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ABSTRACT
Neural prosthetics are an emerging technology which has great potential to treat
neurological conditions in the clinic and advance neuroscience research at the bench. By
stimulating or recording from local neuronal populations using implantable electrode
arrays, neural prostheses can interact with the nervous system to treat disease and injury.
However, detectable neuronal signals required for the function of neural prostheses can
become inconsistent and even progressively decline in chronically implanted devices to
the point of failure. The tissue response to implanted electrode arrays is believed to play a
significant role in generating the progressive loss of signal fidelity in implanted electrode
arrays. The tissue response was initially characterized by the progressive encapsulation of
the implant by reactive microglia and astrocytes and the loss of neuronal cell bodies and
processes. Further studies suggested that the severity of the tissue response could be
attenuated or circumvented by altering the design of electrode arrays by reducing feature
size and functional bending stiffness. Many ‘next-generation’ electrode arrays have been
fabricated that feature softer biomaterials and smaller feature sizes. In many cases these
next-generation devices were successful in reducing gliosis and neuronal death. However,
signal fidelity can still become unstable in apparently normal tissue where implanted
devices remain undamaged and tissue response is minimal. Therefore, it is essential that
we find new understandings into the complexity of the tissue response to inform and
guide the design of cortical implanted with greater biocompatibility. The studies in this
dissertation present a systematic analysis of the tissue response by (1) reviewing the need

for guiding principles in device design, (2) identifying the spatiotemporal patterns of



gene expression through RNA-sequencing, (3) exploring protein expression of RNA-seq
identified genes, and (4) utilizing novel in-situ methods to evaluate the transcriptional
tissue response as the single-cell level in response to implanted devices. The results of
these studies expand current understandings of the tissue response and may help guide

the design of new generations of biocompatible implanted electrode arrays.
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CHAPTER 1| TOWARD GUIDING PRINCIPLES FOR THE DESIGN OF
BIOLOGICALLY INTEGRATED ELECTRODES FOR THE CENTRAL
NERVOUS SYSTEM

1. INTRODUCTION

Electrode arrays implanted in the brain have created a renaissance in the study of
normal and pathological brain function. These devices are being developed to treat a
growing number of medical conditions, including Parkinson’s disease, paralysis,
Alzheimer’s disease, depression, Tourette’s syndrome, deafness, blindness, stroke or
tinnitus[1], [2], [11]-[20], [3]-[10]. Many of these conditions are treated through
electrical stimulation, where closed-loop systems can provide added therapeutic and
performance benefits by conditioning stimulation based on a recorded ‘trigger’
signal[21]. Recorded signals are also used to drive the decoding algorithms used to
restore function for paralysis patients through brain-machine interfaces. While many
successes in chronic recordings have been reported, these devices are characterized by an
often variable ability to sense or stimulate activity over time[22]-[25]. This variability
burdens decoding strategies and compromises the fidelity of closed-loop systems. The
foreign body response to the implant is widely believed to be a key underlying source of
signal instability and loss, where local neuronal loss and encapsulation by a glial “scar”
progressively isolate devices from signal-generating neural circuitry[26], [27]. Likewise,
newer observations suggest that indwelling devices impact the function of the remaining
neurons at the implanted interface[28]-[30], and implantation in motor cortex has

produced behavioral deficits in rodents[31].



Despite these observations, direct, mechanistic links between specific cellular responses
in the brain, device design features, and chronic performance remain to be established.
Two central issues impede progress: (1) the relationship between the biological response
to electrodes, and the impact on signal quality, is unclear, and (2) the surge in new
electrode designs, which simultaneously alter multiple attributes of the array (materials,
feature size, architecture), complicates the ability to assimilate observations across
studies into guiding principles for electrode design. On the first issue, it remains
unknown as to which aspects of the tissue response determine effective chronic
performance. Local neuronal and glial densities are commonly used as metrics for
assessing biocompatibility, but given the complexity of the system, these broad-based
assessments may not provide the level of granularity necessary to identify key biomarkers
of device performance. Brain cells are highly heterogeneous, where neurons can be
distinguished based on unique structural and functional properties[32], [33]. Likewise,
non-neuronal cells are more complex than previously appreciated, and may respond to
implanted electrode arrays in unexpected ways. For instance, recent evidence suggests
that neuron glial antigen-2 (NG2)-glia react to device implantation within the initial days
following insertion, exhibiting altered morphology and migration toward the
interface[34]. Likewise, reactive astrocytes can be delineated into unique subclasses of
phenotypes, with the potential to influence the structure and function of neural circuitry
in distinct ways[35]. These cells can exert either positive or negative effects on
surrounding neurons following injury[36], and a recent report distinguishes a pro-

inflammatory, neurotoxic astroglial subtype from a hypoxia-induced, neuroprotective



subtype[37]. Injury surrounding an electrode can produce differential effects on subtypes
of neurons as well: shifts in the expression of excitatory and inhibitory synaptic
transporters reportedly occur proximally to devices, indicating a progression toward
increased inhibitory tone in the tissue surrounding chronically implanted electrodes[29].
Likewise, observations of sustained calcium influx and changes in the expression of
voltage-gated ion channels indicate that implanted electrodes may alter the intrinsic
excitability of the neurons they are designed to interface with[28], [30], illustrating the
potential for devices to not only affect cellular densities, but also the function of residual
cells at the interface.

Regarding the second issue, recent years have seen a veritable explosion in the
design strategies that characterize implanted electrode arrays. New devices can feature a
variety of architectures, dimensions, insertion strategies, materials, and modifications as
they push the boundaries of neural interface design. However, the relationship between
complex biological effects and the design attributes of the implanted electrode array
remains undefined, even for relatively traditional designs and metrics of tissue response.
Studies which directly and systematically test the effect of new design features in
isolation on the biological response to implants are generally scarce, which is a problem
compounded by the differing materials, bending stiffnesses, and feature sizes of recent
“next-generation” devices at the forefront of neural engineering research. As such, many
of these devices utilize a wholly unique blend of characteristics that make it difficult to
empirically determine which of the chosen features contribute to the observed tissue

response. Furthermore, it is generally unclear whether or not any observed improvements



in biocompatibility translate to improved chronic performance. Here, we review the state-
of-the-art in electrode design, as well as the knowns and unknowns related to the
biological response to key design features, to frame a discussion on the necessary next
steps to formalize guiding principles for biologically-integrated electrode design.
2. ELECTRODE DESIGN PARAMETERS: STATE-OF-THE-ART

It is well documented that traditional metal- and silicon-based probes often elicit
an undesirable immune response, typified by local neuronal loss and glial reactivity[26],
[27], [38]. These observations have motivated the design of “next-generation” devices
which utilize sizes and materials that are smaller and more flexible than the standard
approaches, and generally depart from more traditional designs in a variety of aspects,
including unique architectures and insertion methods[39]. The novel approaches
represented in next-generation devices seek, in part, to remedy the inconsistencies in the
chronic performance of traditional probes. The current state-of-the-art encompasses a
wide range of device attributes which are coupled to a relatively limited subset of
biological assessments. Some of these next-generation devices have the potential to be
commercialized and made accessible to the general public in the future. For ethical
reasons, it is important that the biological impacts of new designs be better understood
before next-generation devices are implanted long-term in human patients[40]. We have
assimilated a description of design components of a variety of devices in Table 1.1 and

Figure 1.1, and describe their features and reported effects on tissue response.



2.1 METAL BASED ELECTRODE ARRAYS
2.1.1 MICROWIRES

Microwires are traditionally fabricated from insulated stainless steel or tungsten
wires, with diameters typically ranging from 50-100um. As an early recording
technology, detailed histological assessments of these devices were initially reported in
the 1950°s[41]. Collias and Manuelidis reported observations of marked hemorrhagic
necrosis surrounding stainless steel microwires (~130um diameter) implanted in the cat
brain at 24 hours post-insertion, followed by neovascularization, microglial activation,
demyelination, and astrocyte encapsulation in the following weeks. The tissue response
became stable between the two- and six-month time points, and changes in glial and
myelin appearance surrounding the device were generally unremarkable following the
first month. A similarly stable chronic tissue-microwire interface was reported in the late
1990’s, when Liu and McCreery described the response to Epoxylite-insulated, 50pum
diameter platinum-iridium lead wires with iridium electrodes following implantation into
the cat brain[42]. Based on the stability of the detected waveform shape, the authors
reported that, “after implantation, the electrode-tissue interface may change from day-to-
day over the first 1-2 weeks, week-to-week for 1-2 months, and become quite stable
thereafter.”’[42] Post-mortem histology displayed minimal gliosis, thin fibrous
encapsulation (~2-8um thick), and typically good proximity of electrode tips to local
neurons (often within ~30-50um of the recording site). A more recent histological study
of single stainless steel microwires insulated with Epoxylite (75um diameter tapered to a

lum tip) implanted in rat cortex revealed persistent blood brain barrier leakage and



inflammation throughout a twelve week time course[43]. Interestingly, neuronal loss and
glial reactivity were relatively stable throughout the study, although the glial fibrillary
acidic protein (GFAP)-positive region surrounding devices became more compacted and
localized over time. This latter result deviates from the pronounced, progressive neuronal
loss and glial encapsulation that are often observed surrounding silicon-based
micromachined arrays.
2.1.2 SILICON-BASED SHANK ARRAYS

‘Michigan’-style arrays (Figure 1.2A) are micromachined planar devices with a
tapered shape terminating in an apex with variable shank dimensions (commonly
~120pum maximum width x ~15-50pm thickness, with length determined based on the
target structure of interest). These devices consist primarily of silicon with either iridium
or platinum recording sites, where metal sites are deposited onto conductive traces
(typically polysilicon, insulated with silicon dioxide and silicon nitride) embedded in the
silicon shank[44], [45]. A key advantage of the technology is that the fabrication
approach enables devices to be readily customizable into a wide variety of configurations
(multi-shank, multi-modal, unique site configurations, etc). In an initial study which
characterized the recording quality of these devices, unit activity was detected with
subject-dependent longevity up to a >4 month period[45], where over 90% of individual
sites registered detectable unit activity. Nevertheless, results can be variable, and these
electrodes are associated with an observable tissue response. A seminal study by Biran et
al. reported ~40% loss of neurons within the estimated recordable radius of the device

and persistent microglial activation present over a four week implantation period[38],



[46].

More recently, high-density silicon-based shank arrays have been developed by
Masmanidis and colleagues, using newer fabrication techniques to achieve a minimum
feature size of 0.4um (the minimum width of the conducting gold wires)[47]. The silicon
shank had a geometry similar to more traditional ‘Michigan’-style arrays, with
dimensions measuring 7mm X 86um x 23um. The silicon shank supported 0.1um thick
gold traces insulated by 0.5um thick layers of silicon nitride, and gold recording sites
measuring 10pm x 10pum in area. Individual shanks were separated by ~300um patterned

with 37um site spacing, allowing dense sampling of neural activity of various brain
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Table 1.1: Overview of device design features and calculated bending stiffnesses.
Bending stiffness was evaluated as previously described in [97].



regions in mice (1,024 sites implanted in total)[47]. While chronic recording performance
and tissue response have yet to be fully characterized, and the biocompatibility of this
device has yet to be characterized in vivo, the technology is promising for its ability to
sample neuronal activity with high spatial resolution.

The Neuropixels probe (Figure 1.1C) is another example of a high-density,
silicon-based array and features >900 multiplexed channels on each individual shank[48].
The device physically resembles the Michigan array and has been developed to further

improve the recording capabilities of current designs. The device is 70um wide by 20um
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Figure 1.1: Device designs and histological metrics used in the field vary widely.
Device materials, architectures, and dimensions encompass a broad design space,
including “traditional” and high-density silicon- and metal-based arrays (A-C), mesh
arrays (D-E), polymer (F-I), and carbon-based (J-L) electrodes. Accompanying
histological images, located below device images, typically include, but are not limited
to assessments of neuronal and glial densities surrounding implant sites, however, the
choice of histology often varies by research group. Detailed commentary and associated
references on the devices represented in this figure can be found in section 2. NF:
Neurofilament, Iba-1: Microglia, EBA: Endothelial Barrier Antigen (Blood Brain
Barrier), Hoechst: Nuclei, NeuN: Neuronal Nuclei, NeuroTrace: Neurons, B-Tubulin-
111: Neuronal Microtubules. A.38B.50%3C, 8D 2ECF8G8 H88|89)0K LB %



thick with 960 titanium nitride (TiN) semiconductor recording sites located along the
length of the array. Each TiN recording site is approximately 12pum x 12um with a
thickness of 120nm. The Neuropixels probe has significant recording advantages over the
more traditional silicon-based Michigan array with respect to the unprecedented number
of recording sites[49]. Preliminary data suggest that the recording capability of the device
remains stable out to 60 days in vivo, and viable signals were obtained for 153 days in an
exemplary animal[48]. Histological and other biocompatible metrics have yet to be
utilized to evaluate the Neuropixels probe, so the precise measure of biocompatibility has
yet to be determined.
2.1.3 UTAH ARRAYS

The Utah microelectrode array was developed by Normann and colleagues at the
University of Utah (Figure 1.1B[50]-[53]). The body of the device is doped (i.e.
conductive) silicon, etched into 100 microneedles with SiO; insulating channels between
them. They have an insulating layer of Parylene-C along most of the length. The base of
each needle is approximately 80um in diameter and a common geometry has needles 1-
1.5 mm long at 400um pitch, though other geometries are possible. Tip metallization can
be platinum or iridium based. The flat top of the device with a flexible wire bundle at a
right angle to the needles enables it to “float” with a brain that moves with respect to the
skull, which made it well suited for use in primate brains[54], [55]. This device was
brought under a quality management system throughout the early 2000s[56] for use in the
Braingate clinical trial[57]. It has since become the most widespread implant used in

humans. A recent literature search reveals 48 human implants as of 2018[58], primarily



in epilepsy or intraoperative studies, with 18 chronic implants done for a mean number of
578 days under an investigational device exemption (e.g.[7]-[9], [59]-[61]).
However, due to predominant use in large animals and humans, very little is known about
the long-term immune response of these devices. Early studies in cat visual cortex
suggested that scarring was limited to <10 um from the electrode[51], [62]. Also, both
human and monkey experiments are typically conducted across years, long after the 6-8
week period of scar formation, sometimes for as many as 5-7[63]-[65]. This suggests that
at least a subset of neurons survive the scarring process. However, based on rodent
studies[66]-[68], we know that the scarring and even long term remodelling may be
substantial[53]. This has likely been limiting the neuronal yield of these devices from the
beginning. Gradual degradation after 8 weeks may be dominated by materials
failures[69], [70] due to a warm, salty environment across many years[71].
2.2 POLYMER & NEXT GENERATION ELECTRODE ARRAYS
2.2.1 3D MACROPOROUS PROBE

A common goal in the design of “next-generation” devices is to employ flexible
substrates with small feature sizes to close the gap in the mechanical mismatch between
devices and host tissue. The Three-Dimensional (3D) Macroporous Probe developed by
Charles Lieber’s group is a two-dimensional mesh that has been folded into a semi-
cylindrical shape with a blunted end. This device has a greater structural complexity
when compared to standard shank devices. The bulk of these devices is composed of an
insulating SU-8 photoresist layer. For added structural integrity and flexibility, multiple

aspects of this design also include palladium and chromium within non-recording, global
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‘scrolling’ elements. This electrode is complex, and consists of multiple components
including the ‘longitudinal interconnects’, ‘transverse scrolling’ elements, ‘device bend
arms’, and the sensor contacts (see Figure 1.1D). The longitudinal interconnects of the
device comprise the majority of the device. The longitudinal component consists of an
800nm thick by 7um wide ribbon of SU-8 photoresist with a 100nm gold metal trace with
a width of 5um. The transverse element is a ribbon of SU-8 photoresist of the same
thickness but a greater width (10um). The transverse element maintains the structure and
flexibility of the device and contains a palladium/chromium core with a thickness of
80nm and width of 3um. The device bend arms house the recording elements (100nm
thick platinum sites which are 4um wide), which extend outward from the main structure
following implantation. The bend arms provide the unique feature of allowing the
recording elements to drift away from the body of the device, potentially escaping
downstream immune response. . Insertion of this device was facilitated by flash-freezing
in liquid nitrogen to temporarily maintain structural stability during implantation.
Following implantation, the macroporous probe shows an initial void of tissue following
injury at acute timepoints. This void appears to regenerate after five weeks with a
sustained, but modest level of gliosis surrounding the device. Histological analysis
suggests that neuronal cell bodies and glia are present in close proximity to the device
both within and outside the structure of the mesh. The results presented by this device
design appear to be markedly better than traditional planar device architectures[39], [72].
2.2.2 SYRINGE INJECTABLE PROBE

In addition to the macroporous probe, syringe-injectable electronics have been
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developed by Lieber’s group (Figure 1.1E). Much like the 3D macroporous probe, the
syringe injectable probe is a two-dimensional mesh made from planar ribbons of polymer
and metal with incorporated recording elements. The bulk material of the syringe
injectable mesh is SU-8 photoresist with internal metal components that include trace
chromium, gold interconnects, and platinum recording sites. The SU-8 ribbon has a total
thickness of 800nm and ranges from Sum to 20pum wide. The metal traces of chromium
and gold have a cumulative thickness of 105nm and a width that ranges from 2-
10um([39], [73]-[76]. Histological evaluation shows that the syringe injectable mesh has
improved biocompatibility in comparison to planar polymer thin-film probes. Over a
three-month time period, the injectable mesh has a smaller footprint than planar
polymers. Syringe injection of the electrode mesh has a noticeable footprint at the 2-week
time-point that is represented by loss of neuronal nuclei, disruption of neuronal processes,
and an increase in proximal astrocytes. However, the footprint of the mesh is relatively
much smaller than the polymer thin-film that was used as a comparison. The improved
tissue integration becomes more apparent at the 4-week and 3-month timepoints. The
planar polymer control exhibits a stereotypical chronic immune response with an
increased loss of neuronal cell types and a much larger accumulation of astrocytic scar
tissue by the 3-month time-point. The mesh probe, however, at 4-weeks and beyond
shows a regeneration of neuronal processes into and around the electronic mesh and a
disappearance of GFAP positive cells. The 4-week timepoint suggests that neuronal
density is still diminished near the device, but histology at the 3-month time-point shows

that neuronal cell bodies are present proximally and within the structure of the mesh[39].
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This concept of creating finely featured devices that mimic the structure of neuronal
morphology has also been expanded on in the form of the ‘neuron-like electronics’
(NeuE) probe.[77]

In a unique approach, Trevathan et al. have developed a new strategy for an
‘injectable electrode’[78]. This novel electrode uses an uncured solution containing
conductive elements which polymerizes into a functional neural interface following
injection into the body. The cured polymer interface is highly compliant and can
encapsulate target nerves. These devices were evaluated using a battery of tests to
characterize the electrical and mechanical performance characteristics. Sufficiently
percolated material with a silver content level of at least 65% wi/v was found to have an
impedance of less than 10MC, whereas ‘injectrodes’ with silver content below 65%
maintain much higher impedances. The estimated Young’s modulus of a cured injectable
electrode is 65kPa, which is orders of magnitude lower than traditional electrode
materials such as silicon. Injection of this device could theoretically be altered to form
specifically sized features to enhance biocompatibility. Histological results are limited
and no observations have been reported to-date outside of the peripheral nervous system.
Additional characterization is needed to fully assess the biocompatibility of this device,
particularly for future applications in the brain.

2.2.3 FLEXIBLE PARYLENE-C

Ellis Meng’s research group has reported a flexible Parylene-based array (Figure

1.1F) to chronically record from the rat hippocampus. The recording sites of the

hippocampal array are precisely laid out to match the unique shape of hippocampal
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projections. This array consists of tapered planar shanks with embedded platinum traces
and recording sites. The proximal area of the Parylene probe is approximately 20um thick
and 150pum wide. The 150um shank tapers down to an approximate 100um width. The
platinum recording sites are 200nm thick and approximately 45um wide. The changes in
bending stiffness (the measured material resistance towards deformation) along the taper
are considered to be negligible[79]. Parylene devices successfully recorded single unit
activity throughout the entirety of a 1-month period, and some observations suggest that
Parylene devices can remain viable in vivo out to one year. While the chronic histological
evaluation of these devices has yet to be fully characterized, Parylene-C has been
designated as a class VI United States Pharmacopeia biocompatible material[79], [80].
Histological analysis was performed on implanted brains at time points up to 1-month
post implantation. Initial histological results and cresyl violet stains suggest that properly
implanted Parylene devices display minimal tissue reactivity aside from a suspected
microglia sheath at 1-week post implantation.

Meng’s group has also developed a Parylene sheath electrode that can be
implanted with the aid of an assistive microwire. This device is approximately 7-10um
thick with a width that tapers from 300um to 50pm. Each sheath contains 8 platinum
electrodes with a 45um diameter. The sheath structure also contains perforations that
allow tissue to invade the structure of the device and to facilitate cellular signalling across
the Parylene structure. This device can be coated with a variety of bioactive components
such as Matrigel to potentially further enhance biocompatibility. This electrode has been

reported to detect activity in vivo for up to 50 weeks[81].
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Histological evaluations from alternate Parylene-based devices have shown
generally good tissue integration and biocompatibility. Seymour and Kipke published a
seminal report which explored the impact of feature size on tissue response using a
Parylene-coated, ‘Michigan’-style device using an SU-8 backbone[82]. Here, electrodes
are displaced from the main shank using support arms with varying dimensions;
importantly, neuronal loss and gliosis were mitigated surrounding the subcellular features
of the device. Purcell and Seymour explored the idea of a hollowed-out, planar,
Parylene-coated probe designed to incorporate a neural stem cell-seeded scaffold[83].
The two main arms of the device are bulk SU-8 with a 5um thick Parylene-C coating on
each face. The total of the support arms are 42um thick and 45pum wide. The hollow
structure that houses the alginate scaffold has a 110um width and variable thickness.
When seeded with stem cells, the devices resulted in an initially decreased acute immune
response and an increase in neuronal densities following implantation. The mode of
influence may be a “bystander” effect (providing trophic support) rather than direct
differentiation and integration into surrounding tissue[84]. However, these effects were
transient, and the increase in neuronal density declines beyond 6-weeks, at which point
neuronal densities more closely match control conditions and glial encapsulation
becomes present around all devices.

