still observed to have

died at the interface from the stimulation paradigms applied.

It is therefore of interest to further investigate the capabilities of the platinum-iridium
microwires in their current design and dimensions, and ascertain the limits to which they can be
pushed before irreversible oxidation occurs. It is also of interest to identify the electrochemical
reactions that are occurring at the interface — this will allow for the identification of compounds
that may be produced at the interface as a result of electrical stimulation, and whether or not such
compounds are cytotoxic or otherwise detrimental to cell health. To investigate these objectives
using the in vitro cell culture model presented thus far in the thesis, electrochemical analyses
were performed on 75 pum microelectrodes embedded in 12-well cell culture plates. By using
well-established electrochemistry methods for evaluating neural electrodes [145,162,164,337—
339], the contributions of components of the cell culture (e.g., glial cells, cell culture media
ingredients) to the electrochemical properties of the microelectrodes can also be ascertained.
Understanding the electrochemical mechanisms underlying electrical stimulation in cell culture
using these microelectrodes will provide additional information as to their safety and efficacy

prior to potential insertion into tissue for in vivo work or clinical trials.
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4.4. Materials and methods

4.4.1. Materials

Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM F12), Hank's
Balanced Salt Solution (HBSS), fetal bovine serum (FBS), penicillin streptomycin (PS), 0.25%
trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), and Equine Serum (ES) were
purchased from Gibco (Life Technologies, Burlington, ON, Canada). Poly-L-lysine
hydrobromide (PLL) was purchased from Sigma Aldrich (St. Louis, MO, USA). Polystyrene 12-
well cell culture plates were purchased from Greiner Bio-One (Frickenhausen, Germany). Cell
culture flasks (75 c¢cm?) were purchased from Corning (Corning, NY, USA). Sylgard 184
polydimethyl siloxane (PDMS) kit was purchased from Dow Chemical (Midland, MI, USA).

Phosphate buffered saline tablets were purchased from BioShop (Burlington, ON, Canada).

Microwires (75 pm diameter, Pt-Ir 80%/20% insulated with polyimide) for
microelectrode fabrication were purchased from California Fine Wire (Grover Beach, CA, USA).
Teflon-insulated, 9-strand stainless steel wires (304.8 pum diameter) (Cooner AS632) were

purchased from Cooner Wire Company (Chatsworth, CA, USA).

4.4.2. Cell culture preparation

Animal protocols were approved by the Animal Care and Use Committee at the
University of Alberta and conducted in accordance with the guidelines of the Canadian Council

for Animal Care. Mixed glial cell cultures were generated from the brain tissue of postnatal Day
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2 C57BL/6J CX3CR-1"ESFP heterozygous transgenic mice [188]. The mice were decapitated and
their brains removed using surgical scissors and a metal spatula. Following dissection of the
meninges using forceps, the remaining brain tissue was dissociated in 0.25% Trypsin-EDTA at
37 °C for 25 minutes. The Trypsin mixture was then centrifuged twice at 500 g for 2 min and
triturated in cell culture media (DMEM F12/10% FBS/1% PS) to further dissociate brain tissue
and deactivate residual Trypsin-EDTA. The resulting cell suspension was placed in 12-well
plates coated with PLL (2 pg/mL). Cells were incubated for 2 weeks at 37 C and 5% CO,, with

cell culture media changed twice weekly.

At 2 weeks, mixed glial cells were washed with DMEM F12 and then lifted off from the
12 well plates with a Trypsin-EDTA and DMEM F12 mixture (1:3 ratio) treatment for 25 min
[189]. The cells were then collected and subjected to two-fold centrifugation at 500 g for 2 min
and trituration in cell culture media. The resulting cell suspension was then passed through a
syringe and needle, and plated in a 75 cm?® flask at a ratio of 1 plate:1 flask. The flask cultures
were then incubated for 1 week at 37 'C and 5% CO> prior to another round of isolation and re-

seeding onto microelectrodes, with cell culture media changed twice in that week.

4.4.3. PDMS ring fabrication

To stabilize electrode placements in the 12-well plates, custom polydimethyl siloxane
(PDMS) rings were created to prevent movement of the wires within the wells. PDMS elastomer
base and curing agent were mixed together in a 50 mL tube in a 10:1 ratio, and left to set in the

wells of a 12-well plate (2 g/well). Following curing for 2.5 hours in an oven at 70 ‘C, the
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resulting PDMS discs were extracted from the wells, hole-punched, and placed in a large 3 L
beaker (50% methanol/50% water) under a fume hood overnight to wash out any unreacted
monomers leftover from the curing process. Following this, the rings were submerged in water

and autoclaved in preparation for use in cell culture.

4.4.4. Microelectrode fabrication

Platinum-iridium microwires (75 pm diameter) were used for fabrication of
microelectrodes. Briefly, microwires were cut ~15 cm in length. The insulation layer of the
microwire tips was removed using nanosecond laser pulses (wavelength = 248 nm, energy = 150
mlJ, beam attenuation = 5%, repetition rate = 10 Hz; COMPex 110, Coherent, CA, USA). The
deinsulated region of the microwires was cut using a scalpel blade leaving 300-400 um of bare
metal at the tip. The tips of the microwires were then mechanically bevelled using a
microelectrode beveler (BV-10, Sutter, CA, USA) to an angle of approximately 15°.
Microelectrodes were then placed in 15 mL centrifuge tubes (Fisherbrand, Pittsburgh, PA, USA)
filled with DI water and Alconox detergent, and treated in an ultrasonic cleaner for 30 minutes to
remove the metal debris formed during the mechanical polishing step. The microelectrodes were
then sonicated for another 30 minutes in DI water and rinsed with 70% ethanol. Stranded
stainless steel wires were manually deinsulated to expose approximately 4-5 cm and were used

as the counter electrodes.
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4.4.5. Electrode plate setup

Insertion of microelectrodes into the PDMS rings and placement of the rings into the 12-
well plates was all done within the aseptic environment of a biosafety cabinet. An 18.5G needle
was used to puncture a hole through the side of a ring at a 45" angle. A 10 pL pipette tip was then
fitted though the hole, and a microelectrode was threaded through the pipette tip such that the
deinsulated end of the wire lay in the inner hole of the PDMS ring. The pipette tip was then
withdrawn to effectively embed the insulated portion of the microelectrode in the side of the
ring. The ring and microelectrode were then dipped in 70% ethanol, placed in one of the wells of
a 12-well plate, and left to dry to form a sterile seal in the well. This also allowed the deinsulated
tip of the wire to make contact with the bottom of the well. Tape was then used to hold down the
insulated portion of the electrodes over the edge of the 12-well plate to prevent further
movement. Counter electrodes were placed on top of the PDMS rings and taped down over the

edge of the plate on the day of the experiment.

Cells were isolated from the flask as above using diluted Trypsin-EDTA/DMEM F12,
seeded at a density of 70000 cells/well, and left to settle and incubate for 7 days at 37 'C and 5%
COz prior to the start of electrical stimulation. Cell culture media (DMEM/10% FBS/1% PS, 2

mL/well) was changed twice during the 7-day incubation period.

4.4.6. Electrochemistry analyses

Electrochemistry experiments were conducted using a MET16 Electrode Analyzer

potentiostat (Sigenics, Chicago, IL, USA). 12-Well plates with microelectrodes (and without
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cells) were prepared and filled with 2 mL/well of PBS, DMEM F12 (Plain DMEM), or cell
culture media (DMEM F12/10% FBS/1% PS). Live cell culture plates with microelectrodes and
cell culture media (2 mL/well) were also prepared as described above (4.4.5. Electrode plate

setup).

Cyclic voltammetry (CV) experiments were carried out using a fast ramp rate (50 V/sec)
and slow ramp rate (50 mV/sec) between -0.6 V and +0.8 V versus an Ag|AgCl reference
electrode. A total of 10 CV cycles were recorded at both ramp rates with a dwell time of 2
seconds. Cathodic charge storage capacity (CSC.) values were calculated by integrating the area
under the resulting current-voltage loops at < 0 A. Electrical impedance spectroscopy (EIS) was
conducted at a frequency range of 1-10000 Hz, with values for impedance and phase angle
reported at 1000 Hz. Voltage transient analysis (VT) was conducted using cathodic-first biphasic
rectangular pulses ranging between 50-250 pA, with a cathodic pulse duration of 200 ps,
interphase duration of 100 ps and prepulse duration of 400 ps. Raw data from all analyses were
processed through custom MATLAB (Mathworks, Natick, MA, USA) coding scripts for
calculating cathodic charge storage capacity for CV, impedance and phase angle at 1000 Hz for

EIS, and maximum cathodic voltage excursions for VT.

4.4.7. Scanning electron microscopy

Qualitative assessment of damage to electrodes was carried out using a ThermoFisher
Phenom XL Desktop scanning electron microscope (SEM) (Waltham, MA, USA). Images were

acquired using backscattered electron detection at 610x and 4000x magnification. Dimensions of
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each individual microelectrode tested was measured for the purpose of calculating surface area

and charge density.

4.4.8. Statistical analyses

All experiments were analyzed with a sample size of six (n = 6). Statistical analyses for
cyclic voltammetry and electrical impedance spectroscopy consisted of a one-way analysis of
variance (one-way ANOVA) with Tukey's post hoc test comparing data means by electrolyte
used. Voltage transient analysis data was further compared by stimulation current using a two-
way analysis of variance (two-way ANOVA) with Bonferroni’s post hoc test. These analyses

were performed using GraphPad Prism 10 (San Diego, CA, USA).
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4.5. Results

Platinum-iridium microelectrodes (75 pm diameter) were fabricated, inserted into cell
culture wells, and underwent electrochemical testing to determine their behaviour in different in

vitro electrolytes (PBS, plain DMEM, DMEM + FBS + PS, and cell culture).