2.2.4 FLEXIBLE POLYIMIDE

Intracortical polyimide-based devices were described roughly two decades ago by

Rousche and colleagues, who initially reported successful, short-term recording

capabilities of devices fabricated with standard photolithographic techniques[85].
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Characterization of the devices was relatively limited, but a variety of architectures were
presented, including devices presenting embedded wells for delivery of bioactive
substances. Recently, the flexible polyimide probe designed by Loren Frank’s group has
advanced the use of polyimide based devices as previously described (Figure 1.1G) 8+%¢,
demonstrating efficacy in recording unit activity over a ~5 month time frame. The device
is a 16-channel planar shank device with a total width and thickness of 80um and 14um,
respectively. The bulk material used in this approach is polyimide with a total thickness
of 12um and a width of 80pum. The trace metals used consist of titanium on gold with
either platinum or iridium recording sites. The trace metals share a thickness of
approximately 300nm at 6um wide. Additionally, polyimide is a compatible material
surface for the utilization of bioactive surface modification[86]. The polyimide device
was capable of recording single units over a period of 283 days post-implantation, albeit
with a decline over time. This device has yet to be fully characterized by histology in
vivo, but available coronal histology shows an apparent lack of astrocyte encapsulation of
the device after 160 days post-implantation. The extent of the glial encapsulation has yet
to be directly compared to standard technologies®.
2.2.5 SU-8 NANOELECTRONIC THREAD ELECTRODES

The Xie lab has created an SU-8 based electrode by utilizing both
photolithography and electron beam lithography (EBL) (Figure 1.1H). These
‘nanoelectronic thread’ (NET) electrodes can be fabricated with dimensions as small as
0.8um x 8um[88]. This device is also inserted with the aid of a shuttle device that

interacts with the implanted electrode in a similar way that a sewing needle interacts with
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thread. The shuttle device is made from a <10um diameter carbon fiber with a smaller
3um diameter tip that has a length of 4um. The shuttle device engages with a micro-hole
at the apex of the NET electrode and disengages from the electrode as the shuttle is
retracted after the target depth is reached. This device was inspired in an effort to expand
on the capabilities of devices such as the Utah array. The NET electrode consists of two
insulating 300-500nm layers of SU-8 fabricated with photolithography, as well as EBL-
defined 100nm gold interconnects and a 2-3nm chromium adhesion layer. Histological
evaluations were performed at two- and four-months post-implantation. 3D
reconstruction of vasculature surrounding implanted NET electrodes suggest that there is
no significant leakage of capillary networks at chronic timepoints. Other histological
evaluations of neuronal morphology show that the subcellular NET electrodes can form
tight interfaces with neuronal populations without any apparent disruptions to neuronal
morphology. At four months post-implantation, any reduction in neuronal cell density is
likely recovered as observed by neuronal nuclei stains. Insertional trauma has yet to be
reported, but chronic histology does suggest that damage to the tissues surrounding
implanted devices recovers in a promising way. Histological evaluation of gliosis has yet
to be reported using these devices.
2.2.6 ‘SEWING MACHINE’ POLYMER PROBE

This approach uses small thread electrodes made from polyimide (Figure 1.11),

similar to the NET probe, and utilizes an automated insertional shuttle in the form of a
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‘sewing machine’ style device[89]. The robotic sewing machine device is designed with
the goal to reliably implant devices with minimal vasculature damage through the aid of
an Erythrosin-B saline stain of the dura. The ability of these devices to be robotically
implanted with high levels of fidelity is highly attractive in biomedical and research
applications. The device is fabricated from two separate layers of 2um x 16pum
polyimide, platinum or gold traces 130nm x 4um, 400nm copper, 5-6um Parylene, and a
hard mask of 200nm silicon dioxide on the basal side of the electrode. The total width of
the shank is 16um with a total thickness of approximately 10um. Preliminary histology
conducted on slices surrounding these devices suggest that astrogliosis is also present
near the implanted sewing machine devices. However, detailed analysis of
biocompatibility at chronic timepoints has yet to be reported using the devices.
2.2.7 POLYMER MICROWIRE

Tracy Cui’s ultra-soft polymer wire electrode (Figure 1.1J) is a combination of
poly(fumaric acid-co-1,7-octadiene diepoxide-co-terephthalic acid) polyethylene glycol
(PFOT-PEG) and polydimethysiloxane (PDMS). The ultra-soft microwire was designed
largely due to the historical mechanical mismatch between neural tissues and traditional
devices. The ultra-soft microwire electrode array has a diameter of 125um and is
fabricated via extrusion of poly(3,4-ethylenedioxythiophene) polyethylene glycol
(PEDOT-PEG) conducting polymer and PDMS through a 29-gauge syringe needle. The
resulting Young’s modulus for these soft microwires is 974kPa. Following extrusion,
electrodes are coated in fluorosilicone. The device was implanted via a stainless steel

shuttle and evaluated in the brain for either 1 or 8 weeks[90]. Results were compared to
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relatively stiff tungsten devices of identical size and shape. The soft electrodes facilitated
neuronal adherence to the outer surface without any apparent deleterious effects. In situ
imaging of sectioned microwire electrodes showed that neurons surrounding the device
underwent significantly less deformation when compared to stiff metal electrodes. Over
the course of 8 weeks, tissue surrounding the microwire electrodes displayed fewer
microglia and macrophages (Iba-1), reactive astrocytes (GFAP), and less evidence of
cleaved caspase-3 (a marker of neuronal apoptosis) or distortion of mature axons
(NF200). Blood brain barrier (BBB) leakage also was reduced around the soft electrodes
compared to stiff electrodes. Devices were explanted at each timepoint and histologically
stained to characterize cellular adhesion to the device. In general, soft devices showed a
greater level of adherent cells after explant compared to stiff devices. Of the cell types
analysed, beta-tubulin positive neural cells appear to make up the bulk of adherent
cells[90].

2.2.8 CARBON MICROTHREAD ELECTRODE (MTE)

In 2012, Kozai and colleagues reported the chronic recording performance of a
novel, carbon fiber-based recording electrode with subcellular dimensions[91]. The
device was an ultra-small 7um diameter carbon fiber with a conductive poly(3,4-
ethylenedioxythiophene) (PEDOT) coating at the distal end for recording and an
insulating bulk coating of 800nm poly(p-xylylene) and 50nm poly((p-xylylene-4-methyl-
2-bromoisobutyrate)-co-(p-xylylene)). While carbon has a Young’s modulus of
~200GPa, it has a competitive composite bending stiffness at a 7um diameter (Table 1.1).

As such, this microelectrode is relatively flexible, but it can be implanted into the cortex
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with the aid of an assistive insertion device[91]. Chronically implanted MTEs show a
markedly improved tissue response compared to implanted silicon-based ‘Michigan’
probes, with greater interfacial neuronal densities and lower accumulation of proximal
astrocytes, microglia, and endothelial cells. Such improvements in biocompatibility may
be due, in part, to the relatively small footprint of this device. The MTE is one of the
smallest freestanding implantable devices, and therefore, it is able to “stealthily” interface
with the brain by minimizing BBB disruption and tissue displacement. In addition to
being relatively biocompatible, MTEs have been shown to provide stable recordings out
to 5 weeks in vivo and are also capable of single unit recordings[91].

More recently, Paras Patel and Cynthia Chestek have further developed this technology
through the testing of different tip coatings (Figure 1.1K), fabricating MTEs into an array
configuration, and evaluating the array in vivo. First, MTES were coated in poly(3,4-
ethylenedioxythiophene):p-toluene sulfonate (PEDOT:pTS) as opposed to poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and were aged at an
accelerated rate in a heated bath. Overall, the PEDOT:pTS devices were found to have
more extended longevity than the PEDOT:PSS probes and were selected for chronic in
vivo characterization[92]. The new arrays consisted of 16 MTEs in a 2 x 8 configuration
with a pitch of 152.4um. Insertion of the arrays was accomplished with a sacrificial layer
of polyethylene glycol (PEG) that encapsulated the MTESs during insertion, but was
dissolved just as the fibers penetrated the brain[93]. Chronic implantation of the arrays
showed similar neuronal survivability around the device interface and reduced foreign

body response as seen in Kozai et al.[94]. While the devices maintained recording
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fidelity out to 112 days[93], there is still a disconnect between the nearly non-existent
immune response and the overall recording yield/longevity. These results indicate that
while mitigating tissue response plays an important role in long-term recording yield,
other factors such as tip coating preparation and the stability/degradation thereof, may
also be critical to chronic electrode performance.
2.2.9 DIAMOND ULTRAMICROELECTRODE

Diamond is an emergent electrode material owing to its biocompatibility and
suitability for both electrophysiological and neurochemical measurements. On the latter
point, the wide potential window, low capacitance, and low background current of
conductive, boron-doped polycrystalline diamond (BDD) are attractive features for fast
scan cyclic voltammetry for neurotransmitter detection[95]. Li and colleagues have
fabricated an all-diamond electrode array featuring a BDD core that is insulated by a thin
layer of polycrystalline diamond (PCD) (Figure 1.1L). The internal BDD core is 3.7um in
thickness and 19um wide, and including PCD insulation, shank dimensions are
approximately 6um thick by 25pum wide (although, devices can be fabricated in a range
of feature sizes). PCD is a mechanically robust material with a Young’s modulus of
approximately 1000GPa. Despite the exceptionally high Young’s modulus, the ability to
fabricate devices with subcellular dimensions (<10um) allows for these devices to
maintain a reasonable bending stiffness[95]. Histological characterization of these

devices in vivo is ongoing.
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3. THE RELATIONSHIP BETWEEN ELECTRODE FEATURES AND
BIOCOMPATIBILITY

Assimilating the impacts of electrode features on biointegration is challenging due
to the wide assortment of next-generation electrodes under development and the lack of
standardized testing regimens across laboratories. Here, we review reported observations
linking electrode features to histological outcomes and describe strategies to modify
probes to improve tissue integration.
3.1 STIFFNESS AND FEATURE SIZE

Studies suggest that the architecture and flexibility of devices play important roles
in determining effective tissue integration: device cross-sectional dimensions, Young’s
modulus, and bending stiffness have all been identified as key features of design. An
early study by Szarowski et al. indicated that initial insertion damage and reactivity
within the first week of implantation is proportional to the cross-sectional area of the
device, but that responses were insensitive to device geometry in the chronic assessment
period (>4 weeks)[96]. The authors concluded that they had observed, “an early response
that is proportional to device size and a sustained response that is independent of device
size, geometry, and surface roughness.” However, in support of the importance of device
dimensions in determining tissue response, later studies revealed that gliosis and neuronal
loss were mitigated when device features were reduced to a subcellular scale (~5pm
thickness)[82]. Likewise, 7um diameter insulated carbon fibers with PEDOT-
functionalized electrode tips display a negligible tissue response, which may be

attributable to their minimal footprint[91]. In combination, these observations suggest
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that electrodes with subcellular dimensions (<~10um) result in improved tissue response.
Reduced Young’s modulus has also been credited with improved tissue integration, based
on studies that have examined the response of BBB leakage, as well as
microglia/macrophage, astrocyte, and neuronal densities proximal to various planar
probes of differing stiffnesses. In experiments in which devices ranging from 6MPa to
150GPa were evaluated, the foreign body response appeared to plateau at stiffnesses of
1.5GPa and below[97]. Nevertheless, a recent meta-analysis indicated that it was not
feature size or Young’s modulus that most strongly determined the degree of tissue
response, but rather bending stiffness[98], which incorporates feature dimensions,
‘softness’/Young’s modulus, and cross-sectional shape into its calculation. In summary,

combining observations across these initial studies indicates that smaller, softer devices
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favor improved tissue integration. However, studies which directly assess the impact of
device features on biocompatibility are relatively scarce and disparate in methodology,
and questions remain regarding the generalizability of observations and underlying
mechanisms.

For instance, the primary motivator for the movement toward softer, more flexible
electrodes is to remove the mismatch in mechanical properties between brain tissue and
devices, thus creating a more seamless interface. However, a first question pertains to
what, exactly, are the mechanical properties of brain tissue? Since it is difficult to
quantify the mechanical properties of human brain tissue in vivo and in situ, literature
characterizing brain tissue mechanical properties are widely varying. A myriad of tissue
preparation methods[99][100][101][102], temperature[103][104][105], post-mortem
times[102]-[105]°[106], and testing such as rheometry[107]-[108]:[109], magnetic
resonance elastography (MRE)[107][108]-[110], shear wave elastography,[111] and
atomic force microscopy (AFM)[111]:[109][106], are used, resulting in a range of values,
35-422, 100,000Pa[112], that vary by eight orders of magnitude (summarized in
Supplementary Table 1). Many characterization studies occur not in the human brain, but
in animal models such as rats and mice, which further complicates this view since murine
models have fewer striations, surface area, different pharmacokinetic profiles, and
distinct structural organization in comparison to human brains[113][114]. These
uncertainties make it challenging to accurately predict the desired elastic modulus to
minimize micromotion at the implantation site and adequately “match” the properties of

brain tissue. Furthermore, neurosurgeons have reported regional variation in stiffness in
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the brain[115], which suggests that, depending on the function of the probe and the area
in which it is implanted, that each probe may require a different design.

Nevertheless, polymer, hydrogel, and nanocomposite-based materials have been
introduced as possible solutions to create softer devices and facilitate tissue
integration[116]. The use of Parylene-C and polyimide is primarily motivated by the
improvement in Young’s modulus in comparison to metal- and silicon-based electrodes
(Table 1.1). Likewise, hydrogel coatings have been implemented to create a softer, more
tissue-friendly interface[117]. Newer approaches utilize materials that are initially rigid
(facilitating insertion), but transition to more compliant materials following contact with
the in vivo environment. Hybrids and composites, such as nanocomposites based off of
the architecture and structure of sea cucumber dermis[118], allow for mechanical tuning
in vivo[119]. Polyvinyl acetate structures enable changes in electrode compliancy to
minimize the foreign body response[120][118] via this mechanism. The biomimetic
nanocomposite is comprised of a low modulus polymer and cellulose-based
nanowhiskers that swell when hydrated or inserted in the brain, resulting in a decreased
modulus due to increased water content by volume, on a timescale of 5 minutes. The
tissue response was characterized by a 50pum neuronal “kill zone” and a decrease in glial
reactivity[121][122]. Similarly, thio-ene/acrylate substrates, polymerized via click
chemistry reactions on the surface of the probe decrease shear modulus from 460 MPa to
2.3MPa. Softening of the substrate upon hydration, a week after implantation, facilitates
neural function[123]. Substrates were an order of magnitude stiffer than tissue, but the

modulus mismatch was reduced in comparison to stiffer substrates. Bioresorbable
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interfaces, termed “live electrodes”, improve acute and short term foreign body response
by utilizing biocompatible mesh/microporous structures that integrate with environment,
minimize electrode-neuron distance, and support the mechanical and biochemical
environment of the neurons[116]. Other biologically active compounds such as silk[124]
and the fibroin derived enzyme, chondroitinase (chABC),[125] have been used to address
the issue of mechanical mismatch by using the enzyme to dissolve the chondroitin layers
of the scar tissue that encapsulates the probe.

3.2 DEVICE TETHERING

Tethering forces exerted by the connector configuration can also influence the tissue
response. Traditional devices are generally either free-floating in the brain tissue
(untethered), mounted to a connector fixed to skull-mounted bone screws (skull-fixed), or
semi-floating (e.g. flexibly tethered to a connector via a ribbon cable encased in
elastomer). Skull-fixed devices lack the ability to compensate for natural micromotion
and swelling of the brain, which may lead to increased irritation and damage in interfacial
tissue. In 2005, the mechanical effects of implanted CNS electrodes on surrounding tissue
were investigated using finite element modelling. Device analogues for silicon,
polyimide, and a hypothetical ‘soft’ material were evaluated in silico, and simulation
results suggested that devices made from stiffer materials exacerbate shear strain along
the device-tissue interface. Shear strain from skull-fixed devices can impact tissues out to
100um from the interface and result in delamination of tissue from the device. In turn,
these effects may further aggravate the chronic immune response associated with

implanted electrodes. The model produced in this paper suggested that interfacial strain
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on host tissue could be mitigated by 65-94% by adopting more flexible materials such as
polyimide[126]. These results were corroborated by in vivo results collected by different
groups during evaluations of free floating and tethered cortical silicon devices[127],
[128]. Histology showed that, in comparison to untethered counterparts, tethered devices
elicit greater levels of immune response at the tissue interface. The depletion of local
neurons, increase in GFAP positive astrocytes, and upregulation of ED1 positive
microglia and macrophages were all notably worse surrounding tethered devices. Next-
generation devices often adopt materials and architectures that may better accommodate
micromotion and mitigate device-tissue strain, offsetting the relative impact of tethering
on the tissue response. Nonetheless, it is still essential to consider device fixation as an
additional design variable that can significantly impact the biocompatibility of implanted
electrodes.
3.3 SURFACE FEATURES AND MODIFICATION STRATEGIES

Surface chemistry and topographical cues have received relatively lesser attention
from the device design community than architecture and flexibility/softness; nonetheless,
their impacts are inextricably intertwined with the incorporation of new materials in next-
generation designs (Figure 1.1). The surface variables that can be measured and
controlled are: hydrophilicity, chemistry, and surface topography. Contact
angle/wettability measures surface energy, spectroscopy determines chemical
composition, and scanning probe technique characterizes micro-level topography (Figure
1.2). While there are no field-standard guidelines, contact angles measured ideally should

be low, indicating high surface energy in the range of 40-80dynes/cm. This is the range at
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which materials are hydrophilic enough to favor hydrogen bonding between the
biomaterial surface and surrounding fluid over the hydrophobic interactions which favor
protein adsorption[129]. Foundational studies have reported the fundamental physical
characteristics of the surfaces presented by materials commonly used in electrode design.
Polyimide is a hydrophobic material (contact angle reported between 80-100°) with an
associated high adsorption of proteins[130]. Nonetheless, it exhibits low cytotoxicity and
hemolysis, in alignment with biocompatible materials that served as a benchmark in the
study (Teflon® and Silastic®). Parylene-C is similarly hydrophobic and biocompatible,
although plasma treatment can be used to render the surface hydrophilic[131]. Silicon has
been shown to be comparatively less biocompatible (in terms of thrombogenicity) than its
polymeric counterparts, Parylene and polyurethane[132]. SU-8, while generally regarded
as a highly biocompatible polymer, reportedly displays similar hemocompatibility to

silicon, with similar platelet reactivity and thrombogenicity[132].
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Figure 1.4: Toward the rational design of biologically-integrated electrodes.
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Specific surface cues have been observed to be especially amenable to neuronal
growth and responsiveness[133][134]-[135], and the dimensions of topographical
features are known to influence effects: optimal promotion of neuronal growth occurs
when the spatial pattern for controlled directionality matches the dimensions of neuronal
growth cones[136]. Preliminary reports from Ereifej and colleagues in the Capadona lab
suggest that nuanced topographical and architectural changes can impact the expression
of pro-inflammatory factors surrounding neural implants. In an experiment where
traditional planar probes were etched to form small, 200nm high grooves across the
length of the probe, tumor necrosis factor alpha (TNFa), nitric oxide synthase (NOS2),
and a chromatin protein, high mobility group box 1 (HMGBL1), were upregulated in the
un-etched devices. The patterned probes showed a downregulation of the
lipopolysaccharide binding receptor CD14 expression over a 2-4-week time-period which
may suggest a trend towards increased regeneration as microglia and monocyte
populations return to baseline. These results suggest that smooth planar shanks may
create a more continuous expression of interleukin 1 beta (IL1B), resulting in prolonged
BBB leakage, and potentially upregulated TNFa and NOS2 as a downstream
consequence[137].

Given the rationale for surface-mediated control of biocompatibility, numerous
strategies have emerged in the field to influence biocompatibility through modifications
to implanted electrode surface features (Figure 1.3). Biomimicry—making the device
invisible to brain tissue by imitating its key features—is one strategy to address device

failure and improve long term function and “mask” the device from its surroundings.
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Biologically active materials such as L1 (neural adhesion molecule) have been coated on
Parylene-C microwires and shown to decrease markers of apoptosis and astrogliosis at
the injury site[138] and improve neuronal growth and survival around the implant[139].
Alpha melanocyte stimulating hormone (Alpha-MSH) [140] has also been proven to
lower expression of markers of gliosis while chABC delivery likewise has been reported
to reduce ionized calcium binding adaptor molecule (IBA1) and chondroitin sulfate (CS)
expression[141]. Recently, Oakes et al. used a decellularized bovine astrocyte derived
extracellular matrix (ECM), traditionally used in emergency rooms to promote wound
healing, to coat Michigan-style arrays. The coating reduced the amount of astrogliosis,
hemostatic activity, and macrophage activation in vitro [142]. However, the short life
time of the coating limits an effective response to chronic or long-term foreign body
response.

Drug-eluting or drug-presenting surfaces are another avenue to modulate device-
tissue integration. Dexamethasone (DEX) coated[141] and DEX loaded probes[143] have
been shown to decrease anti-chondroitin sulfate antibody (CS56), GFAP, and ED1
expression in surrounding tissue as well as reduce impedance by up to 25% for 9 days.
However, there are also limitations surrounding long term tethering of biologically active
molecules on these probes with reports of cracks in DEX film coatings at 4 weeks [144],
and observations of the “burst effect”[145]. Future improvements may include prolonged
drug release, better drug adherence to the surface, and increased drug loading/release for

enhanced efficacy[144].
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4. OUTLOOK: PERSPECTIVE ON CRITICAL KNOWLEDGE GAPS IN THE
FIELD

While many of these approaches to improve tissue compatibility have delivered
evidence of positive results, they also have saturated the field with a multitude of designs
that change multiple variables simultaneously. Furthermore, foundational understanding
of benchmarks for success, clear goals for longevity and integration, and standardization
of approaches across users are lacking in the field. Here, we make recommendations for
studies to be pursued to reconcile current barriers to progress to achieve a seamless,
chronic electrode interface (Figure 1.4): (1) A systematic study of the relationship
between device design features (materials, architecture, flexibility), biointegration, and
signal quality needs to be performed, and interaction effects between different features of
design need to be parsed apart to reduce confounds in data interpretation.

As reviewed above, several design aspects may influence the biocompatibility and
signal detection of implanted electrode arrays in the brain. However, studies which
explore these effects in a systematic way are scarce, and it is extremely challenging to
truly parse apart individual effects. For instance, the effects of Young’s modulus on
tissue response may require the use of multiple material types to produce the desired
range of flexibilities (e.g., silicon, polyimide, and off-stoichiometry thiol-enes-epoxy
(OSTE+) polymer)[97]. While it is possible that the effects of surface chemistry could be
negligible, there remains the potential for differences in topology, hydrophobicity, and
cytotoxicity to affect results (Figure 1.2, 1.3). Furthermore, the surface charge,

topography, size and geometry could all synergistically affect biocompatibility of the
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device as a whole. A study published by Capadona and colleagues effectively decouples
the impact of surface chemistry and substrate stiffness (in terms of Young’s modulus) on
the biocompatibility of implanted electrodes by coating all substrates with the identical
polymer[146]. Nevertheless, bending stiffness and geometry remain important
considerations to integrate into such analyses. If such effects could be studied in a more
broadly systematic way, the value and interpretation of the data collected from these, and
other studies, would be greatly enhanced. A central challenge is that the parameter space
would be expansive, requiring a large sample size and an extensive observation set for
each sample. However, prioritizing testing of selected high-value features of the greatest
relevance for current designs could make this seemingly intractable study achievable.
(2) Benchmarks for success need to be determined (biological integration, recording
performance, longevity, stability).