4.5.1. Cyclic voltammetry

Cyclic voltammetry data was generated using a fast voltage ramp rate (50 V/s, Figure 4-1)
and a slow voltage ramp rate (50 mV/s, Figure 4-2). The deinsulated tips of the electrodes used
were determined to have a surface area of 95792 um? = 9759 um? (n = 24) using the formula for

surface area of a cylinder with an angular cut at the top:
SA=nr(r+a+hy +hy)

where 7 1s the cylindrical radius, /4, is the short height of the cylinder, 4. is the long height of the
cylinder and a is the semi-minor axis at the angular top-cut that is further defined by the

following formula:

h, —h
a= \/r2+(%)2

CSC: values for both fast and slow scan data were normalized to the surface area of the
deinsulated tips of each electrode fabricated, and were calculated to be approximately an order of

magnitude in difference. In the fast scan data, a one-way ANOVA did not compute any
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statistically significant differences between the different electrolytes analyzed. However, in the
slow scan data, a one-way ANOVA did detect a statistically significant difference, with post hoc

analysis revealing significant differences between PBS and plain DMEM, and PBS and DMEM

+ FBS + PS.
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Figure 4-1: Cyclic voltammograms of Pt-Ir microelectrodes immersed in different electrolytes

(50 V/s)

(A) Each curve seen on the cyclic voltammograms corresponds to one of six electrodes tested in
that specific electrolyte. (B) Cathodic charge storage capacity (CSC.) values were calculated for
each electrolyte (n = 6, one-way ANOVA with Tukey’s post hoc test). *p < 0.05; Data = means

+ SEM.
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Figure 4-2: Cyclic voltammograms of Pt-Ir microelectrodes

(50 mV/s)

immersed in different electrolytes

(A) Each curve seen on the cyclic voltammograms corresponds to one of six electrodes tested in

that specific electrolyte. (B) Cathodic charge storage capacity (CSC.) values were calculated for

each electrolyte (n = 6, one-way ANOVA with Tukey’s post hoc test). *p < 0.05, **p < 0.01;

Data = means + SEM.
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4.5.2. Electrical impedance spectroscopy

EIS scans computed for impedance (Figure 4-3) and phase angle (Figure 4-4) at a
frequency of 1000 Hz. For impedance, statistically significant differences were observed
between PBS and DMEM + FBS + PS, and between plain DMEM and DMEM + FBS + PS. For

phase angle, post hoc analysis revealed statistically significant differences between the PBS and

DMEM + FBS + PS group.
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Figure 4-3: EIS Bode plots of Pt-Ir microelectrodes immersed in different electrolytes

(A) Each curve seen on the Bode plots corresponds to one of six electrodes tested in that specific
electrolyte. (B) Impedance at 1 kHz was recorded (n = 6, one-way ANOVA with Tukey’s post

hoc test). *p <0.05, **p <0.01, ***p <0.001; Data = means = SEM.
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Figure 4-4: EIS phase angle-frequency plots of Pt-Ir microelectrodes immersed in different

electrolytes

(A) Each curve seen on the phase angle-frequency plots corresponds to one of six electrodes

tested in that specific electrolyte. (B) Phase angle at 1 kHz was recorded (n =

6, one-way

ANOVA with Tukey’s post hoc test). *p < 0.05, **p < 0.01; Data = means + SEM.
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4.5.3. Voltage transient analysis

Electrode plates were also subjected to voltage transient analysis whereby biphasic
rectangular pulses of varying currents were injected into the electrode-electrolyte setups and the
resulting voltage-time responses recorded. The maximum cathodic voltage excursion (Emc) was
then calculated for each voltage-time curve (Figure 4-5) and compared against the lower limit of
the water window (-0.6 V vs. Ag|AgCl). Following a two-way ANOVA and post hoc analysis,
where the independent variables analyzed were pulse current and electrolyte type, statistically
significant differences were found between PBS and DMEM + FBS + PS for all pulse currents
examined, as well as additional significant differences between PBS and cell cultures at 200 pA

and 250 pA.
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Figure 4-5: Voltage transient response curves for Pt-Ir microelectrodes immersed in different

electrolytes

157



Pulses applied ranged from 50 pA to 250 pA. From each curve (A), the maximum cathodic
voltage excursion (Emc) was calculated (B) (n = 6, two-way ANOVA with Bonferroni post hoc
test). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Data = means =+ SEM. Voltage
transient curves shown are from one representative electrode in each electrolyte tested. The
lower limit of the water window (-0.6 V) is depicted as a horizontal dotted line on the bar graph

for reference.