What makes a “good” chronic electrode? In terms of biocompatibility, what tests
are the most relevant for predicting safety and performance? According to ISO 10993-1,
because electrodes are permanent implant devices with external communication
capabilities that come in contact with blood and brain tissue, probes should be subjected
to cytotoxicity, sensitization, irritation, acute and subchronic toxicity, implantation,
hemocompatibility, and carcinogenicity testing (ISO 10993) (Supplementary Table 2).
However, relatively limited controlled biocompatibility testing occurs in pre-clinical
reports, and read-outs heavily depend on metrics of neuronal and glial densities. Based on
these metrics, it has been suggested that critical ‘thresholds’ of device flexibility and

feature size can be identified for optimal device-tissue integration[82]°® . Likewise, a
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recent meta-analysis suggests that bending stiffness is the strongest design-related
predictor of neuronal and glial responses[98]. However, available observations suggest
that there is not a simple relationship between the traditional metrics of tissue response
and chronic function[147], underscoring the need to better understand which aspects of
the biological response to electrodes most profoundly and predictably affect their
function. If those markers of the tissue response were identified, it may simplify and
standardize assessment of the biological response to electrodes. For instance, are changes
in cellular densities (neuronal and glial) most strongly predictive of device function, or
are particular markers related to certain functional signalling pathways, or sub-cellular
structural remodelling (as a few possibilities) the most important? While assessments of
new electrode design almost invariably test their impact on local neuronal and glial
densities, these metrics have not been validated as effective benchmarks for success in
terms of recording quality: it may be the case that some other aspect of the biological
response is more directly deterministic of functional outcomes.

Recent evidence suggests that chronic implantation of neural interfaces results in
changes in intrinsic neuronal excitability at the protein level[28], [29]. The proteins that
have been currently explored outside of cell type specific markers are ion channels and
transporters that may influence cellular excitability. These data suggest that there may be
effective biomarkers for biocompatibility of implanted devices that investigate
mechanisms beyond cellular density. In order to drive the field forward in a more
constructive way, it is imperative that future research includes a more thorough

evaluation of biocompatibility at the cellular and molecular level. This would ideally
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include traditional histological analyses as well as acute and chronic genetic changes at
the transcriptional level[137]. In doing so, there is a possibility to define biocompatibility
at a deeper level that results in identifying key bio-integrative electrode features and
potential targets for intervention following implantation.

(3) User results and methods, particularly those that champion a specific design or
electrode modification, need to be replicated across laboratories.

A related challenge is centered on the approach needed to unmask ‘master’ biological
signalling pathways that influence performance: there is a need to identify more effective
and reproducible testbeds to refine electrode design and benchmark results between
technologies. Correlation between device functional metrics and histological outcomes
may be a reasonable point of departure to assess device-tissue integration within
individual labs, but ultimately, direct methods to determine the most relevant
mechanisms with improved specificity and control will be required. Likewise, given the
expansive set of potential pathways at play, the identification of the most important
changes in protein or gene expression amongst the many available possibilities is a major
challenge. Developing a high-throughput testbed to assess the impacts of design features
on tissue response would be extremely valuable to the field. Likewise, incorporating
broad-based assessment strategies which avoid pre-selecting targets of interest could
reveal that the expression of unexpected targets which bear a stronger relationship with
recording quality than previously-studied metrics. Accounting for inter-areal and inter-
species differences will be important in these analyses, given the potential for brain

microenvironment heterogeneity to influence results. Likewise, insertion methods vary
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between users, and the relationship between chronic histology and the initial surgical
approach should be studied. As an example, the presence of reactive astrogliosis
surrounding “sewing machine devices” is notable, since the electrodes are designed with
subcellular dimensions and are fabricated using materials that are regarded as highly
biocompatible. It is also possible that unanticipated reactivity results due to the novel
insertion method. Finally, since alterations in electrode design characteristics have the
potential to influence not only the tissue response to implants, but also the electrical and
mechanical performance of the devices, it will be critical to move towards
standardization of electrophysiological metrics of success (longevity, signal-to-noise
ratio, the number of units, site impedance, etc.) in the context of biocompatibility studies.
The combination of new federal funding initiatives, commercial ventures, and
explosive growth in the number of medical applications for implanted electrode arrays
has produced a groundswell of innovation in neurotechnology in recent years. However,
many of these technologies have not achieved broad-based dissemination in the field,
confining their impact to a few selected laboratories. A notable exception to this rule is
the “Neuropixels” array, which has become more broadly available recently[48].
However, many laboratories may not have the capabilities, funding, or motivation to
support the broad-based dissemination of their novel device designs to the field.
Likewise, modifying electrodes with polymer coatings, biologics, topographical
cues[137], [148] and related approaches often remains within the purview of the specific
lab originating the technique. With respect to surface coatings, rapid degradation calls for

the long-term characterization of the in vivo effects of these materials in the
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brain[140]:[144][149]:[141]. Corroborating results across laboratories should be a central
focus of efforts in the field, in order to more systematically validate which designs
produce improved tissue integration reproducibly. The need to standardize benchmarks
for success goes hand-in-hand with identifying appropriate biomarkers for effective
device-tissue integration.
5. CONCLUDING REMARKS

Devices implanted in the brain often simultaneously adopt different biomaterials,
unique device architectures, and varying feature sizes within each design. As each lab
adopts their own strategies and approaches, the field begins to fragment in a way that
makes it difficult to empirically determine which device elements generate the most
stable and biocompatible chronic interfaces. Additionally, the analysis of
biocompatibility is often limited to neuronal density and glial scar analyses, and in some
cases, neglected almost entirely. Neural interfaces have recently gained popularity in
private industries, potentially broadening the accessibility of neurotechnology to the
public. As such, it is increasingly important to rationally design devices which maximize
safety and efficacy, including a fair assessment of performance relative to user
expectations. Biological boundaries intrinsically create limitations to the design space of
next generation electrode arrays. It is important to understand, define, and work within
these limits to create devices with an optimized combination of performance and
biocompatibility. New approaches to assess biocompatibility using a broader arsenal of
technologies, including the analysis of gene expression, will create new avenues to assess

biocompatibility in neurons and glia at the tissue interface. Likewise, standardizing
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approaches, repeating results across laboratories, and performing systematic studies of
the effects of device attributes on tissue response will be essential to move the field

toward the rational design of seamlessly-integrated electrodes.
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CHAPTER 2 | SPATIOTEMPORAL PATTERNS OF GENE AND PROTEIN
EXPRESSION AROUND IMPLANTED SILICON ELECTRODES
1. INTRODUCTION

Microelectrodes implanted in the nervous system are rapidly evolving
technologies with ever-increasing applications in clinical and research settings. By
recording from, and/or stimulating neuronal populations, it is possible to interface the
nervous system with assistive devices or modulate neuronal activity to treat neurological
disease and injury. Re-animation of a patient’s limbs following spinal cord injury,
treatment of the medication-resistant motor symptoms of Parkinson’s disease, and
interruption of seizure activity in intractable epilepsy are examples of the potential
clinical applications of implantable neurotechnologies[1]-[15]. Likewise, the commercial
value of neural prosthetics has been highlighted by the recent investment of private
companies in “next-generation” electrode designs and the development of novel closed-
loop neural interface systems[16], [17].

As advances in neurotechnology continue, the biological response to implanted
electrodes in the brain is an on-going challenge to progress in the field[18]-[21].
Vascular disruption and microglial activation are early responses to implantation, where
the extension of microglial processes toward the device has been observed within minutes
of insertion[22]. An astroglial scar subsequently encapsulates the interface and further
separates the electrode from nearby neuronal populations. The glial response is reportedly
accompanied by a ~40% loss of neuronal somata within the first 200 microns of the

electrode surface in comparison to a stab wound control[23], [24]. These observations, in
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combination with other early reports[21], [25], [26], provided motivation for the design
of next-generation neural interfaces with improved biological integration[18], [27], [28].
However, questions remain regarding the relationship between the biological impacts of
electrodes, design, and their long-term performance[18]. Reports of poor signal fidelity
and loss of neuronal signals in tissue with no apparent neuronal loss or glial scarring
suggest additional complexity in the underlying relationship between the tissue response
and device performance[29].

In recent years, new factors have been identified as potential contributors to the
biological response to implanted devices. Insertion of electrode arrays damages cellular
populations and the extracellular matrix, and disruption of the
blood brain barrier (BBB) generates disruptive debris and initiates downstream cytokine
signaling cascades[30]. Both in vivo imaging and gene expression studies have confirmed
vascular damage and BBB disruption resulting from implanted electrodes, where
insertional trauma is evident in the downregulation of genes associated with tight
junctions and adherens junctions[31]-[34]. New research also implicates
oligodendrocytes and NG2 cells as dynamic players in the response to an indwelling
foreign body. Literature has shown that much like other cell types, oligodendrocytes and
NG2 cells are affected by BBB disruption, inflammation, and the traumatic injury caused
by device insertion[22], [35]. Device insertion causes direct mechanical damage to
oligodendroglia and myelin structure as well as secondary damage through inflammatory
mechanisms. Increased permeability of the BBB following insertion exposes the cortical

environment to inflammatory plasma proteins and debris which can recruit myelin-
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targeting immune cells which create further damage [35]. Likewise, Bedell et al. have
identified numerous differentially expressed (DE) genes at the device interface involved
in neuroinflammatory cascades known to contribute to glial scarring and cell death [33],
[36]. These recent reports indicate that the biological response to implanted electrode
arrays remains incompletely understood, motivating the search for additional biomarkers
of device-tissue interaction.

Here, we report the results of sequencing the transcriptome of tissue collected
both within 100 microns (“near”, or “interfacial”’) and ~500 microns (“far”, or “distal”)
from Michigan-style electrode arrays implanted into rat motor cortex. We compared their
profiles to the transcriptome of naive, unimplanted animals. Tissue was collected at time
points designed to capture the initial insertion injury (24 hours), early reactivity (1 week),
and chronic responses (6 weeks). We detected the expression of >1,000 genes per
condition, where >100 were significantly differentially expressed in near-device versus
naive tissue and >90 genes were DE in near-device versus far tissue. Interestingly, >20
genes were DE in tissue 500 um from the device versus naive tissue. A description of
symbols and reported roles for DE genes are found in Table 2.1. A selected subset of
detected and DE genes identified in this study are discussed which either validate existing
understandings of tissue response in the brain or expand upon contemporary reports with
additional mechanisms in the context of implanted devices. Complete raw results from
the data analysis can be found in supplementary files (1-15). By reporting RNA-
sequencing on tissue samples captured at multiple distances and time points, we extend

current understanding of the spatiotemporal profile of gene expression surrounding
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Gene

Symbol Gene name Role Reference
|
Adaptor Related Protein Complex 2 . - .

Ap2al Alpha 1 Subunit Blood brain barrier integrity 321

Agp4 Aquaporin 4 Water moyemgnt, cell adhesion, synaptic plasticity, and 391, [40]
cellular migration
Activity Regulated Cytoskeleton . . T .

Arc Associated Protein Synaptic plasticity and dendritic spine maintenance [41], [42]
Aoxl Aldehyde Oxidase 1 Oxidative stress 321
Apoe Apolipoprotein E Construction of lipoprotein and lipid transport [43]-[45]
Bcl2 B-cell lymphoma 2 Apoptosis inhibition. NFkB pathway [46]

. GABA / glutamate permissible channel dependent on
Bestl Bestrophin 1 astrocyte identity. Astrocyte enriched 7l

Bsn Bassoon Presynaptic Cytomatrix Protein Presynaptic vesicle release [48], [49]
Clga Complement C1q A chain :)r:zztlen £;mmune response, promotes phagocytosis and synapse {501, [51]
Cigb Complement C1q B chain Lr:ﬂitle; émmune response, promotes phagocytosis and synapse {501, [51]
Clae Complement C1q C chain Innate immune response and promoter of phagocytosis and 501, [51]

synapse pruning

c3 Complement C3 Innate immune response and promoter of phagocytosis and [33], [501, [52],

synapse pruning [53]

Cacnali i?g;::f' Voltage-Gated Channel Subunit Voltage gated calcium activity and plasticity [54], [55]

Calcium Voltage-Gated Channel . - .

Cacng3 Auxiliary Subunit Gamma 3 Voltage gated calcium activity and plasticity [56]

Camka C_alcmm/calmodulln-dependent protein Calqum signaling intermediate protein. Essential for neuronal (571, [58]

kinase Il alpha function

Cel3 C-C Motif Chemokine Ligand 3 Immun_e response chemotaxis and regulation of cellular BBB [31], [59]

transmigration
Cd68 CD antigen Microglial immune response activation molecule [60], [61]
Cdh5 Cadherin 5 BBB stability and barrier transmigration [62]
Cldn5 Claudin 5 BBB stability and barrier transmigration [63]

Clintl Clathrin Interactor 1 Synaptic vesicle formation and neurotransmitter recycling [64], [65]
Cltb Clathrin Light Chain B Synaptic vesicle formation and neurotransmitter recycling [64], [65]

Cnksr2 gfogr;zcztor enhancer of kinase suppressor Synaptic protein assembly {661

2',3-Cyclic Nucleotide 3 . .

Cnp Phosphodiesterase Oligodendrocyte surface protein [67]

Col4al Collagen alpha-1(1V) Fibrosis. Glial scar component [68]
Csflr Colony stimulating factor 1 receptor C_ytokme_ response. Mac_rophage, microglia, and phagocyte [69], [70]

differentiation and survival.
. Cysteine protease. EMC degradation, apoptosis,

Ctsb Cathepsin B clathautophagy, and glia induced cell death r
Ctsl Cathepsin L Cystel_neprotease. EMC degradation, apoptosis, autophagy, 72

and glia induced cell death

Cx3crl CX3C chemokine receptor 1 Cytokine signaling [33], [73]
Cxcll C-X-C Motif Chemokine Ligand 1 Cytokine signaling [33], [74]
Cxcl2 C-X-C Motif Chemokine Ligand 2 Cytokine signaling, inflammation, and BBB transmigration [75]

" . : . Regulations of mRNA translation at the synapse. Synapse

Cyfip2 Cytoplasmic FMR1 Interacting Protein 2 maintenance [76], [77]
Dctnl Dynactin subunit 1 Microtubule motor and axonal transport protein [78]. [79]

Dock8 Dedicator of cytokinesis 8 Microglial immune response activation molecule [80]
Duspl Dual Specificity Phosphatase 1 Inflammation [32]

Gamma-Aminobutyric Acid Type B . . .
Gabbrl Receptor Subunit 1 Inhibits post synaptic potentials [80]
Gamma-Aminobutyric Acid Type B . . .

Gabbr2 Receptor Subunit 2 Inhibits post synaptic potentials [35], [81]
Galc Galactosylceramidase Myelin component. Enriched in oligodendrocytes [82]
Gfap Glial fibrillary acidic protein Intermediate filament protein. Enriched in reactive astrocytes [83], [84]

Gpnmb Transmembrane glycoprotein NMB Immune response regulation [83], [84]

Table 2.1: Genes detected in this study through RNA-sequencing that are
associated with tissue response to implanted devices as well as neurodegenerative

disease.
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Table 2.1: (cont’d)

Gene
Symbol

Gpx1
Gpx4
Hmox1
IL1a
111b
Il1ra
116r
IL1a
Kif5a
Kifsh
Kif5¢
Lcn2
Map2
Map4

Mapt
Mbp
Mfsd2a
Mmp2
Mmp9

Mpv17

Ncan

Ncfl
Nefh
Nefl

Nefm

Nes

Nos1
Nos2
Nptxr
Nrgn
Ocln

Olig2
Plpl
Ptbpl

Ptprzl

Prdx1
Prdx2
Prdx3
Rgs5
Rbfox3
Rtnl
S100b

Scara3

Shh
Snap25
Sod1
Sod2
Sod3
Sox2
Stxbpl
Synl
Tf
Tjpl
Tjp2
TiIr2
Tir4
Tmem119

Tnfrsfla
Tnfrsflb

Trem2
Tfrc
Vim

Gene name

Glutathione Peroxidase 1
Glutathione Peroxidase 4

Heme Oxygenase 1

Interleukin 1 Alpha

Interleukin 1 beta

Interleukin 1 Receptor Antagonist
Interleukin 6 Receptor
Interleukin 1 Alpha

Kinesin Family Member 5A
Kinesin Family Member 5B
Kinesin Family Member 5C
Lipocalin 2

Microtubule Associated Protein 2
Microtubule Associated Protein 4

Microtubule Associated Protein Tau

Myelin basic protein

Major Facilitator Superfamily
Domain Containing 2a
Matrix Metallopeptidase 2

Matrix Metallopeptidase 9

Mitochondrial Inner Membrane
Protein

Neurocan, CSPG3(Chondroitan
sulfate proteoglycan 3)
Neutrophil Cytosol Factor 1
Neurofilament heavy
Neurofilament light
Neurofilament medium

Nestin

Neuronal Nitric-Oxide Synthase 1
Inducible Nitric-Oxide Synthase
Neuronal Pentraxin Receptor
Neurogranin

Occludin

Oligodendrocyte Transcription Factor
2

Proteolipid protein 1
Polypyrimidine Tract-Binding Protein
1

Protein Tyrosine Phosphatase
Receptor Type Z1

Peroxiredoxin 1

Peroxiredoxin 2

Peroxiredoxin 3

Regulator of G-protein signalling 5
RNA Binding Fox 3

Reticulon 1

$100 calcium binding protein B
Scavenger Receptor Class A Member
3

Sonic Hedgehog

Synaptosome Associated Protein 25
Superoxide Dismutase 1
Superoxide Dismutase 2
Superoxide Dismutase 3
SRY-Box Transcription Factor 2
Syntaxin Binding Protein 1
Synapsin 1

Transferrin

Tight Junction Protein 1

Tight Junction Protein 2
Toll-Like Receptor 2

Toll-Like Receptor 4
Transmembrane Protein 119
Tumor necrosis factor receptor
superfamily member 1A

Tumor necrosis factor receptor
superfamily member 1B
Triggering Receptor Expressed on
Myeloid Cells 2

Transferrin Receptor

Vimentin

Role

Oxidative stress

Oxidative stress

Oxidative stress

Cytokine signalling in immune response

NF-kB effector in immune response

I11a and 1l1b inhibition

NF-kB effector in immune response

Cytokine signalling. Immune response

Anterograde transport

Anterograde transport

Anterograde transport

Inflammatory response. Secretion via astrocytes promote neuron death
Neuronal Cytoskeleton

Neuronal Cytoskeleton

Neurogenesis microtubule assembly protein; essential for
neurodevelopment and recovery

Myelin sheath adhesion protein enriched in oligodendrocytes

Causes BBB instability and barrier diffusion for lipids

Extracellular matrix lattice protein; may negatively impact myelination
Extracellular matrix protein degrader; plays role in neural tissue
structuring

Oxidative stress

Reactive astrocyte adhesion molecule. Inhibits neurite outgrowth

Oxidative stress

Neuronal cytoskeleton intermediate filament protein

Neuronal cytoskeleton intermediate filament protein

Neuronal cytoskeleton intermediate filament protein
Neuroepithelial intermediate filament protein. Type IV intermediate
filament

Oxidative stress

Oxidative stress

Synaptic regulation and plasticity

Dendritic spine maintenance and plasticity

Regulator of BBB stability and barrier diffusion

Regulates CNS development via multiple pathways. Oligodendrocyte
marker

Myelin sheath adhesion and maintenance

Alternative splicing of genes involved with multiple cellular processes

PI3K-AKT pathway. Oligodendrocyte differentiation

Oxidative stress

Oxidative stress

Oxidative stress

Marker of activated pericytes

Mature Neuron Marker (NeuN). Neuronal differentiation
Neuron enriched. Cellular trafficking

Calcium binding protein; Reactive astrocyte marker

Oxidative stress

Astrocyte-endothelium gliovascular subunit maintenance
Presynaptic terminal regulation

Oxidative stress. Superoxide radical degradation
Oxidative stress. Superoxide radical degradation
Oxidative stress. Superoxide radical degradation
Stem cell maintenance and differentiation
Synaptic vesicle regulation

Neurotransmitter release

Iron transport and sequestration

Regulator of BBB barrier transmigration
Regulator of BBB barrier transmigration
Inflammation. TLR pathway

Inflammation. TLR pathway

Inflammation. Microglial biomarker

Inflammation. TNF pathway

Inflammation. TNF pathway

Encourages microglia survival via apoptosis inhibition and
proliferation

Transferrin uptake

Intermediate filament protein found in mesenchymal cells; plays a role
in migration, attachment, and signalling

Reference

[32]
[32]
[32]
[85]
[85]
[85]
[33], [85]
[85]
[86]-[88]
[86], [89]-[91]
[92], [93]
[32], [94]
[95], [96]
[95]

[95], [97]
[98]
[99]

[31], [100]

[31], [101]

[32]

[102]

[32]
[103]
[103]
[103]

[104]

[32]
[32]
[105], [106]
[55], [107], [108]
[31], [109]

[35], [110]
[111]
[112]-[114]

[43], [115], [116]

[32]
[32]
[32]
[31], [117]
[118], [119]
[120], [121]
[33]

[32]

[32]
[122]
[32]
[32]
[32]
[123]
[124], [125]
[126], [127]
[43], [128]
[31], [109]
[31], [62]
[32], [33]
[32], [33]
[129]

[33], [130]
[33], [130]
[131], [132]
[32]
[104], [133]

62




implanted electrode arrays in the brain. The data reinforce observations and hypotheses
described in literature while unmasking previously-unreported effects of implanted
devices on gene expression.
2. METHODS
2.1 SURGICAL IMPLANTATION OF SILICON ELECTRODES

Single shank “Michigan”-style probes (16-channel A1x16-3mm, 15um wide,
703um? site size, 100um site spacing, Neuronexus Technologies) were stereotaxically
implanted in the motor cortex (M1) of male Sprague-Dawley rats (aged 12-14
weeks)[37]. Animals were isoflurane-anesthetized and a craniotomy was performed over
M1 (+3.0mm AP, 2.5ML from Bregma), dura was resected, and the probe was
stereotaxically inserted to a depth of 2mm from the cortical surface[38]. A dental cement
headcap was used to secure bilateral implants to two stainless steel bone screws.
Bupivacaine and Neosporin were applied topically to the area around the incision to
minimize discomfort and infection risk, and meloxicam was administered via injection
for post- operative pain management. Devices remained implanted in M1 for the duration
of designated time points (1 day, 1 week, and 6 weeks). All surgical procedures described
were approved by the Michigan State University Animal Care and Use Committee.
2.2 TISSUE EXTRACTION AND SLIDE PREPARATION

At the terminal time point, animals were deeply anesthetized with sodium
pentobarbital, perfused with 4% paraformaldehyde transcardially, and the brains were
extracted. Following graded sucrose protection (5-20%) and cryo-embedding, the brains

were sliced via cryostat (Leica) as 20pum thick sections and mounted on Superfrost™
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Plus slides (Fisher Scientific). Six tissue sections (n = 6) were collected for analysis at
each timepoint (24 hours, n= 3 rats; 1 week, n =5 rats; 6 weeks, n= 4 rats) in addition to
six samples collected from naive, unimplanted rats. Depth of collection spanned the
implant shank (~600-1700 um from cortical surface). The nature of the tissue collection
along the implantation depth did not allow for analysis of the full volume of tissue or
tissue proximity to different electrode materials (e.g. recording sites versus bulk
material).
2.3 LASER CAPTURE MICROSCOPY (LCM) FOR TISSUE COLLECTION

Tissue near the implant injury, or ‘interfacial’ (within 100pum) was extracted
using laser capture microscopy (LCM) (Zeiss Palm MicroBeam IV). Distal tissue of an
approximately equivalent total surface area was extracted from ~500um away from the
implant site to assess distance-dependent effects. These
samples were collected and pooled from four smaller sections obtained at locations
equidistant from the implant site. Using similar collection methods, control tissue from
naive brains was used to compare implanted tissue to unimplanted tissue. Settings were
optimized by using excess tissue to calibrate laser strength and focus, allowing for
efficient collection of tissue while avoiding any apparent heat damage to either the slide
or the tissue. This process was repeated for each laser capture session.
2.4 RNA EXTRACTION AND SEQUENCING

RNA was extracted from LCM-collected tissue using a specialized RNAstorm
extraction kit (Cell Data Sciences). cDNA library preparation and RNA sequencing was

carried out by the University of Michigan Advanced Genomics Core. cDNA libraries
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Figure 2.1: RNA-sequencing of cortical tissue reveals spatiotemporal gene
expression at the device interface. Volcano plots illustrate overall DE of genes at near-
device relative to naive tissue ((A) 157 DE genes), near relative to far tissue ((B) 94 DE
genes), and far relative to naive tissue ((C) 21 DE genes). “Overall” expression
represents the group comparisons of samples pooled across time points. Significance
was thresholded at Log2FC > 0.6 and P < 0.05 (dashed red lines). (Red: Upregulated
DE, Blue: Downregulated DE, Black: Detected not DE).

were prepped using a Takara SMART-stranded kit and subsequently subjected to 150
paired-end cycles on the NovaSeq-6000 platform (Illumina). Sequencing adapters were

trimmed using Cutadapt (v2.3). FastQC[134] (v0.11.8) was used to ensure the quality of
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Figure 2.2: Transcriptomic analysis of interfacial and distal tissue at the device
interface. (A) Representative heatmap of differential gene expression for each
contrast for previously characterized cell types and their known roles in tissue
response to implanted devices. (I) neurons, (1) astrocytes, (I11) microglia, and (1V)
oligodendrocytes. (B) Representative heatmap showing differential gene expression of
each contrast in our analysis for (V) oxidative stress, (VI) inflammation, and (VI1)
blood-brain barrier. Color bar indicates Log2FC. “NaN” indicates non-detection.
Significance was thresholded at Log2FC > 0.6 and P < 0.05. Asterisks* denote
statistically significant differentially expressed genes.
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Synapse Associated Differentially Expressed Genes: Interface vs. Naive (Log2FC)

Gene Overall 24 Hours 1 Week 6 Weeks
Camk2a -0.798 *-0.4757 -1.4428 -0.6257
Snap25 -0.3500 -0.4063 -0.4831 -0.1431

Nptxr -0.4123 -0.6035 -0.2819 -0.3471
Gabbrl -0.3697 *-0.7078 -0.1774 -0.2745
Gabbr2 -0.6064 *-0.7965 -0.3641 -0.6683

Synl *-0.8032 *-0.9886 *-1.0270 -0.4388
Stxbpl *-0.7174 *-0.8486 -0.7287 -0.5602

Bsn *-0.6639 *-0.8206 *-0.6235 -0.5514
Arc *-1.5350 *-2.0594 -1.4092 -1.1265
Gabral -0.3383 -0.6787 -0.0099 -0.3297

Nrgn -0.3230 -0.4703 -0.2234 -0.2732
Cacnali -0.7170 *-1.5979 -0.7974 -0.1296
Cacng3 -1.2571 *-1.9495 -1.5899 -0.4666

Camk2a Snap25  Nptxr  Gabbrl Gabbrz  Synl  Skxbpl Bsn Arc  Gabral  Nrgn Cacnali Cacng3
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Figure 2.3: Differential expression of genes associated with the neuronal synaptic
architecture at the device interface relative to naive tissue. The table and
representative graphs that illustrate the downregulation of synaptic associated genes at
24 hours, 1-week and 6-weeks post-implantation. “Overall” expression represents the
group comparisons of samples pooled across time points. Significance was
thresholded at Log2FC > 0.6 and P < 0.05. Asterisks (*) denote statistically
significant differentially expressed genes.

data. Reads are mapped to the reference genome Rattus_norvegicus.Rnor_6.0.9, using
STAR[135] (v2.6.1b) and assigned count estimates to genes with RSEM[136] (v1.3.1).
Alignment options follow ENCODE standards for RNA-seq[137]. FastQC is used in an

additional post-alignment step to ensure that only high-quality data gets used for
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expression quantitation and differential expression.
2.5 DIFFERENTIAL EXPRESSION OF RNA

Data was pre-filtered to remove genes with 0 counts in all samples. Differential
gene expression analysis is performed using DESeq2[138], using a negative binomial
generalized linear model (thresholds: linear fold change >1.5 or <-1.5, Benjamini-
Hochberg FDR (Padj) <0.05). Functional analysis, including candidate pathways
activated or inhibited in comparison(s) and GO-term enrichments[139], are performed
using iPathway Guide (Advaita)[140], [141]. While the nature of our tissue preparation
and retrieval is prone to degradation, duplication, and low yield, these conditions were
consistent across samples and were not expected to influence any sample cohort
preferentially. Likewise, a review of data via principal component analysis did not reveal
outliers associated with specific section depths. As such, genes identified as DE are
expected to represent effects related to the presence of the device.
3. RESULTS & DISCUSSION
3.1 DIFFERENTIAL GENE EXPRESSION IN INTERFACIAL, DISTAL, AND
NAIVE TISSUES

In comparison to traditional immunohistochemistry or analysis of gene expression
through quantitative polymerase chain reaction (QPCR), RNA-sequencing simultaneously
assesses thousands of genes while obviating the need to pre-select a limited number of
biomarkers of interest [142], [143]. Traditionally, device-tissue interaction has been
assessed through quantitative immunohistochemistry or g°PCR, while a more recent

approach by Bedell et. al. profiled a broader set of genes associated specifically with
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neuroinflammatory cascades[33]. To the best of our knowledge, our data is the first to
report sequencing analysis of the whole transcriptome of tissue collected surrounding
implanted Michigan-style electrode arrays in rat motor cortex. The data revealed

differential gene expression as a function of time and distance from implanted devices

(Figures (2.1) and (2.2)). Overall, 157 genes were detected as significantly DE in

Neuron Cytoskeleton Associated Differentially Expressed Genes: Interface Vs. Naive

(Log2FC)
Gene Overall 24 Hours 1 Week 6 Weeks
Nefm *1.6971 *1.8663 1.0142 *1.9825
Nefh 1.3712 *1.8663 0.2738 *1.651
Kif5a 0.5684 *1.1868 0.1003 0.1186
Kif5b *0.9207 *1.3001 0.4657 0.8255
Kif5c 0.2672 *0.6234 0.0649 0.0271
Map2 0.1482 0.165 -0.1105 0.3485
Mapt -0.2271 -0.1198 -0.7067 0.0704
Map4 *1.3841 *1.5798 1.1079 1.2485
Cyfip2 *-0.7208 *-0.9416 *-0.7985 -0.4494
Rtnl -0.8201 *-1.2194 -0.6958 -0.5795
Dctnl 0.7040 *1.0238 0.4336 0.5475
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Figure 2.4: Differential expression of genes associated with the cytoskeletal
architecture of neurons at the device interface relative to naive tissue. The table
and representative graphs above show fluctuations in neuronal genes associated with
cytoskeleton and motor proteins at 24 hours, 1-week and 6-weeks post-implantation.
“Overall” expression represents the group comparisons of samples pooled across time
points. Significance was thresholded at Log2FC > 0.6 and P < 0.05. Asterisks*
denote significantly differentially expressed genes.
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interface versus naive, 94 genes were detected as significantly DE in near versus far, and
21 genes were detected as significantly DE in far versus naive (Figure 2.1). The majority
of DE genes were upregulated in near versus naive and near versus far tissue, while a
shift toward downregulation was observed in far versus naive tissue (Figure 2.1). We
observed the highest number of DE genes at the interface relative to naive tissue
following implantation (157 DE genes at 24 hours) and fewer DE genes over time post-
implantation (62 DE genes at 1-week, 26 DE genes at 6-weeks), likely reflecting a
pronounced impact of insertional trauma. Contrasts in distal versus naive tissue followed
an opposite time course, with 1 DE gene at 24-hours, 5 DE genes at 1-week, and 5 DE
genes 6-weeks post implantation. The identification of DE genes in distal tissue collected
500 microns from the device versus naive control tissue suggests that implanted electrode
arrays affect tissue beyond the proximal device interface.

As described in following sections, our results validate foundational and
contemporary literature while also providing new observations of patterns of
spatiotemporal gene expression surrounding devices. The DE genes discussed in this
study have been grouped into known associations of cellular expression and interactions.
We observed DE of glial and neuronal genes that have not been characterized in the
context of implanted electrode arrays. While the majority of these genes reinforce
mechanisms of neuronal loss, synaptic pruning, and reactive gliosis, our data also
revealed a minority of genes which are associated with protective and regenerative

effects, suggesting novel therapeutic targets.
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3.2 DIFFERENTIAL EXPRESSION OF NEURON-ASSOCIATED GENES
Foundational literature has described a “kill-zone” at the device interface where
neuronal density declines over time, as evidenced by a loss of neuronal cell bodies and
neurofilaments in interfacial tissue. Our data did not reveal a statistically significant
reduction in the neuronal nuclear marker NeuN (Rbfox3) near the device, but we did
observe decreases in the expression of several genes associated with neuronal structure
and synaptic function in excitatory pyramidal neurons (e.g., CaMKIlla) (Figures (2.3) and
(4)), which may reflect a simple loss of neurons from the local population. An alternative
explanation is that altered gene expression occurs within individual neurons, potentially
as a result of structural or functional remodeling in the neuronal network. Our recent
observations have revealed significant loss of dendritic arbors and spine density locally to
implanted electrodes [144], supporting an at-least partial role for plasticity to contribute
to the observed gene expression results. The data also showed increased expression of
neuronal cytoskeleton-associated genes (Figure 2.3), which is not explainable by broad-
based neuronal loss. Potential reasons for the apparent decoupling of synapse and
cytoskeleton-associated genes include: (1) a separation of damage-associated effects on
local neurons and dendritic arbors versus long-range connections from axons of passage,
and/or (2) cycles of persistent repair and damage within individual neurons at the
interface, potentially related to pulsatile micromotion of brain tissue relative to the
device. Review of the data set revealed novel observations of neuronal genes associated
with cytoskeletal remodeling, intracellular signaling, synaptic structure and intrinsic

excitability surrounding implanted electrodes, revealing new mechanisms and potential
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targets to improve integration.
3.2.1 NEURONAL STRUCTURE: CYTOSKELETAL GENES

Previous descriptions of the tissue response to indwelling electrodes have been
characterized by a loss of neurofilament protein at the device interface[24]. We did not
observe significant reductions in expression in any of the isoforms of neurofilament
protein, but rather an apparent upregulation of Nefh, Nefm, and Map4 throughout the
duration of device implantation out to 6-week timepoint (Figure 2.4). This observation
has been corroborated by recent histological studies where neurofilament protein was
found to be elevated above control tissue over time [145], [146]. Accumulation of
neurofilament at sites of injury is known to be associated with neuronal pathology as well
as the dysfunction of axonal transport mechanisms[103]. In accordance with altered
axonal transport, we detected DE of kinesins at the device interface. The kinesin
superfamily and dynein transport proteins play an essential role in axo-dendritic transport
of synaptic vesicles, cytoskeletal proteins, and mitochondria[147]. These motor proteins
have also been shown to play a role in the transport of post-synaptic density (PSD)
proteins such as Snap-25, Syntaxin-1, and Bsn, which were also DE at the device
interface[148]. Upregulation of Kif5a, Kif5b, and Kif5c at the device interface relative to
naive tissue was significant at 24-hours post-implantation. Kif5a and Kif5c are neuron-
specific kinesins. Kif5b is expressed ubiquitously in many cell types and is known to
play a role in ion channel and mitochondrial transport in neurons, which can be disrupted
in states of injury[89], [149]. Upregulation of neuronal kinesins is associated with

changes in mitochondrial trafficking during injury, but it is unclear if this response is
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adaptive and neuroprotective or a driver of neurodegeneration [150]. Dctnl, a
microtubule motor component of the dynein complex, was also upregulated
coincidentally with the observed kinesins at the 24-hour timepoint. It is currently
unknown whether upregulation of axonal transport proteins is adaptive for neuronal
survival or results in axonopathy[87], but dysfunction of Dctnl, kinesins, and related
proteins are known to be highly associated with neurodegenerative disease [87], [88].
3.2.2 NEURONAL FUNCTION: SYNAPSE-ASSOCIATED GENES

In addition to neuronal cytoskeletal perturbations, we observed significant
downregulation of several synapse-associated genes in interfacial tissue, particularly
during the first week post-implantation (including CaMKIlla, Syn1, Stxbpl, Bsn, Arc,
Gabbrl1/2, Cacnali and Cacng3) (Figure 2.3)[75]. Several of these genes are associated
with regulating vesicular release. For example, synapsins are known to play key functions
in synaptic formation and plasticity through their role in chaperoning synaptic vesicles
during cytoskeletal transport[126]. Synl1, which is downregulated in our analysis at 24
hours and 1 week post-implantation, has been reported to play roles in neurite outgrowth,
synapse formation, and synapse maturation[126]. Bsn is a protein component of the
presynaptic skeleton that is well-known for its role in vesicle loading at synaptic ribbons
in the auditory system [48], and it was also downregulated during the first week post-
implantation in our data. Bsn has been reported to be expressed in the cortex, although its
function in that location has yet to be fully characterized[151]. Bsn has been reported to
play a role in inflammatory pathologies such as multiple sclerosis, where it has been

reported to contribute to neurodegeneration via upregulation and somatic Bsn
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accumulation[49]. The observed downregulation of Bsn and other genes associated with

synaptic release is potentially another indicator of neuronal loss, or perhaps an indirect

adaptive mechanism to preserve neuronal health.

We also observed acute and overall downregulation of Stxbp1l at the interface

Astrocyte Associated Differentially Expressed Genes: Interface vs. Naive (Log2FC)

Gene Overall 24 Hours 1 Week 6 Weeks
Agp4 *1.7187 0.1247 *2.2469 *2.198
Gfap *3.22 *2.8546 *3.7008 *3.3191
Vim *2.4244 *2.3249 *2.2921 1.6884
Ncan *1.6711 *1.7799 *1.9459 1.0628
C3 *2.4849 0.8646 *2.6327 *2.3193
Claa *2.2323 0.6351 *2.4304 1.8738
Clgb *2.1229 1.2435 2.4242 15113
Clqgc *2.2609 0.8542 2.6312 1.6603
S100b 0.6156 0.3096 0.1307 *1.178
Apoe *1.144 0.7737 *1.3558 *1.2061
Bestl *1.0896 1.0244 *1.318 0.7784
Nes *2.4125 *2.6963 1.3054 1.0781
Ptbpl 1.5937 0.2001 *2.1559 0.3708
Col4al *2.3265 *2.8574 *2.0388 1.2493
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Figure 2.5: Differential expression of genes associated with astrocyte activity at
the device interface relative to naive tissue. The table and representative graphs that
outline the general upregulation of astrocyte associated genes at 24 hours, 1-week and
6-weeks post-implantation. “Overall” expression represents the group comparisons of
samples pooled across time points. Significance was thresholded at Log2FC > 0.6 and
P <0.05. Asterisks (*) denote statistically significant differentially expressed genes.

74



relative to both naive and distal tissue. Stxbpl binds synaptic vesicle at the pre-synapse
and is a protein that has been reported to be essential for the exocytosis of
neurotransmitter release[152], [153]. Studies where Stxbpl is dysfunctional has been
shown to eliminate neurotransmitter release in affected neurons[152]. Likewise, while not
statistically significant, we observed consistent downregulation of Snap-25 at the device
interface relative to distal tissue. Snap-25 is known to interact with Stxbp1l in their roles
for docking pre-synaptic vesicles, regulation of Ca* channels, and in some cases, post-
synaptic spine development and neuronal survival[122], [154]. Taken together, the
decreased expression of these genes indicates a decline in synaptic transmission
surrounding the device, likely due to neuronal loss and/or loss of local dendrites and
spines[144] on residual neurons, both of which have been observed at the device
interface[96].

Genes associated with dendritic spine formation, function, and maintenance also
were significantly DE at the device interface. We found that Cyfip2 is downregulated
overall, at 24-hours, and 1-week post implantation at the interface relative to naive tissue.
Cyfip2 is enriched in neurons and has been reported to play roles in mMRNA translation at
the synapse as well as the structural maintenance of the pre-synapse, and the maturity of
dendritic spines[77]. Reduced Cyfip2 has been implicated in the progression of
Alzheimer’s disease but has yet to be investigated in the context of implanted
electrodes[77]. Arc is a highly regulated neuronal specific protein and its MRNA levels
are directly controlled by neuronal activity, specifically via NMDA receptors[41], [42].

The Arc gene is widely expressed in the brain and has been directly implicated in its role
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in synaptic plasticity at the post-synapse by modulating the formation of dendritic spines
and the recruitment and maintenance of AMPAr[41]. Arc is best characterized as a player
in behavior and learning, but has also been identified in M1 following motor learning
tasks[155]. Arc is also suspected to bind dynamin in its role as an intermediate-early gene
which we also found to be downregulated at the interface[41]. We have observed
downregulation of Arc expression overall and at 24 hours post-implantation. Loss of Arc
at the post-synapse in the event of injury has been shown to exacerbate neuronal injury
and even lead to neuronal death through endoplasmic reticulum stress and
necroptosis[156]. Because loss of Arc has been implicated in the decline of neuronal
health, this gene may find use as a novel biomarker for evaluating device-tissue
integration.

Many of the DE synapse-associated genes identified in this study are known to be
driven by calcium-based mechanisms. Gabbrl is the primary component of the
metabotropic G-protein coupled receptor for GABAg:1. Gabbr2 (gpr51) combines with
GABA-BL1 as a heterodimer to form functional GABA-B receptors and inhibits high
voltage activated Ca?* channels as a driver of inhibitory post-synaptic potentials [80]. We
have observed downregulation of both Gabbrl and Gabbr2 24-hours post-implantation.
If these downregulations are not solely a product of neuronal loss at the interface,
downregulation of Gabbrl and Gabbr2 could potentially be indicators of neuronal
excitotoxicity and increased calcium influx at early stages in the tissue response. We
observed later downregulation of the calcium/calmodulin-dependent protein kinase

CaMKIlla which was significant one week following insertion. CaMKIlla is a gene that
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has been found to be necessary for neuronal function and long-term potentiation through
its interaction with post-synaptic proteins in response to calcium influx[57], [157]. Nrgn
has been reported to bind calmodulin (CaM) at the post-synapse and facilitate the
generation of active CamKII required for long-term potentiation (LTP)[107]. We
observed overall downregulation in Nrgn in interfacial vs. distal contrasts with
pronounced changes at 24-hours post-implantation. Ngrn knockout studies have shown a
marked decline in intracellular Ca?* and increased incidence of long-term depression
(LTD) of neuronal synapses[55], [107], [108]. Nrgn is a neuronal protein that is highly
expressed in cortex, specifically in the post-synapse in dendritic spines[55], [108].
Cacnali and Cacng3 are both neuronal low voltage-activated calcium channel
components which are downregulated at the device interface 24 hours post-implantation.
Cacnali encodes the pore forming subunit of the CaV 3.3 ion channel in subsets of
neurons such as GABAergic neurons in the thalamic reticular nucleus (TRN). In TRN
neurons, the Cav3.3 ion channel is activated by transient membrane hyperpolarization as
a mediator of rebound burst firing in oscillatory neuronal activity [54]. Cacng3 codes for
a calcium channel y3 auxiliary subunit that is also known as a transmembrane AMPA
regulatory protein (TARP)[158], [159]. Both Cacnali and Cacng3 have been reported to
play roles in neuronal plasticity and in the development of epilepsy[54], [158].

Previous work by Eles et al. reports increased calcium-based activity as a direct result of
device implantation-based trauma, which appeared to normalize by 1-month post-
insertion. Insertion-driven Ca?* influx can activate cellular mechanisms that contribute to

axonal blebbing, axon transport disruption, neurite degeneration, synaptic degradation,
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Microglial & Inflammation Associated Differentially Expressed Genes: Interface vs.

Naive (Log2FC)
Gene Overall 24 Hours 1 Week 6 Weeks
Dock8 *2.5891 2.1065 2.4511 1.6915
CD68 1.2724 0.6460 1.2973 1.1036
Ctsb *1.6618 *1.9773 *1.6677 1.1016
Ctsl 1.0131 *1.6556 0.6290 -0.1168
Cxcl2 0.4632 0.2765 0.0138 0.2684
Cx3crl *1.9929 1.1117 2.0143 1.3144
Csfir *1.7965 1.1842 2.0085 1.0604
Gpnmb *2.2418 *2.2822 1.4343 1.1483
Casp3 0.7371 0.5135 0.4415 0.8005
Casp7 -0.0155 0.4449 0.3739 0.0226
Cxcll 0.4784 0.4131 0.0510 0.1153
Duspl 0.0517 0.1498 -0.7974 0.0582
116r 0.8318 1.1257 0.3354 0.0811
111b 1.2772 1.0951 0.5676 0.0651
Tlr2 1.2922 1.1838 1.0659 0.0719
Tlrd 0.6741 0.7751 0.0437 0.3122
Tnfrsfla *2.361 2.7704 1.7396 1.1832
Tnfrsflb 0.7698 0.8272 0.1285 0.2509
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Figure 2.6: Differential expression of genes associated with inflammation and
microglial activity at the device interface relative to naive tissue. The table
and representative graphs that show the generalized upregulation of microglial and
inflammation associated genes at 24 hours, 1-week and 6-weeks post-
implantation. “Overall” expression represents the group comparisons of samples
pooled across time points. Significance was thresholded at Log2FC > 0.6 and P <
0.05. Asterisks (*) denote statistically significant differentially expressed genes.
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and neuron death[160]. Early downregulation of Gabbrl and Gabbr2 may facilitate early
calcium influx and promote excitotoxicity. Decreased expression of a cluster of calcium-
related genes at the one-week time point potentially could be an adaptive response
following electrode insertion-driven Ca?* influx to reduce Ca?* driven activity. Future
work will need to explore these mechanisms.

It is possible that monitoring synaptic-associated genes could serve as useful
indicators of neuronal health and function in surviving populations. Downregulation of
Synl may point to potential synaptic dysfunction and axonal disruptions in local neurons.
For example, the significant downregulation of Bsn at 24 hours and 1 week post
implantation could indicate a decline of neuronal populations or possibly indicate early
synaptic dysfunction or neuronal loss at the device interface [151]. The observed
downregulation of Stxbpl overall and at 24 hours post-implantation may reflect early
neuronal damage and loss of neuronal processes. Further investigation is required to
determine whether these genes are related to adaptive mechanisms in individual neurons
and/or neuronal loss, and assess their suitability as novel biomarkers for neuronal
responses to implanted electrodes.