4.6. Discussion

The purpose of the study defined in this chapter was to describe the electrochemical
mechanisms through which 75 pm platinum-iridium microelectrodes behave in vitro when being
used in the electrode cell culture setups mentioned thus far in the thesis. Electrochemical
performance of the electrodes in the electrolytes presented in the chapter was assessed via cyclic
voltammetry (CV), electrical impedance spectroscopy (EIS), and voltage transient analysis (VT).
By comparing how responses in CV, EIS, and VT differ in the presence of the electrolytes tested,
one can determine the contributions of key components of live cell cultures towards the

electrochemical performance of the microelectrodes.

Platinum and iridium are commonly-used materials for neural electrode applications [340—
344]. The counter electrodes used in the thesis are made of stainless steel and are much larger
compared to the platinum-iridium microelectrodes (308.4 pum > 75.0 um diameter). When the
surface area of the counter electrode is much larger than that of the microelectrode as is the case

in the experimental designs presented in this work, the capacitance of the counter electrodes is
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also much greater than that of the microelectrodes. This, in turn, also means that the counter
electrodes’ contribution to impedance in the system is comparably negligible versus that of the

microelectrodes which is important for the purposes of EIS.

In the work presented throughout the thesis, mixed glial cell cultures were used as the basis
for a high-throughput in vitro system designed to rapidly test various functional electrode
designs and model the acute phase of the glial scarring phenomenon. For culturing primary
mixed glial cells, DMEM F12 media is used; this is a media formulation that has been used
extensively for a wide range of primary mammalian cell and cell line cultures [345-348].
Additional supplementation in the form of fetal bovine serum (FBS) is also common for
culturing of glial cells as a nutritional and growth factor supplement that would otherwise not be
present in DMEM F12 on its own [349-352]. In the case of the mixed glial cell cultures used in
this work, DMEM F12 is supplemented with 10% FBS and 1% of penicillin-streptomycin (PS),

an antibiotic additive to prevent bacterial contamination of the cultures.

4.6.1. Cyclic voltammetry

Cyclic voltammetry is an established electrochemical analysis technique that measures
voltage-current responses based on reduction and oxidation reactions that take place at an
electrode-electrolyte interface [353]. Voltage is swept in a linear fashion and current is allowed
to flow between the electrode of interest (in this case, the Pt-Ir microelectrode) and the stainless

steel counter electrode. Plotting voltage-current responses from CV measurements gives insight
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into the presence of any electrochemical reactions happening at the interface, the stability of the

electrode material, and its capability to store electrical charge [145].

Charge storage capacity refers to the total amount of electrical charge available per unit
surface area on an electrode for injection into a stimulation pulse [145]. In the context of the
work that is being done, cathodic charge storage capacity (CSC.) specifically refers to the Pt-Ir
microelectrode as it is the electrode of interest. CSC. is mathematically calculated by integrating
the area under a CV voltage-current curve for currents below 0 A. The CSC. values calculated
from the CV data suggest the extent to which the microelectrode is able to hold electrical charge
when immersed in a specific electrolyte. CSC. values calculated were done so in CV data
ranging between -0.6 V to +0.8 V versus an Ag|AgCl reference electrode as that is the voltage

range at which water will not electrolyze (i.e., the water window) [354].

When a fast voltage ramp rate is applied in CV (50 V/s), the resulting voltage-current
plots and calculated CSC. values reflect the amount of exposed (deinsulated) tip for the Pt-Ir
microelectrodes. From the 50 V/s CV data shown in Figure 4-1, no statistically significant
differences were found in the CSC. values shown between any of the electrolytes tested. Trend-
wise, however, PBS was shown to have a larger CSC. compared to plain DMEM and DMEM +
FBS + PS. When cells were included in with DMEM + FBS + PS, however, CSC; increased in
magnitude compared to without cells. The trend shown with the 50 V/s ramp rate is almost
identical to the CV data acquired with the slower ramp rate of 50 mV/s (Figure 4-2). When a
slow voltage ramp rate is applied (50 mV/s), electrolyte seepage into some of the insulated Pt-Ir
metal adjacent to the exposed tip is also factored into the resulting CV plot. In addition, at 50
mV/s the electrodes would have been injecting current for longer compared to at 50 V/s. These