3.3 DIFFERENTIAL EXPRESSION OF ASTROCYTE RELATED GENES
3.3.1 ASTROGLIAL SCAR-ASSOCIATED GENES

Astrogliosis is considered to be a significant component of the fibrotic glial “scar”
that forms over time around indwelling devices. This scar is believed to impede signal
acquisition, segregate neuronal populations from insertion insult, and interfere with the

exchange of ions and soluble factors[161]. We detected multiple DE genes associated
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with astrocytic activity around implanted devices (Figure 2.5). Activated astrocytes at the
device interface are commonly characterized through the progressive increase of GFAP
and vimentin[23], [24], [30], [133], [162]. Our analysis confirmed a significant
upregulation of these genes near the device interface and, in the case of Gfap, radiating
out to tissue ~500 microns distal to the device (far versus naive, log2FC = 2.219, padj=
0.042). Complementary to these previously-reported effects, we detected DE of
additional genes potentially associated with glial scar formation. Col4al, which
astrocytes are known to secrete at sites of injury and inflammation, was significantly
upregulated at the device interface overall and specifically at 24-hours and 1-week post-
implantation[68], [163]. Ncan (chondroitin sulfate proteoglycan 3, CSPG3) was also
upregulated through 1-week post-implantation at the device interface and is reportedly
expressed by activated astrocytes in the fibrotic scar following traumatic brain
injury[164]. Similarly to other reported CSPGs, Ncan is implicated in the failure of
neural regeneration in the CNS via interference of neuronal adhesion molecules and
cadherins. At the device interface, the intermediate filament nestin (Nes) is upregulated
overall and at 24-hours. Nestin is commonly associated with multiple cell types such as
neural progenitors[165], but because Nes is strongly upregulated in proliferating reactive
astrocytes[104], at the device interface this may indicate the transition of local astrocytes
to reactive states.
3.3.2 HOMEOSTATIC SUPPORT AND REPAIR

Astrocytes are also well known for their ability to communicate with neurons in

the cortex and provide homeostatic support[161]. As such, open guestions remain
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regarding the beneficial versus detrimental impacts of reactive astrocytes surrounding
devices[166]. Our data unmasked modulation of genes potentially associated with a
neuroprotective or reparative role. For example, we observed significant upregulation of
Apolipoprotein E (Apoe), which has been associated with reactive astrocytes as well as
neurons in inflammatory states[44], [45], [167]. Apoe plays a key role in positive cellular
processes, but increased presence of Apoe is most commonly reported as a constituent of
inflammatory tissue response which is common during neurodegeneration[44], [45],
[167]. We also observed upregulation of Bestrophin-1 (Best1), which is an ion channel
that is highly expressed in astrocytes in the brain and is permeable to both glutamate and
GABA[47]. Under normal conditions, Bestl is localized to astrocytic processes where it
favors glutamate release to maintain neuronal synapses. Under pathological conditions,
Best1 is redistributed to the astrocytic soma and takes on the role of GABAergic release,
which is known to suppress synaptic transmission and neuronal excitability[47]. At the
device interface, this mechanism could potentially work to counteract neuronal
excitotoxicity during the initial inflammatory phase of the tissue response created by
BBB breach, microglial activation, and insertion-driven calcium influx. Modifying the
excitatory/inhibitory tone of surrounding brain tissue has been previously proposed as a
candidate protective mechanism to preserve neuronal tissue surrounding devices, albeit at
the likely expense of signal generation[37], [146]. We observed significant upregulation
of Aqp4 overall and at 1- and 6-weeks post-implantation. Aqp4 is essential for cellular
water homeostasis in the brain and is abundantly expressed in astrocytic end-feed; its

upregulation in astrocytes has been proposed to be involved in cell swelling during injury
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and ischemia. Agp4 can also influence astrocyte-neuron communication as an adhesion
molecule that is involved during cellular migration, neuromodulation, and neuronal
plasticity. The complete extent to which Agp4 is involved in the tissue response to brain
injury is still unclear, but increased expression is strongly correlated with glial scar
formation and inflammation[39].

Ptbpl was strongly upregulated at the device interface relative to distal tissue and

Oligodendrocyte Associated Differentially Expressed
Genes: Interface Vs. Naive (Log2FC)

Gene Overall 24 Hours 1 Week 6 Weeks
Olig2 1.0043 0.474 0.7407 1.0247
Plp1 *1.5097 0.4326 *2.1238 *1.5106
Mbp 1.0893 -0.1962 1.1049 *1,6471
Tt *2.3807 *1.6836 *2.9283 *1.9431
Gale 0.2046 0.0654 0.2632 0.0408
Cnp *1.6503 1.1674 1.6281 1.6476
Ptprzl *1.6299 *1.4541 *1.7138 *1.6104
Olig2 Plp1 Mbp Tf Galc Cnp Ptprzl
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Figure 2.7: Differential expression of genes associated with oligodendrocytes at
the device interface relative to naive tissue. The table and representative graphs
illustrate the upregulation of key genes associated with oligodendrocytes at 24 hours,
1-week and 6-weeks post-implantation. “Overall” expression represents the group
comparisons of samples pooled across time points. Significance was thresholded at
Log2FC > 0.6 and P < 0.05. Asterisks (*) denote statistically significant differentially
expressed genes.
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at 1-week post-implantation relative to naive tissue. Ptbpl is an RNA-binding protein
which has been implicated in alternative splicing and the regulation of numerous cellular
processes in the brain[113], [114], [168]. Recently, Ptbpl has been shown to suppress
pro-neural genes, and shRNA knockdown of Ptbpl in midbrain converted astrocytes into
functional dopaminergic neurons within the nigrostriatal region of the mouse brain[112].
It is still unclear if Ptbpl upregulation at the interface correlates with increased astrocyte
density, but due to the recently demonstrated potential for repair, this gene is a promising
target for future investigation.
3.4 DIFFERENTIAL EXPRESSION OF GENES ASSOCIATED WITH
MICROGLIA AND INFLAMMATION

Microglia have long been implicated in the tissue response to implanted electrode
arrays as well as in neurodegenerative disease[169], [170]. In healthy cortical tissue,
microglia play a supportive role in a variety of cellular processes such as synapse
formation and maintenance, disposal of cellular debris, pruning of nonfunctional
synapses, and promotion of oligodendrocyte precursor cell (OPC) survival and
differentiation. Following insult to cortical tissue, microglia become activated, causing
them to proliferate, migrate to sites of injury, produce inflammatory cytokines, upregulate
Iytic enzymes and assume a pathological phenotype[50], [171]-[176]. Activated
microglia are documented to lose the ability to support healthy processes such as
maintaining functioning synapses. Cytokines secreted by activated microglia can drive
neurons into a state of excitotoxicity and neurodegeneration, potentially exacerbating an

environment that is already unfriendly for neurons at the interface. In our data, we
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observed expected upregulation of genes typically associated with microglial reactivity
(Figure 2.6), particularly at early time points (e.g., Cx3crl, Csflr).

The upregulation of lysosomal Ctsl also appears to validate microglial-driven
inflammation at the interface. Knockdown studies have provided evidence that Cstl is
associated with phagocytotic microglia and contributes to neuronal cell death[71]. We
observed acute upregulation of Ctsl at 24-hours post-implantation. In the context of
indwelling devices, upregulation of Ctsl could act as a marker for microglial activation
and may contribute to inflammatory neuronal damage. Similarly to Ctsl, Ctsb is highly
expressed in pro-inflammatory microglia and plays a role in degradation of extracellular
matrix proteins and can contribute to neuronal damage[69], [70], [177]. Tnfrsfla, as a
known activator of inflammatory microglial pathways NF-xB and MAPK, is also
modestly upregulated at the device interface. Ptprc (CD45) is associated with infiltrating
leukocytes and is known to be expressed in microglia as well, so it is possible that
upregulation of this gene suggests the presence of general macrophage-like activity.
However, it is likely that Ptprc expression is being driven by the local microglial
population. In general, our data confirms the expected presence of activated microglia at
the device interface, while identifying the perturbation of previously unreported genes
related to these cells.

We also observed a cluster of gene expression associated with the complement
cascade relevant to microglial function, which is well documented in pathological states
where cellular debris and apoptotic cell bodies are present[50]-[52], [169]. C3 and Clq

bind the membrane of apoptotic cell bodies and synapses as a marker for pruning by local
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microglia[169], [174]. The upregulation of C1q and C3 have been reported to destabilize
functional synapses[50]. Additionally, the secretion of C1q from microglia is associated
with the induction neurotoxic ‘A1’ reactive astrocytes, which in turn stimulates C3

expression as a key biomarker of Al-astrocytes[173]. High complement levels during

Blood Brain Barrier & Vasculature: Interface Vs. Naive (Log2FC)

Gene Overall 24 Hours 1 week 6 weeks
Mmp2 0.8172 0.4547 0.3841 0.7350
Mmp9 0.0764 0.4429 -0.0219 -0.0245
Ap2al -0.5787 -1.1393 -0.7051 -0.0186
Mfsd2a -0.0169 0.2335 0.1767 0.0252

Rgss 0.3217 0.0715 -0.3440 0.7420

Tipl 0.2514 0.1276 0.1771 0.3850

Tip2 0.1324 0.0717 -0.1218 0.2199

Len2 0.9222 0.5981 0.7713 0.4258

Shh -0.0298 0.1385 -0.2085 -0.0162

Cdhs 0.5639 0.4949 0.2358 0.6367
Cldn5 0.5678 0.1882 0.0329 0.8498

Ocln 1.0568 0.9550 0.6044 0.8449

Tfrc 0.1385 -0.0594 0.0076 0.3406
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Figure 2.8: Differential expression of genes associated with blood brain barrier
integrity at the device interface relative to naive tissue. The table and
representative graphs illustrate fluctuations of blood brain barrier associated genes at
24 hours, 1-week and 6-weeks post-implantation. “Overall” expression represents the
group comparisons of samples pooled across time points. Significance was
thresholded at Log2FC > 0.6 and P < 0.05. No genes were identified as significantly
DE in this group.
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pathological states can lead to ‘over-pruning’ of synapses and myelin which can, in turn,
lead to excessive loss of neuronal connectivity [131], [176]. Thus, genes associated with
microglial-mediated inflammation and the complement cascade are candidate targets for
restoration of lost neuronal network connectivity surrounding devices.

While the majority of our observations of microglial-associated genes suggest
mechanisms associated with synaptic pruning, neurotoxicity and inflammation,
upregulation of Gpnmb overall and at the 24-hour timepoint may suggest a more complex
interplay of protective and detrimental effects. Gpnmb, which has been discussed in the
context of Alzheimer’s disease, may suggest that there are microglia- mediated
mechanisms which work to attenuate the inflammatory response of reactive astrocytes
through CD44 receptor action[83]. Gpnmb is a transmembrane glycoprotein that has been
reported to be expressed in microglia and macrophages in the brain and are reported to
play roles in neurodegenerative states. Gpnmb has been shown to bind astrocytic CD44 to
attenuate astrocyte driven inflammation and provide neuroprotection in
neurodegenerative disease. As such, it has been suggested as a potential therapeutic target
against neuroinflammation[83].

3.5 DIFFERENTIAL EXPRESSION OF OLIGODENDROCYTES ASSOCIATED
GENES

Oligodendrocytes are well-known for their role in myelination of axonal fibers in
the brain, but they also provide metabolic and trophic support directly to neurons. While
previous studies have often focused on microglia and astrocytes as the primary glial

players in the tissue response to implanted electrode arrays, more recent studies have
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explored the role of oligodendrocytes and their progenitors (OPCs) in device-tissue
interaction. Our data identified several DE genes associated with oligodendrocytes and

OPCs (Figure 2.7). Interestingly, Ptprz1 was found to be upregulated overall and at every

Oxidative Stress Associated Genes: Interface vs. Naive (Log2FC)

Gene Overall 24 Hours 1 week 6 weeks
Aox1 0.0051 0.0116 -0.0617 0.0145
Cybb 0.9291 0.9808 0.4447 0.2723
Fthl *1.1365 0.8291 *1,5545 0.8543
Gpx1 0.2648 0.1398 0.1951 -0.1906
Hmox1 *1.6734 1.5363 1.0245 0.4523
Mpv17 -0.1570 0.6083 -0.0306 -0.0329
Ncfl *2.1043 1.9382 1.1138 1.1745
Nos1 0.3243 0.0162 0.7967 -0.1327
Nos2 0.3730 0.4565 0.0833 0.0011
Prdx1 0.3684 0.3306 0.0640 -0.0217
Prdx2 -0.0802 0.1878 -0.4819 -0.0388
Prdx3 -0.5358 -0.4153 -0.2343 -0.5403
Scara3 0.5797 0.2901 0.7731 0.5998
Sod1 -0.1098 0.0916 -1.1097 0.2313
Sod?2 1.2157 *1.8175 0.8200 0.4346
Sod3 -0.2561 -0.3586 -0.5213 -0.0072
Gpx4 -0.2537 -0.2537 -0.1442 -0.3914
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Figure 2.9: Differential expression of genes associated with oxidative stress at the
device interface relative to naive tissue. The table and representative graphs
illustrate fluctuations of oxidative stress associated genes at 24 hours, 1-week and 6-
weeks post-implantation. “Overall” expression represents the group comparisons of
samples pooled across time points. Significance was thresholded at Log2FC > 0.6 and
P <0.05. Asterisks (*) denote significant differentially expressed genes.
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timepoint out to 6-weeks post-implantation. Ptprz1 is enriched in OPCs and is believed to
play a role in the maintenance OPCs in an undifferentiated state[115]. Upregulation of
Ptprzl by itself doesn’t necessary imply that OPCs are being locked into an
undifferentiated state, but it would allow for more binding sites for associated substrate
molecules which have been shown to directly inhibit OPC differentiation into mature
oligodendrocytes.

Oligodendrocytes are one of the few cell types in the brain to express transferrin
(Tf) post developmentally[43], [128], and it is notable that Tf is upregulated at all
timepoints throughout the six week implantation period in comparison to naive tissue. It
is possible that the chronic upregulation of iron sequestering proteins such as Tf and
possibly Fthl reflect the increased metabolic demands of oligodendrocytes, which may
result from chronic cycles of damage and repair presented by a fixed, indwelling
microelectrode array. Oligodendrocytes are known to be susceptible to oxidative damage
due to their relatively high basal metabolic requirements to produce and maintain
myelination while providing trophic support to nearby cellular populations. These
demands may be further exacerbated in the injury zone of the device interface. As with
other reactive glia, there may be a combination of reparative and degenerative effects of
these cells at the interface.

Myelin is largely comprised of structural proteins Plp1 and Mbp, and the
expression of these genes is directly linked to axonal myelin construction[98], [178]. It is
possible that upregulation of these genes reflects a need for myelin regeneration and

repair, or alternatively, the formation of damage-associated “myelinosomes.”
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Myelinosomes have been recently reported to be frequently targeted by microglia and
invasive macrophages for phagocytosis[179], likely via the complement system. It has
been reported that high prevalence and upregulation of Plpl is directly linked to
microglial activation and inflammation, and myelinosomes may contribute to persistent
microglial inflammation at the interface[175]. The need for remyelination after
myelinosome pruning may be one explanation for the upregulation of Plp1 and Mbp at
the device interface over the duration of implantation. PIpl overexpression also has been
reported to directly influence activation of inflammatory microglia, so there is some
uncertainty as to whether the upregulation of Plp1 at the device interface is regenerative
or inflammatory[172], [175]. In the context of Alzheimer’s disease, states of chronic
inflammation can drive OPCs into a proinflammatory state over long periods of time (out
to 18 months)[180], [181], but we have not seen evidence in this 6-week dataset of that
particular phenotype of oligodendrocyte. The chronic upregulation of oligodendrocyte
and myelin specific genes such as Plpl and Mbp at the device interface in our data
supports the need to further understand the role of oligodendrocytes in device-tissue
integration, which is an emerging line of inquiry recently pursued by Kozai and
colleagues[22], [179], [182].
3.6 DIFFERENTIAL EXPRESSION OF GENES ASSOCIATED WITH BBB AND
OXIDATIVE STRESS

Recent literature has begun to explore the role of BBB integrity as a component of the
tissue response to indwelling electrodes. Insertion of devices in most cases causes

ischemic insult through direct contact with vasculature. Transient rupture of the BBB
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causes an influx of circulatory cell types, plasma proteins, and extracellular iron, thus
exacerbating the existing immune response[31]. Increased permeability of the BBB
disrupts cortical homeostasis and is known to result in the upregulation of matrix
metalloproteases, antioxidant activity, and genes that control regeneration of the
neurovascular unit[31], [32]. BBB disruption and the associated oxidative stress that
follows has been typically observed at 48 and 72 hours post implantation, with one report
suggesting no significant upregulation of these genes within 24 hours of device
insertion[32]. We detected numerous genes associated with blood brain barrier (Figure
2.8) and oxidative stress (Figure 2.9), but few of them were flagged as statistically
significant DE. It is possible that we did not observe significant DE in genes associated
with vascular trauma and associated pathways because the 24-hour time point was not a
sufficient duration to reveal effects. While we did detect many genes associated with
oxidative stress, neurovascular unit and inflammation, most of these effects were not
statistically significant. However, we detected significant upregulation of the antioxidant
Sod2 at the 24-hour timepoint, which may be related to acute oxidative stress following
device insertion. Ncfl was also found to be generally upregulated overall at the device
interface. Ncfl is enriched in phagocytic cells such as microglia and is upregulated as a
part of the innate immune response. Upregulation of Ncfl may also be a signifier of
infiltrating neutrophils following BBB breach caused by device insertion. Ncfl
upregulation is known to directly increase the levels of reactive oxygen species (ROS) in
the extracellular environment and may contribute to cellular damage at the device

interface[32]. In addition to generators of oxidative stress, we observed upregulation of
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protective mechanisms which are responsive to oxidative stress in the brain. Fthl has
recently been characterized as a protectant against oxidative stress following device
insertion[32]. We observed upregulation of Fth1 overall and also at 1-week post-
implantation. Fth1 upregulation could be a sign of increased extracellular heme
degradation due to increased BBB permeability related to device insertion and
micromotion. Likewise, Rtn1 downregulation is notable since the reticulon protein family
has been reported to play involvement in neuronal apoptotic pathways in injury and
disease[120], [121]. Rtnl upregulation following injury has been implicated in activation
of apoptosis in neurons as a result of ER stress through the Bcl2 pathway[120]. Neuronal
oxidative stress and cell death has been suggested at the device interface, but we have
observed a marked downregulation of Rtn1 at the device interface, which could imply
potentially compensatory activation of neuroprotective mechanisms in surviving neurons.
4. CONCLUSION AND PERSPECTIVES

This study has expanded current understanding of the complexity of the biological
impacts of electrodes implanted in the brain. The data validate previous observations
while identifying novel genes associated with the tissue response to implanted cortical
devices. While we present and discuss selected genes in this initial report, we have
provided the comprehensive raw data set, which includes many additional statistically
significant DE genes, as supplementary files (1-15).

In addition to expected DE of genes associated with astrocytic fibrosis, inflammation,
and glial activation, our transcriptional analysis has highlighted new DE genes at the

device interface which may be contributing to performance outcomes. The observed
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upregulation of neuronal cytoskeletal genes in parallel with downregulation of synapse
associated genes leads to new questions regarding the neuronal response at the device
interface (i.e., plasticity versus loss). Changes in neuronal kinesins, pre- and post-
synaptic proteins, and myelin structural proteins are all implicated in injury and
neurogenerative disease, and the impact that these effects have in surviving neuronal
populations at the device interface is the subject of future work. The coincident and
persistent upregulation of Tf, Plpl, and Mbp support evidence that oligodendrocytes play
a role in the tissue response. It is possible that neuronal injury and inflammation leads to
increased generation of myelin associated proteins and a subsequent increase in
oligodendrocyte metabolism required to maintain myelinated axons at the electrode
interface. We also observed the expression of multiple genes which may contribute to a
positive, adaptive function. For instance, potential astrocyte-driven neuronal hypo-
excitability via Bestl may provide neuroprotective benefits immediately post-
implantation, but prolonged neuronal inhibition may contribute to signal loss or
instability over time. It is likely that the DE of genes at the device interface represent a
spectrum of tissue response effects, both protective as well as detrimental to local
interfacial tissue. The fibrotic scar that forms around the device is essential to re-establish
the BBB and cortical homeostasis, but prolonged presence of an Ncan rich glial scar may
prove to be detrimental for long-term device integration. Many of the DE genes are
expressed in multiple cell types and may play multi-functional roles in the tissue
response, which warrants additional investigations to determine cell-type specificity and

downstream outcomes of gene expression effects.
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We have also identified a small number (21) of DE genes in distal tissue to implanted
devices relative to naive tissue. We observed downregulation of the cholesterol synthesis
intermediate lanosterol synthase (Lss) and 7SK RNA. Additionally, we observed
upregulation of Gfap, Tensin3, collagen type IV, neural precursor cell expressed, neural
precursor expressed developmentally down-regulated 9 (Nedd9), and the Hsp70 co-
chaperone Hsp40 in distal tissue. Upregulation of Gfap is expected, but the DE of Lss and
Nedd9 lead to questions regarding a novel role of these genes in the context of implanted
electrode arrays and brain injury. The presence of DE genes in distal tissue suggests that
future work should explore distal gene expression, as it raises new questions about an
influence of the tissue response on the broader network generating the local field
potential.

Many of the DE neuronal genes discussed in this study have been previously
implicated in neurodegenerative diseases such as multiple sclerosis, Alzheimer’s disease,
and Parkinson’s disease. The possibility that mechanisms are conserved between device-
based tissue response and neurodegenerative disease may allow for insights to be shared
between these fields of research. Future work will explore gene ontology and pathway
analysis to contextualize newly identified DE genes surrounding devices.

Significant questions for further investigation remain, such as: (1) how do the
changes in gene expression influence the interplay between affected cell types at the
device interface and their contribution to the overall tissue response, (2) to what extent is
this observed DE being driven by fluctuations in individual cells versus changes in cell

populations at the device interface, (3) do the observed fluctuations in gene expression
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drive significant alterations in protein expression, and (4) which, if any, of these genes
are useful biomarkers of signal quality? Finally, the observation that genes are DE in
tissue 500 microns away from the device relative to unimplanted tissue indicates that the
tissue response to the implanted electrode array may extend further than previously
thought.

Future work may extend on the current observations by assessing chronic time-points
beyond 6-weeks and performing focused analysis of gene expression localized to
electrode sites. Likewise, assessing the relationship between recording quality and gene
expression remains an important area of future work. Nonetheless, identification of genes
associated with multiple cell types and processes at the device interface provides an
expanded toolkit for evaluation of the tissue-device interface. This study has opened new
avenues to investigate how the DE genes identified contribute to tissue response, creating

opportunities for intervention and improved chronic performance.
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CHAPTER 3 | SPATIOTEMPORAL EXPRESSION OF RNA-SEQ IDENTIFIED
PROTEINS AROUND IMPLANTED SILICON ELECTRODES
1. INTRODUCTION
Microelectrode array technologies implanted in the nervous system have useful
applications in the clinic and in the lab. Using these technologies gives ever-evolving
avenues to treat diseases, restore essential functions, and study the nervous system[1-15].
However, implantation of microelectrodes damages cortical tissue and vasculature,
initiating a highly complex tissue response which significantly limits functional
longevity. Early studies characterized the tissue response to implanted devices as a
progressive loss of neuronal cell bodies and neuronal processes, and formation of a glial
scar consisting of activated microglia and astrocytes[16,17]. Based on these observations,
it is believed that the tissue response is a significant contributor to the often-observed loss
of recording quality and signal fidelity of implanted devices over time. In an effort to
improve the performance of implanted devices, numerous next-generation devices with
contemporary architectural approaches have been created for the purpose of attenuating
or circumventing the tissue response entirely[18,19]. Many next-generation devices are
reported to be successful in preserving neuronal populations and reducing astrogliosis at
the device interface[18-23].
Despite evidence of a link between device performance and the tissue response,

the signal quality of implanted electrodes can still decline when neuronal populations are
preserved and gliosis is minimal[24]. There is a growing body of recent evidence which

indicates that the complexity of the tissue response extends far beyond earlier
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characterizations. It is now known that vascular disruptions, micromotion, and cellular
reactions to damage and debris created by implanted devices produce a dynamic
biological response[25-30]. Micromotion of implanted devices, as well as the steric
blockade created by the indwelling device, may further disrupt natural tissue regeneration
and prolong the tissue response [29,31]. Additional studies have provided evidence that
the structural integrity of myelin and the structure of neuronal processes remain disrupted
long after devices are implanted[32,33].

Recent transcriptional studies of tissue near implanted devices have added to this
picture through the identification of differentially expressed genes surrounding implanted
neurotechnology[34—-38]. In a 2021 study, RNA-sequencing identified device-associated
genes involved in multiple processes in the brain such as neuronal excitability and
structure, glial modulation of neuronal activity, metabolic changes, myelination, and
inflammation[38]. This previous study provided new information into the complexity of
the tissue response at the device interface (out to100um) and in distal tissue (500um from
implant), but fundamental questions remain, including: (1) whether or not gene
expression will align with protein expression, (2) whether expression is driven within
discrete cells or by changes in cellular population, and (3) what the cell type-specificity
and the spatiotemporal distribution of these genes is within the respective regions of
interest near devices. RNA-sequencing is a powerful tool which can provide insight into
the broad transcriptional changes of tissues in states of injury and disease. However,
generation of RNA-seq datasets are resource-intensive and produce large volumes of data

which can be difficult to interpret without further validation at the protein level.
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Considering known inconsistencies in the relationship between mRNA and protein
expression[39,40], it is especially difficult to anticipate the effect of any differentially
expressed genes on protein levels from RNA-seq data alone. We have chosen several
RNA-seq identified genes with varying physiological functions and spatial expression
patterns from our prior dataset to examine the feasibility of utilizing RNA-seq data to
predict perturbations in proteins expression at the device interface. To accomplish this,
we generated an automated, unbiased MATLAB-based method to evaluate the
immunofluorescence of RNA-seq identified proteins involved in the tissue response at
the electrode interface and estimate the association with cell type-specific markers.
Here, we have explored the spatiotemporal distribution of polypyrmidine tract
binding protein-1 (Ptbpl), Ferritin Heavy Chain (Fth1), Transferrin (TF), Myelin Basic
Protein (MBP), Proteolipid Protein-1 (Plp1), and Neurofilament Heavy Chain (Nefh) at
the device interface. These markers were selected from the broader set of differentially
expressed genes based their predicted involvement in phenomena relevant to the tissue
response such as neuronal structure and function (Nefh, Plp1, MBP), cellular metabolism
and oxidative stress (TF, Fth1), or glial proliferation and differentiation (Ptbpl). To
accomplish this, we co-stained proteins of interest with cell type-specific markers and
evaluated cellular densities and the fluorescence intensity of protein within discrete cell
types at the device interface relative to distal and contralateral tissue. Our analysis found
that the RNA-seq identified proteins in the present study share similar patterns of
spatiotemporal expression, i.e., they are ‘aligned’ with the transcriptional data from our

previous study. The results of this study provide evidence that RNA-seq generated
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datasets can be utilized to develop new hypotheses about the biological processes
involved in the tissue response to implanted electrodes that are testable at the protein
level.
2. MATERIALS AND METHODS
2.1 SURGICAL IMPLANTATION AND TISSUE PROCESSING

Single Shank ‘Michigan’-style non-functional probes (16-channel Al x 16-3mm,
15pum thick, 703um? site size, 100um site spacing, Neuronexus Technologies) were
stereotaxically implanted in the motor cortex (M1) of male Sprague-Dawley rats (aged
12-14 weeks). Animals were isoflurane-anesthetized and a craniotomy was performed
over M1 (+3.0 mm Anterior, +/- 2.5 mm mediolateral from Bregma), dura was resected,
and the electrode was stereotaxically inserted to a depth of 1.8mm from the cortical
surface. A dental cement head-cap was used to secure the unilateral implant to two
stainless steel bone screws. Bupivacaine and Neosporin were applied topically to the area
around the incision to minimize discomfort and infection risk. Meloxicam was
administered via injection for post-operative pain management. The surgical procedures
for this study and the previous RNA-seq study are identical. Devices remained implanted
in M1 for the duration of a designated time-point (1 Day, 1 Week, and 6 Weeks). All
surgical procedures described were approved by the Michigan State University Animal
Care and Use Committee. At the terminal time-point, animals were deeply anesthetized
with isoflurane and sodium pentobarbital, transcardially flushed with phosphate buffered
saline (PBS) and perfused with 4% paraformaldehyde, devices were removed, and the

brains were extracted. After a graded sucrose protection (5%-20%) and cryo-embedding,
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the brains were cryosectioned (Leica Biosystems) into 20um thick sections and mounted
on Superfrost™ Plus slides (Fisher Scientific).
2.2 IMMUNOHISTOCHEMISTRY AND IMAGING

Six slides containing one to three tissue sections for each timepoint (n=6-8
animals per timepoint) were used for each antibody combination. Slides used for
histology were selected in a way that each condition and antibody combination are
represented equally across animal subjects (Supplementary Table 2). Tissue sections
were hydrated in PBS, and blocked with 10% normal goat serum for one hour and
subsequently incubated with primary antibodies ((GFAP 1:400 (Millipore Sigma G3893).
CC1 1:100 (Millipore Sigma OP80). TF 1:100 (AbClonal A1148). Fthl 1:200 (Abcam
ab65080). Ptbpl 1:250. (Abcam ab133734). MBP 1:500 (Antibodies.com A85322).
NeuN 1:100 (Millipore Sigma MAB377). Ibal 1:200 (abcam ab283319). Plp1 1:200
(Thermo-Fisher PA5-40788). Nefh 1:1000 (Abcam ab7795)). Following primary
incubation, samples were rinsed three times in PBS for 5 minutes and secondary
antibodies (alexa-fluor 488 (Thermo-Fisher) 1:400, alexa-fluor 594 1:400 Thermo-
Fisher) were applied for two hours. Slides were rinsed an additional two times for 10
minutes and nuclei were counterstained with 1ug/ml Hoechst. Images were acquired
using an Olympus fluoview 1000 inverted confocal microscope with a x20 PlanFluor dry
objective (0.5 NA) at a resolution of 1024x1024 pixels using kalman filtering to reduce
background. A slide of tissue sections for each animal was used as a ‘no-primary’ control

to validate the absence of autofluorescence and non-specific binding of antibodies.
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2.3 CELL COUNTING AND CELL TYPE-SPECIFICITY

Fluorescent image analysis was performed using custom MATLAB software,
adapted from the method introduced by Kozai et al. to quantify generalized fluorescence
intensity from proteins of interest at a spatiotemporal level (Supplementary Figure 1)[41].
The mean intensity was calculated for each individual image, normalized, and averaged
across all tissue sections for a given condition at each time point. To account for tissue
regions such as vasculature which may influence intensity values, a background noise
intensity threshold was calculated to subtract any bins with intensity values lower than
one standard deviation below the threshold. We have also expanded upon Kozai et al.’s
method to include new functionality which allows for identification of counterstained cell
types which can be discretely quantified by evaluating cellular density and
immunofluorescent intensity as a function of distance from the device interface.

Due to the wide variation in signal intensity spatially within the images, the cell
type-specific markers (green channel) and Hoechst stain (blue channel) were contrast
adjusted using the MATLAB command adapthisteq (contrast-limited adaptive histogram
equalization)[42]. The resulting images were significantly more uniform, allowing for a
binarization threshold that could consistently be calculated to fit the data. To determine
the best threshold value, images were manually thresholded with a custom slider built in
MATLAB during software development. This process consistently resulted in an optimal
threshold value approximately equal to the mean intensity plus one standard deviation,
which was implemented in the automated analysis program. The ensuing binary images

were morphologically opened with imopen, incorporating a five-pixel disc structuring
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Figure 3.1: Spatiotemporal expression of RNA-seq identified proteins associated
with astrogliosis and ion metabolism at the device interface. Non-cell type specific
fluorescence intensity (line graph) of Glial fibrillary acidic protein (GFAP),
Polypyrmidine-tract binding protein-1 (Ptbpl), Transferrin (TF), and Ferritin heavy
chain-1 (Fthl) paired with the corresponding Log2FC from our previous RNA-
sequencing study (Bar Graph). Dashed red line represents the area of tissue that was
evaluated for RNA-sequencing. Line graphs are represented as mean intensity and
error bars represent standard error. Horizontal brackets indicate significance of
defined tissue regions relative to distal tissue (250um from implant). P<0.05* and
P<0.001**, Asterisks are color matched to the corresponding condition in each line
graph. Bar graphs reproduced from reference [38] under CC BY 4.0 license.
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Figure 3.2: Spatiotemporal expression of RNA-seq identified proteins associated
with neuronal remodeling and myelination at the device interface. Non-cell type
specific fluorescence intensity (line graph) of Neurofilament heavy chain (Nefh),
Myelin basic protein (MBP), and Proteolipid protein-1 (Plpl) paired with the
corresponding Log2FC from our previous RNA-sequencing study (Bar Graph).
Dashed red line represents the area of tissue that was evaluated for RNA-sequencing.
Line graphs are represented as mean intensity and error bars represent standard error.
Horizontal brackets indicate significance of defined tissue regions relative to distal
tissue (250um from implant). P<0.05* and P<0.001**. Asterisks are color matched to
the corresponding condition in each line graph. Bar graphs reproduced from reference
[38] under CC BY 4.0 license.
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element, to remove cell processes and prevent cells from being overcounted and / or
misidentified[43].

Finally, the binary images were window filtered based on connected pixel area to
remove unwanted signals like autofluorescence and blood vessels. The remaining
connected regions on both the cell-type and Hoechst stains were recorded. Cells counted
with cell-type specific markers and Hoechst were sorted into “target” and “non-target”
cells. A cell was considered a non-target cell if it was identified on the Hoechst stain and
was not proximal to any cells counted with cell-type specific markers. If a cell counted
with Hoechst was located within 20 pixels of a cell counted on the cell-type stain, the two
would be merged and counted as one target cell. The centroid of the now merged target
cell was taken from the center of Hoechst positive (+) nuclei. Cells counted with cell-
type specific markers that did not contain Hoescht+ nuclei were counted as target cells,
with the centroid unaltered from the initial green channel identification.

Cell density is calculated based on distance from the electrode implant site.
Similar to Kozai et al., concentric bins are drawn radially outward from a user defined
injury. MATLAB polybuffer command was used to generate exact concentric rings
radially from the defined injury perimeter. To evaluate the spatial dynamics of cell
density and localized intensity, 27 bins, each 10 microns in width, were used to capture as
much of each image as possible (270um total). The program then quantifies the total area
of each bin, in addition to the number of target and non-target cells per bin. These
metrics were used to calculate the target and non-target cell densities. The algorithm then

extracts the localized intensity of the target protein (red channel) within both target cells
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identified with cell type-specific markers (green channel) and an equal region from non-
target cells. Localized intensity, in our case, is defined by the average signal intensity
located within a circular region of interest (ROI), drawn about the centroid of each cell
type with a radius of 10 pixels. To separate signal from background, the target protein
image is thresholded with Otsu’s method[44]. The algorithm then finds the average
intensity located inside of each ROI for target and non-target cells. The resulting average
intensity of all cells of the same type, falling within the same bin, are averaged to produce
the localized intensity for each cell type spatially with respect to the electrode implant
site and is subsequently normalized to the furthest bin. This methodology allows for the
detection and quantification of protein which regionally overlaps with the ROIls drawn
about cell bodies determined by cell-type specific markers. Regions of interest were
either drawn to exclude areas of the device injury which had high levels of
autofluorescence or were excluded from analysis. The accuracy of the MATLAB method
described here was validated using non-biased human cell counting (Supplementary
Figure 2).
2.4 STATISTICAL METHODS

To evaluate intensity of protein expression, a total of 18 animals were used across
three timepoints (24 Hours, 7 Days, and 6 Weeks) and an average of six brain sections for
each condition was assessed per animal. Data were compiled and analyzed using a linear
mixed effects model using SPSS (IBM) to evaluate spatiotemporal effects of implanted
electrode arrays relative to distal tissue as well as contralateral tissue similarly to

previous work[45]. Statistical results were evaluated using the Bonferroni post-hoc
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Figure 3.3: Ptbpl is spatiotemporally expressed around implanted electrodes. A.)
Representative immunohistochemistry which presents and Ptbpl expression within
microglia (Ibal), astrocytes (GFAP), and oligodendrocytes (CC1) at 24-hours, 1-
week, and 6-weeks post implantation. B.) Line graphs which present non-cell type
specific intensity analysis of pooled Fthl data from across all histology samples at the
device interface paired with RNA expression Log2FC from our previous RNA-
sequencing study (Bar Graph) C.) Cell type specific analysis which presents the
average normalized fluorescence intensity of Ptbpl from CC1+, Ibal+, and GFAP+
cells at the device interface. Line graphs are represented as mean intensity and error
bars represent standard error. Dashed red line represents the area of tissue that was
evaluated for RNA-sequencing. Horizontal brackets indicate significance of defined
tissue regions relative to distal tissue (250um from implant) and vertical brackets
indicate significance between tissue at the device interface relative to contralateral
tissue. Scale bar = 100 pm. P<0.05* and P<0.001**. Asterisks are color matched to
the corresponding condition in each line graph. Bar graphs reproduced from reference
[38] under CC BY 4.0 license.

analysis where statistical significance was defined at P<0.05* and P<0.001**.
Differential expression analysis of RNAseq data from the prior study was conducted as

described previously [38].
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Figure 3.4: Neurofilament and proteolipid protein-1 are spatiotemporally
expressed around implanted electrodes.  A.) Representative
immunohistochemistry which presents neurofilament (Nefh) and proteolipid protein-1
(PIpl) expression at 24-hours, 1-week, and 6-weeks post implantation. B.) Non-cell
type specific fluorescence intensity analysis which shows the average normalized
fluorescence intensity of Nefh at the device interface paired with RNA expression
Log2FC from our previous RNA-sequencing study (Bar Graph). C.) Non-cell type
specific fluorescence intensity analysis which shows the average normalized
fluorescence intensity of Plpl at the device interface paired with RNA expression
Log2FC from our previous RNA-sequencing study (Bar Graph). Line graphs are
represented as mean intensity and error bars represent standard error. Dashed red line
represents the area of tissue that was evaluated for RNA-sequencing. Horizontal
brackets indicate significance of defined tissue regions relative to distal tissue (250pum
from implant) and vertical brackets indicate significance between tissue at the device
interface relative to contralateral tissue. Scale bar = 100 pm. P<0.05* and P<0.001%*%*.
Asterisks are color matched to the corresponding condition in each line graph. Bar
graphs reproduced from reference [38] under CC BY 4.0 license.
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3. RESULTS

Our results show that the evaluated proteins of interest are locally expressed at the
device interface (Figures 3.1, 3.2), and that many of these proteins are dynamically
expressed within discrete cell types of the brain. In general, protein expressed at the
device interface aligns with previously reported mMRNA levels. GFAP is increased at the
device interface by the 6-week timepoint which reflects anticipated progression of
astrogliosis around standard Michigan style devices. Ptbpl elevation at the device
interface is primarily located within activated astrocyte and microglial populations at the
1-week timepoint. TF and Fth1 are elevated within 100 um of the device and are largely
present within neurons at the device interface. Elevation of TF and Fth1 may signify
neuronal iron sequestration as a response to metabolic demand or iron influx at key
timepoints during the tissue response. Localized changes in Nefh, Plp1, and MBP
identify axonal damage and subsequent remodeling at the device interface. These RNA-
seq identified proteins suggest changes in discrete local cellular populations relative to
distal and contralateral tissue.
3.1 PTBP1 ISDETECTED IN GLIAL POPULATIONS AT EARLY TIMEPOINTS

At the device interface, we observed significantly elevated Ptbplprotein intensity
at all timepoints (Figure 3.3). At 24 hours post-implantation, overall Ptbpl expression is
elevated out to 90um from the device interface. Cell type-specific analysis of Ptbpl
showed that at 24 hours, Ptbpl is significantly elevated in astrocytes and microglia at the
device interface. In particular, elevated Ptbpl expression was determined to be within

astrocytes which are 20-30 um from the device injury and in microglia 10-20 pum from
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Figure 3.5: Transferrin (TF) is spatiotemporally expressed around implanted
electrodes. A.) Representative immunohistochemistry which presents transferrin
expression at 24-hours, 1-week, and 6-weeks post implantation. B.) Non-cell type
specific fluorescence intensity analysis which shows the average normalized
fluorescence intensity of TF at the device interface paired with RNA expression
Log2FC from our previous RNA-sequencing study (Bar Graph). C.) Cell type
specific analysis which presents the average normalized fluorescence intensity of TF
from CC1+ (oligodendrocytes), Ibal+ (microglia), and NeuN+ (neurons) cells at the
device interface. Line graphs are represented as mean intensity and error bars
represent standard error. Dashed red line represents the area of tissue that was
evaluated for RNA-sequencing. Horizontal brackets indicate significance of defined
tissue regions relative to distal tissue (250um from implant) and vertical brackets
indicate significance between tissue at the device interface relative to contralateral
tissue. Scale bar = 100 pm. P<0.05* and P<0.001**. Asterisks are color matched to
the corresponding condition in each line graph. Bar graphs reproduced from reference
[38] under CC BY 4.0 license.
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the device injury. At 1-week post-implantation, Ptbpl is generally elevated out to 100 um
from the device interface. Cell type-specific analysis revealed that Ptbpl is significantly
elevated within the astrocytic, microglial and oligodendrocyte populations. Astrocytes
show greatly increased Ptbpl expression directly at the device interface. Little to no
Ptbpl was detected within oligodendrocytes except at the 1-week timepoint when Ptbpl
was detected within a small number of CC1+ cells approximately 20 um from the
electrode. Microglial elevation of Pthpl expression was also found to be localized to a
range of 10-20 um from the device interface. At the 6-week time-point, nonspecific
expression of Ptbpl is significantly elevated out to 120 um from the device injury.
3.2 NEUROFILAMENT HEAVY CHAIN (NEFH) AT THE DEVICE INTERFACE
In addition to the expected expression patterns of GFAP and the cellular
proliferation associated protein Ptbpl, we also observed spatiotemporal changes in the
expression of proteins associated with neuronal health and structure (Figure 3.4). Nefh,
Plp1, and MBP are intrinsically important to the viability of neurons at the device
interface[46]. Nefh, Plp1, and MBP expression were each found to be significantly
disrupted locally at implanted devices. Our previous RNA-seq experiments showed that
Nefh expression was significantly differentially expressed at 24-hours and 6-weeks post-
implantation. Nefh was observed to be elevated at 24-hour post insertion out to ~100 um
from the device injury. At 1-week post implantation, we observed moderately elevated
Nefh intensity from approximately 30-120 um from the device interface. At 6-weeks post
implantation, Nefh remains elevated directly at the interface (10-20 pum) and the structure

of Nefh+ processes are tightly packed and reorganized around the indwelling electrode.
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We also observed significantly elevated Nefh near the device injury relative to
contralateral tissue at all timepoints. Our IHC data is generally aligned with our previous
gene expression data as the fluorescence intensity is elevated at the same timepoints. In
contrast to our transcriptional dataset, we also observed a modest, yet significant,
elevation in Nefh intensity at the 1-week timepoint.
3.3 PROTEOLIPID PROTEIN-1 (PLP1) IS SPATIOTEMPORALLY EXPRESSED
AT THE DEVICE INTERFACE

Plp1 is a structural protein which plays a major role in the makeup of the myelin
sheath of axonal processes and is primarily expressed by oligodendrocytes. Our previous
transcriptional data found that Plp1 was differentially expressed 1- and 6-weeks within
100um from implanted electrodes. At 24-hours post implantation, we observed Plpl
elevation directly at the device interface (10-20 um), which is possibly driven in part due
to extracellular Plpl debris (Figure 3.4). At 1-week post implantation, we observed an
increase in Plpl intensity out to 120 um from the implanted device. At 6-week post
implantation, Plpl remains elevated from 30-110 um from the device injury. Relative to
contralateral tissue, Plp1l is significantly increased directly at the device interface and
decreased beyond 150 um. Plp1 is also significantly elevated at 1- and 6-weeks post
implantation relative to contralateral tissue. Our fluorescence intensity analysis of Plpl in
this study observed that protein expression appears to align with elevated protein
intensity primarily at 1- and 6-weeks post implantation. Throughout the entire time
course analyzed for this study, Plp1 appears to be initially disassociated with Nefh+

neuronal processes at the 24-hour timepoint and becomes gradually more organized and
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Figure 3.6: Ferritin Heavy Chain is spatiotemporally expressed around
implanted electrodes. A.) Representative immunohistochemistry which presents Fthl
expression within neurons (NeuN), and oligodendrocytes (CC1) at 24-hours, 1-week,
and 6-weeks post implantation. B.) Line graphs which present non-cell type specific
intensity analysis of pooled Fth1 data from across all histology samples at the device
interface paired with RNA expression Log2FC from our previous RNA-sequencing
study (Bar Graph) . C.) Cell type specific analysis which presents the average
normalized fluorescence intensity of Fthl from CC1+ and NeuN+ cells at the device
interface. Line graphs are represented as mean intensity and error bars represent
standard error. Dashed red line represents the area of tissue that was evaluated for
RNA-sequencing. Horizontal brackets indicate significance of defined tissue regions
relative to distal tissue (250um from implant) and vertical brackets indicate
significance between tissue at the device interface relative to contralateral tissue.
Scale bar = 100 um. P<0.05* and P<0.001**. Asterisks are color matched to the
corresponding condition in each line graph. Bar graphs reproduced from reference
[38] under CC BY 4.0 license.
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more strongly associated with Nefh+ processes by the 6-week timepoint.
3.4 MYELIN BASIC PROTEIN IS ELEVATED AT EARLY TIMEPOINTS

Protein expression of MBP is spatiotemporally altered at the device interface
(Figure 3.2). Our previous gene expression data showed that MBP gene expression was
significantly elevated at 6 weeks post-implantation. In this study, protein expression of
MBP is not aligned with our gene expression results with MBP being the most elevated at
24 hours post implantation. At the 24-hour timepoint, we observed significantly elevated
MBP intensity out to 70 um from the device injury. Here, we have observed myelin
which appears to be punctate and unassociated with neuronal processes. This is
potentially indicative of MBP debris resulting from post-insertional myelin damage at the
24-hour timepoint. At 1-week post-implantation, MBP expression is significantly
elevated 30 um from the device tract with a reduced incidence of apparent myelin debris.
At 6 weeks post-implantation, MBP debris is visibly apparent, but there was no
significant difference in MBP intensity at the injury relative to distal tissue or at the
device interface relative to contralateral tissue.
3.5 TRANSFERRIN IS SPATIOTEMPORALLY EXPRESSED IN NEURONS
AND MICROGLIA AT THE DEVICE INTERFACE