factors result in a higher CSC. as reflected in the 50 mV/s values being an order of magnitude
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higher than the 50 V/s values. Furthermore, a statistically significant difference was found in the
50 mV/s data suggesting that the Pt-Ir microelectrodes are capable of holding more charge for
stimulation in PBS compared to plain DMEM or DMEM + FBS + PS. This may be linked to
ingredients found in the electrolytes. PBS is an isotonic aqueous solution whose pH (7.4) and
ionic concentrations (137 mM NaCl, 10 mM NaH>PO4-2H>0, 2.7 mM KCI) are similar to what
is found in extracellular fluid in vivo [355-358]. DMEM F12 is a far more complex aqueous
mixture in comparison, with vitamins, amino acids, inorganic salts, and other compounds
included [351,359,360]. FBS, a product derived from cow fetuses, is itself also comprised of a
complex combination of proteins (e.g., growth factors, hormones, enzymes), lipids, vitamins,
sugars, and pH-buffering compounds [361-363]. Factors such as amino acids in plain DMEM
may cover the surface of the electrodes thus making less exposed area available for faradaic
charge transfer to occur. This may also be further exacerbated by including larger, more complex
proteins found in FBS resulting in a decrease in CSC. magnitude. Protein fouling of electrode
surfaces has been previously reported to impact such electrochemical properties of electrodes

[364].

4.6.2. Electrical impedance spectroscopy

Electrical impedance spectroscopy measures the response of an electrode to minor
electrical perturbations supplied by the potentiostat over a range of frequencies. Impedance, the
measure of opposition to flow of current in a circuit, is calculated from linear current-voltage
relationships obtained at each frequency applied in EIS. From the EIS data collected, the

impedance measurements recorded from the electrolytes used (Figure 4-3) correlate well to the
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CSC:. trends presented in Figures 4-1 and 4-2. Specifically, statistically higher impedances were
found in plain DMEM and DMEM + FBS + PS compared to PBS. As previously mentioned in
Section 4.6.1., impedance in this case may have increased with the addition of amino acids and
proteins found in the cell culture media mixtures. However, impedance did not further increase
when live cells were included with cell culture media thus suggesting that mixed glial cell
populations form a conductive layer that allows for charge transfer to take place more easily in
cell culture media when using Pt-Ir microelectrodes. Mixed glial cell populations comprise of
multiple cell types including microglia, astrocytes, and oligodendrocytes. Evidence from the
literature supports the notion that glial cells, especially oligodendrocytes, are electrically
conductive [365] in nature given their role in facilitating action potential propagation along
axons via saltatory conduction [366]. Voltage-gated ion channels also exist on the membranes of
glial cells [243] which further reinforces the idea that there exist mechanisms through which they

can respond to electrical perturbations in tissue.

Phase angle measurements are also obtained from EIS experiments. Mathematically,
phase angle represents the degree to which current lags in relation to voltage; practically,
calculating this value allows one to determine whether a circuit behaves more in a capacitive
(phase shift towards -90°) or resistive (phase shift towards 0°) manner [367]. Phase angle
measurements from the EIS scans performed (Figure 4-4) report a more negative phase angle for
DMEM + FBS + PS compared to PBS — this suggests that, in cell culture media, a circuit
involving a platinum-iridium microelectrode behaves in a more capacitive manner compared to

in PBS.

When Pt-Ir electrodes are stimulated, the following reduction and oxidation reactions

have been reported to occur in aqueous solutions [138]:
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Pt + H,O <> PtO + 2H" + 2¢” (Oxidation/reduction of platinum)

Ir + H2O < IrO + 2H" + 2¢” (Oxidation/reduction of iridium)

2H>0 + 2¢” — Ha1 + 20H" (Electrolysis of water)

In the case of Pt-Ir electrodes, it is known that there exist faradaic and non-faradaic (i.e.,
capacitive) mechanisms at play at the electrode interface [358]. A double-layered structure,
called the Helmholtz layer, develops at the phase boundary between the electrode and electrolyte
[368,369]. The Helmholtz layer consists of an assembly of water-soluble ions such as H" or OH
that may be produced from faradaic reactions that occur at the interface. Such a layer acts as a
capacitive feature, and would be supplanted with the inclusion of other molecules in the
electrolyte that come from things such as FBS and DMEM. Adsorbed amino acids and larger
proteins act as a dielectric material between electrodes [370-373], would reduce the amount of
physical space available on the electrode surface for interactions between the electrode and
electrolyte ions, and result in a more capacitive system that is supported by the phase angle result

reported for cell culture media.
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4.6.3. Voltage transient analysis

Voltage transient analysis is used to estimate the maximum amount of charge that is
injectable by a stimulation pulse [145,374]. The data obtained from VT experiments are also
compared to established limits such as the water window to determine whether a given
stimulation pulse would be safe for use in a biological setting. Maximum cathodic voltage
excursion (Emc¢) values were determined from the voltage-time plots shown in Figure 4-5 [375],
and compared across different electrolytes presented in this study. Mathematically, Emc is
calculated by subtracting the access voltage from the maximum negative voltage obtained in the
transient curve [145,338]. The results obtained predictably suggest that, as stimulation current
increases, Emc also increases in magnitude. Notably, beginning at 150 pA, Enc for Pt-Ir
microelectrodes immersed in DMEM + FBS + PS cross -0.6 V vs. Ag|AgCl (the lower limit for
the water window). However, when mixed glial cell cultures were added into the wells Enc was
comparatively further away from the -0.6 V threshold. Although there was no statistically
significant difference between these two groups, the trend observed from the data may suggest
that the presence of the cells acts as a voltage buffer to make in vitro electrical stimulation using
higher currents possible without breaching the water window. The data presented here suggest
that this may only be possible in vitro up to a maximum of 250 pA — more chronic stimulation

using higher currents may then result in degradation and corrosion of the Pt-Ir microelectrode.
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4.6.4. Limitations of study

The electrochemistry experiments conducted in this chapter are intended to further
contextualize the electrical stimulation experiments in the previous chapters. However, caution
must be taken in the translatability of these results to an in vivo environment [145,376]. In vitro
testing of the electrochemical performance of electrodes is done in a controlled environment
where factors such as electrolyte composition can be carefully monitored. /n vivo, however, the
electrochemical performance of an electrode may differ depending on the stimulation target in
the CNS — tissue is highly anisotropic with conductivities depending on its cellular and

extracellular composition [377-380].

In the presented experimental design, the deinsulated tips of the electrodes made contact
with the bottom of each well due to the need to make direct contact with any glial cells that are
seeded in the well. The side of the electrode tip that makes contact with the bottom of the well
may not contribute in equal measure to the electrochemical outputs described in the chapter as it
would have been difficult for that part of the electrode to form a charge-transfer layer as with the

parts of the electrode tips that were more exposed to the electrolyte.

The study presented in this chapter focused on comparing electrochemical performance
of the Pt-Ir microelectrodes in the presence of different electrolytes — specifically, the goal was
to determine the potential contributions of different components of the mixed glial cell cultures
on parameters such as charge storage capacity, impedance, and voltage excursions. The study,
however, did not address long-term performance of the microelectrodes. A topic of interest to
further explore in future experiments would be to determine how the electrochemical properties

explored through CV, EIS, and VT would change after repeated usage of the same electrodes in

165



more chronic stimulation experiments (e.g., comparison of electrode performance at various
timepoints). Gradual electrode degradation is possible even when stimulating with a charge-
balanced paradigm which, in theory, assumes total reversibility of reduction and oxidation
reactions at the electrode-electrolyte interface [358]. Conducting a longitudinal study into this
would add further insight into the rate of degradation that such electrodes would experience and

help drive ways in which to prolong their service life once implanted into tissue.

4.7. Conclusions

Platinum-iridium microelectrodes have been used in neural interfacing applications for
both stimulation and recording purposes. They are designed to penetrate into CNS tissue and
therefore be in direct contact with cells — these include glial cells, which are the primary drivers
behind the neuroinflammatory response and glial scar formation. Designing and constructing a
high-throughput in vitro setup for testing primary mixed glial cell responses to electrical
stimulation paradigms necessitates follow-up electrochemistry experiments to describe the
mechanisms by which electrical stimulation occurs. By conducting potentiostat measurements to
gauge their electrochemical performance in an in vitro setting, additional information is made
available regarding the contributions of different components of the cell culture media to things
such as electrode charge storage capabilities, electrode impedance, and voltage excursion

properties.

Cyclic voltammetry experiments were conducted — CSC, values calculated from voltage-

current loop plots for each electrolyte suggest that, with cell culture media (DMEM + FBS +
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PS), there is less electrical charge available per unit surface area of deinsulated electrode for
charge injection compared to PBS. However, CSC. may be improved with the inclusion of
mixed glial cell cultures which could act as a conductive layer at the electrode interface.
Impedance and phase angle measurements also support the trends observed from the CV data.
Finally, voltage transient analysis logically confirmed that, in vitro, stimulation pulses of larger
current eventually exceed the negative voltage threshold for the electrolysis of water — breaching
of this threshold is most readily seen with microelectrodes immersed in cell culture media.
However, the amount of current required to breach this threshold is increased when mixed glia

are factored in thus suggesting their capacity in acting as a voltage buffer.

Future electrochemistry experiments should aim to further contextualize the capabilities
of the Pt-Ir microelectrodes in a mixed glial cell culture environment. As the main goal of such
cell culture work is to characterize glial cell reactivity and scarring dynamics in response to both
the presence of the electrode and any electrical stimulation applied through it, the stability of the
electrode itself as it sustains persistent cellular responses and rounds of electrical stimulation
becomes a concern. Therefore, more longitudinal testing of the same electrodes in stimulation
experiments over several days to weeks becomes warranted. Since microelectrodes, by virtue of
their small surface areas, face issues with higher impedances, improving their performance using
conductive materials such as PEDOT [381-383] and polypyrrole [384,385] may also warrant
consideration. Patterning microelectrodes by altering deinsulated areas using lasering, for
example, is also an option for increasing their electroactive surface area [386]. Voltage transient
analysis of stimulation pulses using different waveform shapes (e.g., sinusoidal, ramped) would
also provide useful information as to the charge injection limits associated with those parameter

changes.
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Electrochemical measurements of electrodes offer insight into their capabilities and limits
while operating in certain environments. Capturing information as to their performance in the
presence of factors such as cell culture media, proteins, and cells themselves enable researchers
to describe the manners in which electrical stimulation is occurring at the electrode-cell culture
interface, and suggest ways in which electrode performance can be improved in terms of
augmented charge storage, reduced impedance, etc. while avoiding electrode dissolution and

potential damage to any nearby cells.