Iron metabolism is essential for cellular populations in both healthy and diseased
tissue. TF and Fthl are key proteins involved in cellular iron metabolism and are
spatiotemporally expressed in multiple cell types in the brain following device insertion.
Our results indicate that transferrin is primarily present in neuronal populations at the

device interface, but it is also present in oligodendrocytes and microglia (Figure 3.5). The
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distribution and cell type-specificity at the device interface is spatiotemporally dynamic.
Fluorescence intensity of transferrin at the device interface shares trends with our
previous RNA-sequencing data. At 24 hours post-implantation, transferrin was found to
be significantly elevated within 100 pum of the implanted device with signal contributions
likely being from both intracellular and extracellular TF (Figure 3.1A). Cell type-specific
interrogation revealed that microglia and neurons contain elevated levels of TF while
oligodendrocyte-specific TF is relatively unchanged. At 1-week post-implantation,
extracellular transferrin is present but diminished, and a large percentage of detected
transferrin is localized within the cell bodies within 100 um of implanted devices.
Neuronal and microglial populations continue to contain elevated TF expression out to
100 pum while oligodendrocytes show elevated TF expression at approximately 50 pum
from the device interface. At 6 weeks, there is very little exogenous transferrin and the
overall intensity of detected transferrin remains elevated, but less so than in previous
timepoints. At 6 weeks post-implantation, TF intensity is reduced relative to previous
timepoints but remains significantly elevated. At the device interface, cell types which
were evaluated for TF expression did not show significant changes at the device interface
relative to the furthest bin analyzed. This result could possibly suggest that other cell
types such as pericytes, NG2 glia, and oligodendrocyte progenitors, which we did not
examine, are contributing to the global increase in TF intensity at the 6 week time-point.
3.6 FERRITIN EXPRESSION IS REDUCED IN NEURONS AT THE DEVICE
INTERFACE 6-WEEKS POST IMPLANTATION

Ferritin is an iron binding protein that is comprised of light (Ftl) and heavy (Fth)
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subunits and is present in all cell types as an important regulator of cellular
metabolism[47,48]. We previously identified Fth1 as differentially expressed 1-week
post-implantation. In this study, we observed that detected Fth1l intensity aligns with our
RNA-seq dataset (Figure 3.6). However, when we examined the spatiotemporal
expression of Fthl separately in neuronal and oligodendrocyte populations, our results
indicated that Fthl is dynamically expressed in neurons while Fth1 within
oligodendrocytes remains unchanged throughout all timepoints. At 24-hours post-
implantation, our results show that Fth1 intensity is relatively unchanged around the
device interface with Fthl showing higher enrichment in neurons than in
oligodendrocytes. At 1-week post-implantation, we observed elevated Fthl in neurons
within 100 um of the device interface while Fth1 within oligodendrocytes remains
unchanged. At the 6-week timepoint, Fth1 expression remains slightly elevated, but we
observed a marked decrease in neuronal Fth1 within 20 um of the device interface while
oligodendrocyte Fth1l remains unaltered.
4. DISCUSSION

This tissue response is a highly complex biological response that remains to be
fully understood. Implantation of electrodes into the brain damages cortical vasculature,
cellular populations, and neuronal processes[49]. This damage creates significant cellular
debris which contains plasma proteins, lipid rich myelin debris, and cellular detritus
which leads to the rapid proliferation of activated microglia and astrocytes, which then
mobilize to clear pro-inflammatory cellular debris and gradually encapsulate implanted

devices[16,17]. As time progresses, the remaining cellular populations redistribute
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around indwelling devices in an apparent attempt to re-establish homeostasis. In a
previous RNA-seq study, we identified hundreds of genes which are differentially
expressed around implanted devices in the brain[38]. This study expands upon our
previous work to determine whether our subset of differentially expressed genes share
similar patterns of protein expression. With the exception of Ptbpl, GFAP, and MBP,
protein expression aligns with transcriptional expression provided in our previous RNA-
seq dataset. Nonetheless, each protein identified through RNA-seq was detectable at the
device interface and was in some way disrupted by the presence of implanted electrodes.
This suggests that even through protein expression will not always align with gene
expression, it is possible to use RNA-seq to predict broad and cell-type specific changes
of proteins involved in the tissue response to implanted devices. We have also provided
new observations of Ptbpl expression within activated glia surrounding electrodes, the
spatiotemporal dynamics of neurite regeneration and remyelination, and the expression of
proteins associated with iron metabolism in cell types involved at the device interface.
4.1 PTBP1 IS EXPRESSED WITHIN REACTIVE ASTROCYTES AND
MICROGLIA

The role of astrocytes and microglia in the tissue response to implanted devices is
an area of active inquiry. The behavior of these glia in the tissue response is complex and
can exhibit either degenerative or protective phenotypes[30,50,51]. Ptbpl is an
alternative splicing RNA-binding protein involved in the regulation of cellular identity
and proliferation; it is known to be expressed in both astrocytes and microglia[52-54].

Ptbpl has been characterized as a pro-inflammatory oncogenic protein which is highly
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expressed in fibrotic tissues and glioma[52,55-57]. Ptbpl has been reported to play a key
role in the differentiation of astrocytes during early development, with Ptbpl expression
being an established driver of astrocyte maturity[58,59]. Our RNA-seq dataset showed
that Ptbpl is differentially expressed in tissues within 100 um from implanted devices.
Our histological analysis revealed that Ptbpl is the most concentrated in cells directly at
the interface relative to distal and contralateral tissues (Supplementary Figure 3).
Specifically, Ptbpl is enriched within activated glia which are known to proliferate
around and or migrate to implanted electrodes. Cell type-specific protein intensity
analysis identified that Ptbpl is primarily expressed in astrocytes and microglia at 24-
hours and 1-week post implantation, when we would expect to see the greatest
inflammatory response. Ptbpl has been previously reported to be a candidate for
generating functional neurons in neurodegenerative disorders via reprogramming[60,61],
but the suitability of Pthpl as a therapeutic target remains controversial [62,63].
Enrichment of Ptbpl within microglia and astrocytes at early timepoints may point to
Ptbpl as a possible biomarker to identify reactive glia following device insertion or a
therapeutic target to modulate inflammatory glial populations. The functions of Ptbpl
are not yet fully understood, but the upregulation of Ptbp1l at the transcriptional and
protein level near implanted devices may suggest a functional role for this protein in
activated glia.

4.2 NEURONAL STRUCTURE AND MYELIN INTEGRITY IS DISRUPTED BY
IMPLANTED ELECTRODES

Our RNA-sequencing data had identified that neurofilament proteins, Nefh
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specifically, is transcriptionally upregulated at 24 hours and 6 weeks post-implantation.
Neurofilaments are useful biomarkers for brain injury and play key roles in neuronal
structure, axonal transport, and ion channel function [46,64]. Following device insertion
into the brain, axons are significantly disrupted by damage and subsequent remodeling at
the device interface over time[16]. Damage to neuronal processes creates debris that is
rich with neurofilaments and myelin components which are known activators of local
microglia[65,66]. Axonal regeneration is a highly controlled process which is regulated,
in part, by glial signaling[67—70]. In the inflammatory environment following device
insertion, axonal regeneration can be hindered by microglial involvement and repellant
signals presented by the astroglial scar[68,71,72]. In particular, Nefh deficient neurons in
knockout mice show decreased outward rectification capabilities and decreased
conduction velocities, which suggests that proper alignment of Nefh may play a role in
neuronal signal generation[46]. In this study, we have evaluated changes in Nefh over
time and our results suggest that Nefh protein expression is aligned with previous
transcriptional dynamics. We attribute the elevated neurofilament at 24 hours to the
noticeable damage and debris which is common around implanted electrodes. At 1- and
6-weeks post-implantation, Nefh remains elevated with a reduction in what we observed
to be Nefh debris. The elevation of Nefh+ processes is localized to a range of
approximately 50 — 130 pum from the device injury. However, the extent to which
neuronal processes successfully regenerate around implanted cortical devices remains
unknown. Even in otherwise healthy subjects, axonal regeneration is susceptible to

failure following the diffuse axon injury created by indwelling electrodes[73,74]. Patterns
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in disrupted axonal regeneration is characterized by aberrant and compacted
neurofilament structures which are believed to disrupt axonal transport of essential
proteins and organelles which can result in delayed neurodegeneration[73]. The temporal
fluctuation of Nefh expression around implanted device may indicate neuronal repair
immediately after device insertion. Nefh fluctuations may also indicate the need for
further neurofilament production at later timepoints due to remodeling or further
disturbance. Micromotion of implanted devices is one example of post-insertional
disturbances which may necessitate further process remodeling and while additionally
interfering with neuronal repair. Remodeling of neurofilaments at the device interface
and any potential failures in axon regeneration and subsequent remyelination may
contribute to detrimental changes in signal quality.

Healthy neuronal function is maintained in part by interfacial myelin sheaths
which boost saltatory conduction of action potentials and provide essential trophic
support to myelinated axons[75-79]. MBP and Plp1 are essential components of myelin
structure which are primarily produced by oligodendrocytes to maintain or regenerate
myelin following injury. The process of remyelination is complex and requires the
presence of local oligodendrocyte progenitors and their subsequent differentiation. Our
histological analysis found that MBP expression at the device interface is significantly
elevated at the 24-hour and 1-week timepoint relative to distal and contralateral tissue.
Plpl expression is significantly elevated at all timepoints relative to distal and
contralateral tissue. At the 24-hour timepoint, we attribute elevated MBP and Plpl as

myelin debris which is highly localized to the device injury and does not appear to be
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associated with any contiguous neuronal process. Myelin debris in the extracellular space
enhances the tissue response by activating glial populations and interferes with
remyelination by inhibiting proliferation of oligodendrocyte progenitor cells[80-82].
Myelin debris is known to cause reactivity in microglial and astrocyte populations via the
complement system which amplifies the tissue response to injury[66,80,83,84]. Myelin
debris interacts with several microglial receptors (TLR4, CX3CR1, TREM2, MerTK,
RXRa)[85], and the astrocytic receptor LRP1, which initiates phagocytotic behavior [80].
Myelin debris contains constituent proteins such as Nogo-A, Myelin Associated
Glycoprotein, and chondroitin sulfate proteoglycans which have inhibitory effects on
neuronal regeneration and remyelination[82,86,87]. At 1-week post-implantation, we
observed a decline in myelin debris and a sustained elevation of MBP+ and Plpl+
processes relative to distal and contralateral tissue. This may indicate an increase in
myelin thickness or abnormalities in myelin structure at the device interface. At the 6-
week timepoint, Plpl expression remains elevated while MBP is normal relative to distal
and contralateral tissue. Disrupted remyelination and compromised myelin integrity has
been shown to be an indicator of neuronal dysfunction and contributor to axonal
degeneration[74,75,77,79]. While Nefh, MBP, and Plp1 at all upregulated around the
device injury, we observe a lack of coherency between Nefh+ processes and Plpl+
processes: Nefh+ processes appear to be tightly re-organized around implanted devices
with little to no apparent qualitative cohesion with Plpl. This is in contrast to expression
patterns observed in contralateral tissue (Supplementary Figure 3.4, 3.5). Observed

disorder between neuronal processes and myelin components may indicate the persistent
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presence of inhibitory myelin debris and myelin structural disruptions, which are known
drivers of neuronal regenerative failure. Following injury, neuronal survival relies on
successful axonal regeneration and remyelination. Recent evidence has shown that
neuronal processes facing implanted devices become truncated for at least 6-weeks post
implantation[33]. The presence of deleterious myelin debris and disordered myelin
structure at the device interface may contribute to observed neuronal degeneration via a
combination of intrinsic inhibitory activity and trophic support deprivation, ultimately
interfering with axonal regeneration.
4.3 IMPLANTED ELECTRODES DRIVE CHANGES IN ESSENTIAL IRON
BINDING PROTEINS TF AND FTH1

The processes involved in glial activation, axonal regeneration, and remyelination
each are energetically taxing on the affected cellular populations and require large
amounts of energy. One mechanism that cellular populations in the brain utilize to meet
these energy demands is iron metabolism. In this study, we observed the spatiotemporal
dynamics of TF and Fthl within neurons, microglia, and oligodendrocytes as a method to
evaluate the dynamics of iron binding proteins following device insertion. The expression
patterns of TF and Fth1 indicate that neurons, oligodendrocytes, and microglia are
metabolically active following device insertion, and that neurons at the device interface
become Fthl deficient at the 6-week timepoint. We observed parallel trends in TF
elevation within neurons and oligodendrocytes at 24-hours and 1-week, while Fthl
expression was only elevated within neuronal populations at the device interface. We also

observed a persistent elevation of microglial TF at all timepoints relative to distal and
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contralateral tissue. Iron metabolism is a highly regulated process in the brain and is
essential for numerous cellular processes carried out by activated glia, remyelinating
oligodendrocytes, proliferating cells, and regenerating neurons[88-91]. Implantation of
electrode arrays in the brain damages vasculature and cellular populations, which creates
an excess of iron in the extracellular environment which is sequestered by local cellular
populations[92]. Free iron within cells needs to be utilized immediately or sequestered
within iron binding proteins such as Fthl and TF. Otherwise, it becomes a source of
oxidative stress and a contributing factor of degeneration[93-96]. TF is a primary source
of trafficked iron within cell types in the brain as their metabolic demands fluctuate and
Fthl is used as an indicator of high iron utilization as opposed to iron
storage[47,48,97,98].

Immunofluorescent quantification at identified that TF and Fth1 are
spatiotemporally expressed within microglia, neurons, and oligodendrocytes at the device
interface relative to distal and contralateral tissues (Supplementary Figures 5,6).
Microglia express high basal levels of TF in a homeostatic state and alter their
metabolism during activation[99-101]. The persistent enrichment of TF within microglia
may indicate the continued involvement of microglia in the tissue response beyond
activation at acute timepoints. Neurons require iron for normal functions such as the
production of neurotransmitters and successful regeneration of processes following
injury. Neuronal iron homeostasis relies in part on glial mediated transport of iron and
through interfacial myelin sheaths to axonal mitochondria[89] Increases in TF

concentration within neurons and oligodendrocytes at device interface may reflect
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elevated metabolic demand due to hyperexcitability and the initiation of regenerative
processes, but may also indicate a susceptibility to oxidative stress[102—105].
Oligodendrocytes provide essential trophic support for neuronal function by maintaining
myelin, which is used to secrete Fth1l and metabolic factors in addition to boosting axonal
conductance[78,90]. Increases of neuronal and oligodendrocyte Fthl may suggest a
combination of heightened metabolic demand and the maintenance of neuronal trophic
support. The decrease in neuronal Fthl at the device interface at the 6-week timepoint
may reflect a loss of glial mediated trophic support, general impairment of neuronal
function, or a failure to successfully regenerate following damage to neuronal processes.
Nonetheless, the altered expression of TF and Fth1 at the device interface indicate that
there are lasting changes in iron metabolism within tissues at the device interface, which
may provide additional context for loss of neuronal viability and glial activation over
time.
5. CONCLUSIONS

The tissue response is a significant hurdle for seamless integration of implanted
neural technologies. Understanding the tissue response to implanted devices is essential
for the effective design and characterization of next-generation neural prostheses which
exhibit improved biocompatibility. Here, we have shown that many of the proteins
chosen for this study reflect the transcriptional changes observed in our previous RNA-
sequencing study. Instances in which proteins did not align with prior transcriptional data
may be explained by (1) secondary regulation of mRNA transcription, or (2) the presence

of cell types at the device interface which contribute to protein expression which we did
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not screen in this study. While it is well known that changes in changes in gene
expression may not directly correlate to protein expression[39,40], we have found that
exploratory RNA-sequencing can be used to predict and validate general fluctuations at
the protein level in the context of implanted microelectrode arrays. Furthermore, we
investigated the cell type-specificity of these proteins, and the results provide insight into
which cell types may be contributing to the differential gene expression in our previous
study. The results of this study also provide evidence for the expanded role of myelin
associated proteins and cellular iron transport in the context of cortical implants.
However, the mechanisms of the tissue response, the interplay between cell types, and
their potential involvement in the failure of implanted electrodes require further study.
The focus of the methodology in this study is limited to the interrogation of
immunofluorescence at the overall tissue level and within cell bodies, but TF and Fthl
were unable to be identified in the processes of analyzed cell types. We also believe that
it is important to consider that there are likely functional dynamics of the proteins
identified in this study, such as Ptbpl, that have yet to be fully understood. The functional
roles of proteins evaluated in this study, in particular, Ptbpl and the myelin proteins, are
greatly underserved. Recent reports have provided evidence that many of the genes which
are differentially expressed at the device interface may be coincidentally involved with
the progression of the tissue response to implanted electrodes[106]. While there were
RNA-seq identified proteins that did not exactly spatiotemporally align with their
transcriptional counterparts, we were able to use prior RNA-seq data to reliably predict

device driven disruptions in these protein expression in general. Therefore, it is essential
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that RNA-seq datasets of differentially expressed genes be further studied at the protein
level so that the full scope of protein interactions, relationships between cellular density
and protein level, and involvement in the tissue response can be considered in the cortical
implant environment. In future studies it may also be useful to more thoroughly
investigate the effects that the proteins analyzed in this study may have on specific
pathways, such as those involved in neurodegeneration, inflammation, or the viability of
cell types at the device interface. We believe that this study provides proof-of-concept
evidence to motivate further RNA-seq driven immunohistological/protein assessments to
investigate the mechanisms of the tissue response around implanted electrodes in the

brain.
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CHAPTER 4 | SPATIOTEMPORAL GENE EXPRESSION WITH SINGLE-CELL
RESOLUTION AROUND POLYIMIDE CORTICAL ELECTRODES OF
VARYING DIMENSIONS

1. INTRODUCTION

Implantable electrodes arrays can interface with the central nervous system to
record from and stimulate neural tissues to treat neurological disease and injury[1]-[14].
However, the tissue response to implanted electrodes can limit their functional
longevity[15]-[18]. In recent years, many next-generation electrodes have been
developed with unique design strategies with the goal to attenuate or circumvent the
cortical tissue response[19], [20]. These next-generation devices delivered some success
in reducing the degree of neuronal loss and gliosis, driven by subcellular features and
softer materials which result in reduced bending stiffness [21]-[23]. In recent years, some
researchers in the field have moved to evaluate the tissue response using transcriptomics
methods. In recent years, new RNA-sequencing datasets which identify hundreds of
differentially expressed genes have deepened the understandings of the tissue response
beyond prior characterizations[24]-[26]. These studies provided vast datasets which
provided new spatiotemporal data regarding the tissue response, yet the cell-type specific
expression of these genes remains unclear. However, previous transcriptomics studies of
the tissue response did not have single-cell resolution which left significant questions
regarding which cells or cell types were driving mRNA expression results. Due to the
lack of studies which directly compare the tissue response, at the single cell level, and

this study seeks to fill that gap in knowledge while exploring the effects of varying
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electrode materials and dimensions.

In this study, we utilized new technologies in multiplexed error robust in-situ
hybridization (MERFISH) to assess a panel of 100 RNA-seq identified genes at the
spatiotemporal level with single cell resolution around implanted silicon and polyimide
probes of sub- (10um) and supra- (100um) cellular scale. Initial obsevations from this
ongoing study revealed the spatiotemporal patterns of gene expression associated with
neuronal function, myelination, cellular stress, glial activation, and cellular metabolism
around implanted devices. We have also identified 16 unique cellular subtypes, based on
transcriptional profiles, around polyimide devices which add important context for the

nature of neuronal and glial responses to indwelling electrodes.
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Figure 4.1: Overview of polyimide device construction. Polyimide devices were
fabricated layer-by-layer first with a foundation 4.5um polyimide layer. 100/50/100
nm of Au/Pt/Au was vapor deposited. Lastly, an additional 4.5um polyimide layer was
spun coated prior to etching of devices.

2. METHODS
2.1 POLYIMIDE ELECTRODE PREPARATION

To examine device related effects on the tissue response, polyimide devices of
10um x 10um and 100um x 10um were custom fabricated to match the features of
standard Michigan style probes (16-channel Al x 16-3mm, 10um thick, 703um? site size
100um spacing, Neuronexus Technologies) (Figure 4.1). Polyimide devices were epoxy

mounted to plastic faux omnetics connectors and were subsequently measured under light
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Figure 4.2: Representative microscope images of polyimide device measurements
before and after coating. Microscope images were also used to verify the uniformity
of PEG 4000 coatings.

microscopy (Figure 4.2) to verify device dimensions. The assembled devices were then
ethylene oxide sterilized. Prior to surgical implantation, polyimide and silicon
microelectrodes of all dimensions were reinforced with polyethylene glycol (PEG) M.W
4000 to prevent buckling of polyimide devices. PEG4000 was initially heated to 120°C
and then allowed to cool to 70°C and devices were dip-coated to a target thickness. To
control for any potential PEG 4000 mediated effects on the tissue response, all devices
were coated with PEG 4000. To control for any device insertion mediated effects on the
tissue response, all devices were coated with PEG4000 to a total post-coating width of
approximately 100-105 um.

2.2 SURIGAL IMPLANTATION OF ELECTRODES

One nonfunctional polyimide device of each size was stereotaxically implanted
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bilaterally in the motor cortex (M1) of male Sprague-Dawley rats (aged 12-14 weeks).
Animals were isoflurane-anesthetized and a craniotomy was performed over M1 (+3.0
mm Anterior, +/- 2.5 mm mediolateral from Bregma), dura was resected, and one
electrode of each dimension (same material) was stereotaxically inserted in each
hemisphere to a depth of 1.8mm from the cortical surface. PEG coated devices were
rapidly inserted into M1 to maintain structure before coating was able to dissolve. A
dental cement head-cap was used to secure the bilateral implants to two stainless steel
bone screws. Bupivacaine and Neosporin were applied topically to the area around the
incision to minimize discomfort and infection risk. Meloxicam was administered via
injection for post-operative pain management. Devices remained implanted in M1 for the
duration of a designated time-point (6 Weeks). All surgical procedures described were
approved by the Michigan State University Animal Care and Use Committee.
2.3 TISSUE EXTRACTION AND PREPARATION

At the terminal time-point, animals were deeply anesthetized, decapitated, and the
brain was removed. Extracted brains were immediately cryopreserved by OCT
embedding in dry ice cooled 2-methylbutane. Brains were cryosectioned to a thickness of
10um and mounted on Superfrost ™ Plus slides for later histological applications. An
additional 10 sections were stored for RNA integrity analysis, which consistently yielded
RIN values above 8. A single tissue section from each animal per condition-timepoint
(three sections) was placed on a Xenium ™ (10x Genomics) slide from an average depth
of 800um from the cortical surface and stored at -80°C for downstream in-situ

hybridization following delivery to the University of Michigan advanced genomics
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research core facility.