168



5. Chapter 5 — Conclusions and Future Directions

Glial cell reactivity to implanted microelectrode devices for amelioration of functional
deficits from neurological disease or injury is a well-highlighted and discussed issue in the field
of neuroengineering [39]. When an electrode implant is inserted into delicate tissue either in the
brain or the spinal cord, a foreign body response naturally follows with glial scar formation
resulting from the cellular (namely microglia and astrocyte) interactions with the implant over
the course of several weeks to months. Although much focus has been given to potential
biomaterial modifications to the electrodes themselves with the goal of mitigating glial cell
reactivity and scar formation [60,387,388], comparatively less attention has been paid towards

studying glial cell responses to applied electrical stimulation through the electrode interface.

A model capturing both glial cell responses to the presence of electrodes as well as
applied electrical stimulation was therefore designed (Chapter 2). This was done with cell culture
in mind as an in vitro approach offers high-throughput analysis of various parameters in a short
amount of time while having a small ethical footprint in terms of animal lives used. Custom
PDMS molds were designed to fit in the wells of 12-well cell culture plates, with fabricated
platinum-iridium microwires (75 pum diameter) threaded through the molds to secure the
deinsulated tips down at the bottom of the wells. Mixed murine glial cell cultures were prepared
in these culture plates and electrically stimulated using a charge-balanced, cathodic-first
rectangular pulse of either 0.15 mA (low current) or 1.5 mA (high current) for 4 h/day over 1, 3,
and 7 days. Glial cell responses were thus captured over a short longitudinal time course.
Biomarkers analyzed (Hoechst, EGFP, GFAP, IL-1p) suggest a non-linear temporal response to

applied electrical stimulation at either current used. At 1 day, electrical stimulation was observed
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to have a negligible effect on glial cell density, biomarker fluorescence intensity, and area
coverage. This changed at 3 days where the formation of a peri-electrode void around the
electrode interface was most prominent as reflected in the area coverage data. At 7 days,
however, such differences in biomarker signal across different currents and distances around the
electrode tip disappeared thus suggesting a gradual repopulation of the peri-electrode void by
cells. Importantly, scanning electron microscopy and follow-up energy-dispersive x-ray
spectroscopy also predictably revealed severe oxidation damage to the electrode itself when
stimulating at 1.5 mA. The goal of the chapter was to evaluate the feasibility of evaluating
damage to both glial cells and microelectrodes over a short time course using the proposed in

vitro design presented.

Following the feasibility study of the in vitro setup proposed, it was decided to further
explore glial cell reactivity to electrical stimulation at the electrode interface by modifying
stimulation paradigm parameters (Chapter 3). Specifically, modifications to stimulation current
(at more clinically relevant levels), waveform shape, and stimulation frequency were made. It
was also of interest to investigate the cause behind the formation of the peri-electrode voids —
live imaging of EGFP-positive microglia from the transgenic cell cultures used showed that,
indeed, cells close to the electrode were dying as a result of electrical stimulation and not
migrating away from the electrode. Live imaging analyses further support published results [96]
suggesting that changes in microglia behaviour are mostly observed in a very localized manner
(within 50 pm of the electrode tip) regardless of stimulation parameter modifications. Follow-up
analyses of immunolabelled cell cultures further suggest that, predictably, a greater loss of
biomarker area coverage correlated with larger amounts of current being applied (0.1 mA — 0.4

mA). With regards to waveform shape modification, a sinusoidal waveform resulted in the least
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amount of biomarker signal loss compared to the rectangular and ramped waveform shapes.
Frequency modification experiments suggest that, although increasing frequency from 25 to 45
Hz resulted in increasing biomarker area coverage loss, stimulating at 55 Hz did not follow this
trend in signal loss. None of the stimulation parameter modifications applied caused damage or
degradation to the microelectrodes based on the SEM and EDS data acquired. The focus of this
chapter was on further extending the capabilities of the proposed in vitro electrical stimulation
cell culture setup by measuring, and confirming, differential responses in mixed glial cell

responses to stimulation parameter modifications with just 4 hours of electrical stimulation.

Finally, it was of interest to describe the electrochemical mechanisms behind how the Pt-
Ir microelectrodes behaved while interacting with the mixed glial cell cultures (Chapter 4).
Electrochemical measurements were carried out on various electrolytes (PBS, DMEM F12, cell
culture media, cell culture media + live cells) to determine potential contributions of individual
components of the glial cell cultures to the electrochemical performance of the microelectrodes.
Cyclic voltammetry measurements allowed for the calculation of charge storage capacity values
for the microelectrodes, which suggested that CSC. was smaller in cell culture media compared
to in PBS. This was likely due to protein adsorption on the surface of the electrodes — analysis
with electrical impedance spectroscopy for impedance and phase angle values support this idea.
Voltage transient analysis also provided insight into the maximum charge injection limits of the
microelectrodes prior to water electrolysis — the data suggest that the microelectrodes reach the
water window threshold sooner at lower currents in cell culture media compared to other
electrolytes tested. Interestingly, when mixed glial cells were factored into the voltage transient
measurements their addition suggested that they may act as a sort of voltage buffer in the in vitro

setup, and that stimulation at higher amounts of current would be possible before the resulting
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maximum cathodic voltage excursions exceed the water window threshold. The data gathered
and analyzed in this chapter provided further insight into the measurable contributions of
components in the cell culture (e.g., media proteins, mixed glial cells) and how they impact the

electrochemical performance of platinum-iridium microelectrodes in a biological setting.

Further experiments can still be conducted using the in vitro setup with the goal of better
understanding glial cell reactivity to electrical stimulation paradigms at the electrode interface.
Using the methods described herein, it would be beneficial to conduct more longitudinal
experiments spanning several days to weeks to better capture more of the timeline associated
with glial scar formation around an electrode. In addition, conducting follow-up experiments on
the temporal response of glial cells to stimulation parameter modifications (such as the ones
mentioned in Chapter 2) would yield more relevant information on their longer-term impact.
Modifying other parameters such as charge balancing, interpulse delay, and pulse duration may
also influence glial cell reactivity over longer time courses [127]. Such work would ideally also
integrate neurons into the experimental designs as electrical stimulation is designed primarily to
target and stimulate neurons in CNS tissue. Live imaging of other glial subtypes such as
astrocytes and oligodendrocytes would provide additional context as to the fate of these cells at
the electrode interface when exposed to diverse electrical stimulation paradigms [319,389].
Electrical stimulation experiments may also elicit heterogeneous responses depending on the part
of the CNS that is being stimulated — stimulation of glial cell cultures exclusively generated from
different tissues in the brain or spinal cord is therefore warranted [311]. Finally, these cell culture
experiments would have to be paired with additional electrochemistry experiments that focus on
electrode stability and how the electrodes might degrade over time after repeated usage of

modified stimulation waveforms. The methods used in the thesis, namely CV, EIS, and VT, are
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well-suited to calculating and tracking how electrochemical performance of electrodes changes

over time.

Research on neural interface devices has progressed over the span of many decades
[390,391], with technologies existing today that are already approved for use in people with
disabilities [202,392-394]. The research presented in this thesis is intended to provide an
additional experimental platform for biological testing and validation of functional
microelectrode designs alongside work in vivo or in a clinical setting. Importantly, the data
generated from the thesis also serve to fill a gap in the broader knowledge about how electrical
stimulation directly affects glial cell behaviour in the context of an invasive electrode implant;
this is often overlooked in favour of focusing on neuronal or overall functional responses to
electrical stimulation designs. The information gleaned from the methodological tools described
herein will better inform device developers of the efficacy and potential drawbacks of certain
electrode and stimulation designs prior to further, more costly investment in animal testing. It is
meant to supplement findings that would otherwise be made in vivo or clinically, and streamline
engineering and device development efforts in designing a biocompatible, safe, effective, and

longer-lasting implant in patients with functional impairments.
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Appendix: Supplemental to Chapter 3

This appendix presents figures supplemental to the data presented in Chapter 3.

1h 2 h

Figure S-1: Time-lapse image series of EGFP-positive microglia (current modification)

Microglia in mixed glial cell cultures were imaged on a confocal microscope while exposed to 4
h of electrical stimulation. The area around the electrode tip was imaged. Electrodes are marked

by the white dashed outline in each image. Scale bars: 50 um.
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Figure S-2: Time-lapse image series of EGFP-positive microglia (waveform shape modification)

Microglia in mixed glial cell cultures were imaged on a confocal microscope while exposed to 4
h of electrical stimulation. The area around the electrode tip was imaged. Electrodes are marked

by the white dashed outline in each image. Scale bars: 50 um.
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Figure S-3: Time-lapse image series of EGFP-positive microglia (frequency modification)
Microglia in mixed glial cell cultures were imaged on a confocal microscope while exposed to 4
h of electrical stimulation. The area around the electrode tip was imaged. Electrodes are marked

by the white dashed outline in each image. Scale bars: 50 um.
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