Gene Panel
Apod Clqc Ctsh Duspl | Grn Lss Ncan Olig2 Slc32al | Stxbpl
Apoe C3 Ctsl Dynll1 | Hcn2 Mag Ncdn | Picalm | Slc44al Synl
Agp4 | Camk2a | Ctss Fthl 116 Map4 Nefh Pipl Slc6al7 Tf

Arc Camtal Cttn Ftl1 Itgam | Map4k4 | Nefl Ptbpl | Slc7all Tinl
Bak1l Chill | Cx3crl | Gadl | Kalrn Mbp Nefm Ptn Snap25 TIr2
Bestl Cltb Cxcl2 Gfap | Kif5a | Megfl0 | Nes Ptprzl Sod1 Tird

Brinpl | Cnksr2 | Cyfip2 Glul Kifsb | Mertk | Npc2 | Serpingl | Sod2 Tnf

Bsn Cox6bl | Dlg4 | Gpnmb | Kif5c | Mmp2 | Nptxr | Shank2 Sparc | Tnfrsfla
Clga Csfir Dock8 | Grial | Lecn2 | Mmp9 | Nrgn | Slcl7a7 | Sparcll | Trem2
Clgb Cspg4 Dst Grinl | Lgmn Mog Oligl | Slcla2 Stxla Vim

Table 4.1: List of the 100 genes included in the custom xenium gene panel used
for this study.

2.4 IN-SITU XENIUM ANALYSIS

Processing of tissue for imaging and analysis was performed as described in the
vendor’s protocol datasheet. Fresh frozen tissue was incubated at 37°C for 1 minute and
subsequently fixed in chilled 70% methanol for 30 minutes at room temperature. Fixed
tissue sections were then rinsed in PBS then permeabilized in a 1% SDS solution for 2
minutes at room temperature. Slides were rinsed once again before being fixed in chilled
70% methanol for 1 hour. Sections were them immersed in probe hybridization mix (10x
Genomics) which included the gene panel and incubated at 50°C for 16-24 hours. Probe
hybridization mix was then removed and all tissue sections were immediately rinsed with
PBS-T three times for 1 minute each. PBST was removed and tissue sections were
incubated in ligation mix (10x genomics) for 2 hours at 37°C. Prior to amplification,
ligation buffer was removed and the tissue was rinsed in PBS-T 3 times for 1 minute

each. Following this rinse step, the tissue was then incubated in amplification buffer (10x
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Genomics) for 2 hours at 30°C. Tissue was then rinsed in TE buffer 3 times for 1 minute
each prior to autofluorescence quenching using 10x genomics reducing agents and
autofluorescence mix. Post-quenching, tissue was incubated in nuclear staining buffer
(10x Genomics) for 1 minute and rinsed 3 times for one minute each prior to imaging on
a Xenium analyzer (10x Genomics).
2.5 CUSTOM GENE PANEL

For this study, we chose a panel of 100 RNA-seq identified genes which are
associated with astrocytes, microglia, neurons, and oligodendrocytes. We also chose
genes that are widely expressed and associated with biological processes such as innate
immune response, cellular metabolism, cellular proliferation, and oxidative stress (Table
4.1). These genes were all found to be differentially expressed in tissue surrounding
implanted devices in previous transcriptomic studies[24], [25].
2.6 IMMUNOFLUORESCENCE AND IMAGING

Following Xenium analysis of slides, each slide was rinsed, quenched, and
subsequently prepared for immunofluorescence. Tissue sections were hydrated in PBS,
and blocked with 10% normal donkey serum for one hour and subsequently incubated
with primary antibodies (rabbit anti-NeuN (Abcam AB177487) , mouse anti-Olig2
(MilliporeSigma ZMS1019), chicken anti-Gfap (Abcam AB4674)). Following primary
incubation, samples were rinsed three times in PBS for 10 minutes and secondary
antibodies (alexa-fluor 488 (Thermo-Fisher) 1:400, alexa-fluor 594 1:400 Thermo-

Fisher) were applied for two hours. Slides were rinsed an additional two times for 10

158



LOGIFC
1294477201
LI487HI24
1112879329
1091530113

88601 552
0.69265203
1678314257

P Pro

ection of C

LOGZFC
1038284376
995762621
0843268716
0919859381

SBHS2S

0.838614227
0.620211087

Gl LOGIFC
Megfll 201378057
Mertk
Tafvsfla

tprzl
chill

51
098317701

92991546
LO091894762
LOD2616771
0,898 10603
089824438

LOGIFC
6330
S GESHIS
1618655491
3535304644
2859761709
2514915088
9TAVIRSG

LOGZFC
473861627
AGRRORILE
4584720249
212014262
443734995
4137985968
4107669922

3363504481
3205148913
1739053262
147312083

[REIEIE
0.929996405
D.908841309

GENE

LOGIF
220156254
FISHTIIRS

0624693581 0600026722 0.792545832 11570648 4076561381 0784138189
LS319381 8 0560508631 DOGOITAIS  Cisl 0748134524 3701 3935723495 (6ONI4IUE
LSI01T2 SlelTaT 0548617995 2 07159667 Tairsila 067585686 DIWSMORT  Ciss 33983 0601293823 Taf  DT0765634
0493301926 Dynlll  0.8M593143  Lss 0600544966 Nefm 0627675255 0900914252 DockS 322515754 08841334 Tofrsfla 071204251
DAIIETIG Coksrd  D.SHI3GIEE all 042906914 Nef 0517033571 0.734497 Tird 297382031 DSG664150  CambZa 0709046078
DAOITASNT e OSI3IB6267  Pbpl USUI6NT  Picalm 0451700496 BAMSHNIS 16 263203365 0507171518 wpl 0LEITIRLS6
UINSSESEU  Stubpl  OABSIOTROL  Bakl 0367917439 Pthpl 0443914291 0461318165 04776027 Shank?  0.62969462
1355499998 Cyfip2 Sparcll 0357641983 b0, 0407 47025365
LABVIIGE Ben  DAVISSTIIG  Picalm  D2604I80R  KilSa 03600 DA G 200ISTOSEZ 0448608273
0346552298 SmapdS  OAMISNZTY P 0244041895 Pipl 0365852021 02MZI0NT  Lgma  L8SISHIG 040114794
D2B67467 Syml  DIUIEIGI9S  Oligd 0239632959 Hend 0267018065 DAMEISOTY  Npel  LIETTEITY 0389458044
274685462 0254570613 Oigl Grn Nefm  DIGISWGST  Cxell 5 0303537053
0269288451 0250952862 KifSh et Nem  BJI0TION Mertk 1271086903 0301847319 0260138213
1261927426 02MTH6E  Mbp  OAGGEZIEHS  Fihl Tint 21136028 0286154769 0237260307
026046973 0210106912 Mapdkd OI0GONTESO  Mapdkd Bestl 120577361 0242715613
1250847881 0208517978 T ope2esadn Spare  09KTITISS 0204705919
245181026 0206257679 Sod1 T 0614055651 0202052226
0208341537 12473469 Coxibl Fl 03572325568 77382619
1198057226 0089751032 Shank? 0178978471 Tofesfla 052669318 0161913416
D.IB9STAONT 0085525924 It I661191 Ficalm 7808 0158692355 [ 75
n02TasI Npe2 0104332457 Ol 043376638 0169318761
167147273 Slclal 008878509 Coppt 03TIGH0041 144578512
01502520 KifSc 008054784 Apac 0305790834 0125007206
129757182 0120914365
121618628
10467116
LOGZIC LOGZIC GENE LOG2IC LOGIFC LOGZFC LOGZFC GENE  LOGIFC
2935777828 124439504 Olig2 08716844 5292056376 2923767805 ATIBES  Caell 4343866176
2518992361 091091269 Cspad BI9NISSIS2  Vim 4938451126 LT26EH0T14 JGRMSTO  Clye  44TESRASZ
112166349 0910020505 Mump2 TASOITERA  Apod 645162392 4 347 c3 Bi36158
LT4ERI0TY 0.893173761 1 2.6459759%  Tinl 182219624 . I28K76273 Tir2 4243563036
1695731996 0853912424 3.016559918 22031553 162215683 0632211449 S6THI6  TIrd A2IK3ZTILS
1498667904 0450226259 2467248382 2,192891324 2087278321 063057626 2867274162 Gpumb 4156906024
0840086372 74576429 1540632505 0511468213 LGSIBIAIS  ligam  41HHOM
0R20T46399 s i 0498390797 1ASMGLA99  Vim 413238096
0.665950635 0.9550213 049617672 NTUTIT G 4097932825
1201262968 065953 0E798T2452 0393955133 UMAZOS0Z  Serping]
1076338085 0.630868883 0514956078 1817965607 038161099 2036788924 Docks
1064495507 0519975671 0711323101 1703037193 035844155 106116259 Clgh
LMTIGE43S 0485341209 0411892776 69593139 0317921729 190K16487  Clga 3
0995130443 046300059 0390719613 150092150 LA Gen 328330142
0930284936 0371417087 5978637 030728074 LA6TOSISSZ  Mmp?  ZISL4I914
0936142945 1.560896745 0289044667 1418958303 Ciss 75!
1975033939 1990544 Spore 2263102452 0258663218 1312195886 Apod i
0780961759 00STIM Bkl LOTSMMIND 025581181 13087357 Trem? 264689712
0761056312 1241876956 Len? 1941097328 0251211235 1180812016 n
071584831 7404524 LIT1296452 0247426418 1119703778 i
0695983327 1110065599 1762001269 0221585888 1086356585
0644885072 0282264504 0940063701 LST1136TS 0190751787 1066031136
(603254542 026421764 191511426 0915742800 1.486723003 0173718409 1050528198
0521854573 02627034651 0367202077 LATSKI3T0T 0146929949 0993870771
0513098378 0246225842 Shank2  0.134280048 0865676115 1468115658 0
043877451 0200411049 0782779857 1442246762 0.898320981
048919213 0207166409 0376768093 1323096882 OBIGRISHET o 2063182534
0301255200 % 0768159522 1280775239 OBATEI33SS  Nped  Z0133SS
0281465834 0195835255 4864841 239037462 OB4341USKT  Caderl 1942168557
Nes 0.274994731 0.186743833 0633602744 0962025789 0826630901 1.938350279
Bakl 0261814388 0133903736 589158841 LITTR1610 0315562071 1903910189
Col 02372 8402419 D.866304041 078611734 LITTI6MEE
Oligl 0156487036 0558156779 186202218 0760460374 1698541814
0137797177 054799116 161597058 0AT6H6TZI3  Pibpl  L6ITIHNSZY
0117330521 446230111 054430901 0656785574 sl 1307022049
Grlal 0111431476 0439341702 1533036129 O6SIBTSBS  Apae  LAISIN6IR
042737297 509280718 O44B00268  Cisb  1AZ0SINTS
0412147365 LT27RAGO8S 19 Bakl 127573288
0710010587 Pin 1014388968
0602511677 Picalm 0496839963
Merth 0746702508
02990026656 0A76R16219
0262007621 E 0461342903
0246094389 045174337 Ciss 0344539138
0241644777 0393062865 Lgmn 025910193 523856633
1389353061 0513817126
1366464918
1281909036
1238780569

Figure 4.3: Differential gene expression by cluster. UMAP projections of
clusters and spatial organization of identified clusters overlaid on the analyzed
tissue section containing one 10um polyimide device (left) and one 100um
polyimide device (right). Each cell cluster contains a set of differentially expressed
genes which is listed (below). Log2FC values belonging to each cluster were
identified as statistically significant (Benjamini-Hochenberg test) P < 0.05.
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minutes and nuclei were counterstained with 1ug/ml Hoechst. Images were acquired
using an Nikon Al inverted confocal microscope with a x20 PlanFluor dry objective (0.5
NA) at a resolution of 1024x1024 pixels. A slide of tissue sections for each animal was
used as a ‘no-primary’ control to validate the absence of autofluorescence and non-
specific binding of antibodies.
2.7 XENIUM ANALYSIS AND STATISTICAL METHODS

Xenium in-situ analysis and statistical methods for image processing, puncta
detection, decoding, quality scoring, cell segmentation, clustering, and differential gene
expression were performed as described in [27], [28].
3. RESULTS

At the time this dissertation was compiled, data collection and analysis were still
underway and these results are preliminary in nature. In this study, we have identified
broad spatial expression of 100 genes around implanted polyimide devices with single
cell resolution. Our results identified elevated expression of genes associated with
inflammation, the complement system, glial activation, and cellular remodeling around
both 100um and 10um devices. We also observed relatively lower levels of gene
expression for key transcripts associated with myelination and neuronal function around
both devices. While both devices express biomarkers of the tissue response, the gene
expression of tissue response related genes is reduced around sub-cellular devices relative
to supra-cellular devices. We also observed that there are increased numbers of reactive
and inflammatory cell types around 100 um polyimide devices. We have identified 16

unique clusters of cells which represent distinct phenotypes of astrocytes, microglia,
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Figure 4.4: Spatial analysis of cell clusters and differentially expressed genes
around implanted silicon electrodes. A.) confocal image of brain section analyzed in
this study. Gray squares indicate region of interest used to quantify cell counts and
transcript number from within each region. B.) Table of counted cells from each
cluster from within each region of interest and bar graph of cellular density sorted by
cluster and device condition. Cell counts were normalized to the larger ROI. C.) Bar
graph of Log2FC from the region of interest around the 100um polyimide device
relative to interfacial tissue around the contralateral 10um polyimide device. D.) Bar
graph and heat map of Log2FC values of each polyimide device relative to distal
tissue (posterior from implant region of interest).

neurons, and oligodendrocytes at the device interface (Figure 4.3). Based on the top
differentially expressed genes from each cluster and the complementary

immunofluorescence we have identified each cluster as likely belonging to a specific cell
type: reactive glia (Clusters 9, 12, 13, 15, & 16), modulatory glia (Clusters 3, 4, 6, 8, &

10), oligodendrocytes / OPCs (Clusters 5 & 11), excitatory neurons (clusters 1 &?2), and

161



Cell Count

10pum 100pm
Area (Aum”2): Area (Aum”2):
1349164.51 1331830.26

Cluster 12

Cluster 12

GENE LOG2FC GENE LOG2FC GENE LOG2FC GENE LOG2FC GENE LOG2FC
Gfap 2.955277525 Vim 3.608716844 Serpingl 5.292956376 Serpingl3.741862052 Cxcl2  4.843866176
Aqp4  2.518992361 Serpingl 3.298385252  Vim 4938451226 Gpnmb 3.68844576  Clqc 4.476584824
Nean 1.822166349 Apod  2.850017684 Apod 3.645162392 Gfap  3.447533569 C3 4.318136188
Sle7all  1.74883972 Cspgd  2.645975996 Tinl 3.182219624 Vim 3.328876273 Tir2 4.243563036
Gpnmb 1.695731996 Len2 2.228315583 Dock8  3.162215683 Lcn2 3.059679026 Tird 4.218327114
Ptprzl  1.498667904 Tinl 2.192891324 Tnfrsfla 2.987278321 Aqp4  2.967274162 Gpnmb 4.156906024
Serpingl 1.44639017 Tnfrsfla 1.940632505 Slc7all 2922996603 Ncan  2.681814435 Itgam  4.144490496
Chill 1.344022761 Tird 1.934949319 Cxcl2  2.883441164 Slc7all 2.450061499 Vim 4.132280896
Len2 1.23930273 Duspl  1.925137178 Nes 2.829872412 Bestl  2.112734777 Csflr  4.097932825
Apoe 1.201262968 Dock8 1.841753067 Grn 2.773483494 Tird 2.044268402  Serpingl 3.946961592
Camk2a 1.076338085 Mmp2 1.817965607 Tir4 2.722851736  Cxcl2  2.036785924 Dock8  3.946285265
Tird4 1.064495507 Grn 1.703037193 Mmp2  2.658695868 Chill  2.036116259 Clgb  3.837911611
Bestl 1.047068435 Ptbpl  1.69593139  Citsl 2.611744274 C3 1.980816487 Clqa 3.655927453
Glul 0.995139443 Cxel2  1.59992159  Duspl  2.584156342 Tnfrsfla 1.872017221 Grn 3.25339142
Megf10 0.980284936  Clqc 1.580978637 Cspgd4  2.578331394 Apoe 1.467051552 Mmp2 2.984141914
Tnfrsfla 0.936142945 Spare  1.560896745 Ptbpl  2.49176157 Ptbpl  1.418958303 Citss 2.912799759
Mertk  0.925033939 Nes 1.541990544 Sparc  2.263102452 Npc2 1.322195886 Apod  2.748803721
Slela2  0.789961759  Slc7all 1.520052338 Bakl 1.979504203 Ptprzl 1.3087357 Trem2  2.64689712
Ptbpl  0.761056312 Gpnmb 1.241876956  Lcn2 1.941097328 Sparc  1.180812016 Tinl 2.645232551
Sparcll  0.71584831 Picalm 1.157404524 Gpnmb 1.771296452 Tinl 1.119703778  Bestl 2.565044655
Npc2 0.695953327 Ctsl 1.110065599 Picalm 1.762001269 Mertk 1.086356588 Tnfrsfla 2.428590475

Figure 4.5: Representative figures of cell clusters organized by cell type and
spatial organization around implanted polyimide probes. Clusters which express
genes associated with reactive glia are tightly organized around implanted electrode.
Tables above each confocal image represent cell count by cluster from within an
approximately equal region of interest around each device injury. Minimized confocal
images represent the region of interest that was used to quantify cell counts by cluster.
Log2FC values belonging to each cluster were identified as statistically significant
(Benjamini-Hochenberqg test) P < 0.05.
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inhibitory neurons (clusters 7 &14).
3.1 SPATIOTEMPORAL PATTERNS OF GENE EXPRESSION AROUND
POLYIMIDE ELECTRODES

After identifying the gene expression within each cluster of cells, we then drew
regions of interest (ROI) around each implant site (Figure 4.4A). From within each ROI,
we found that the spatial distribution of clusters differed between large and small
polyimide devices (Figure 4.4B). Clusters 6, 9, 10, 12, 15, and 16 were increased and
clusters 2, 3, 4, 7, and 11 were decreased around 100um polyimide devices. A cursory
comparison of the transcript count number around approximately equal ROIs around both
polyimide devices found that there was an increase in Log2FC of genes associated with
glial activation, fibrosis, and oxidative stress around 100um polyimide devices. Likewise,
we found that genes positively associated with neuronal function, myelination, and
oligodendrocyte progenitors were increased near 10um devices relative to 100um devices
(Figure 4.4C). We then drew additional ROIs around distal tissue posterior to each
polyimide implant and calculated to Log2FC of tissue around each polyimide device
relative to distal tissue (Figure 4.4D). When compared to distal tissue, gene expression
around both devices identified increased expression in genes associated with reactive
gliosis, oxidative stress, innate immune response, and cellular proliferation. We also
found that most genes associated with neuronal function, myelination, and
oligodendrocyte differentiation were less affected around both 10- and 100um devices.
However, nearly all tissue response associated genes tested in this panel were expressed

less around 10um polyimide devices. Cxcl2, Tf, Slc44al, Apod, Fthl, Slc32al, and Kif5a
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were found to be inversely expressed around 10um polyimide electrodes compared to
100um devices. However, to conclusively determine the true effect of device size on gene
expression around implanted electrodes, additional samples need to be included in this
analysis for effective calculations of Log2FC around polyimide devices.
3.1.1 REACTIVE GLIA AT THE DEVICE INTERFACE RESEMBLES GLIA
LIMITANS

It is often observed that reactive astrocytes and microglia progressively
encapsulate implanted devices over time. The results of this study have identified five
clusters of likely astrocytes, microglia, and progenitor cells which are observed to be
localized to the device interface, within vasculature, and within the glia limitans (Figure
4.4A). Clusters 13, 15, and 16 lie directly in the center of the implant site and express
genes that are associated with reactive microglia and astrocytes. Cluster 13 expressed
genes that are associated with an activated microglial phenotype (Serpingl, Vim, Apod,
TInl, and Dock8). Cluster 16 is spatially located alongside cells within cluster 13, yet
appears to belong to a different phenotype of reactive microglia that expresses genes
associated with the innate immune response and the complement system (Cxcl2, C1qa,
Clgb, Clqc, C3, Itgam, Csflr). Cluster 16 is spatially localized just beyond clusters 13
and 16 at the device interface. Cluster 16 expresses genes associated with activated
astrocytes (Serpingl, Gpnmb, Gfap, Lcn2, Chill, C3). Cluster 9 lies just beyond the
immediate device interface and shares gene expression patterns with clusters 15 and 13
(Serpingl, Gpnmb, Gfap, Lcn2, Chill, C3) with reduced magnitude. Cluster 12 is present

at the device interface, but is also distributed around vasculature which is unrelated to the
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Figure 4.6: Clusters that express genes associated with reactive / modulatory glia
which are diffusely organized around implanted devices. Tables above each
confocal image represent cell count by cluster from within an approximately equal
region of interest around each device injury. Minimized confocal 2images represent
the region of interest that was used to quantify cell counts by cluster. Log2FC values
belonging to each cluster were identified as statistically significant (Benjamini-
Hochenberg test) P <0.05.
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device interface itself. Each of these clusters are not only present at the device interface,
but are highly localized to the glia limitans which acts as a boundary between the
meninges and neural parenchyma[25]. Quantification of cluster specific cells identified
that the density of each cluster is elevated around supra-cellular polyimide devices
relative to sub-cellular polyimide devices.
3.1.2 REACTIVE AND MODULATORY GLIA ARE CONCENTRATED
AROUND REACTIVE GLIA AT THE DEVICE INTERFACE

Beyond the reactive glial center of the device interface, we identified five distinct
clusters of glia which appear to be interspersed within the reactive glial scar as well as
throughout the entire tissue section (Figure 4.6). Cells identified within cluster 3 were
observed to primarily express genes Megf10, Mertk, Tnfrsfla, Ptprz1, Chill, Agp4, and
Ncan. Cluster 4 cells express Lcn2, Nes, Duspl, TInl, Mbp, and Cspg4). Cluster 6 highly
expresses inflammation associated genes such as TIr2, Cx3crl, Itgam, Trem2, Csflr,
Clga, Clgb, Clqc, and C3. Gene expression within cluster 8 is similar to cluster 4 in
expression of Lcn2, Nes, Duskpl, and TInl. However, cluster 8 expresses genes such as
Sparc, Vim, Tnf, Shank2, Cnksr2, and Grn. Cluster 10 expresses genes that appear to be
similar to those of cluster 6 (TIr2, Cx3crl, Itgam, Trem2, Csflr, Clga, C1gb, Clqc, and
C3), however cluster 10 uniquely contains Kalrn, Brinpl, Stxl1a, Grinl, Nptxr, and Npc2.
Based on observations between define cell clusters and immunofluorescence imaging,
clusters 4 and 8 do not align with stained NeuN+ or Olig2+ nuclei. These clusters only
appear to align with GFAP+ nuclei as well as other hoechst+ nuclei. Cluster 6 cells

appear to be localized to Hoechst+ nuclei throughout the tissue section and proximal to
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Ftl1 0.407712496 Camtal 0.371417087
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Figure 4.7: Clusters which express genes associated with Oligodendrocytes and
OPCs. Tables above each confocal image represent cell count by cluster from within
an approximately equal region of interest around each device injury. Minimized
confocal images represent the region of interest that was used to quantify cell counts
by cluster. Log2FC values belonging to each cluster were identified as statistically
significant (Benjamini-Hochenberg test) P < 0.05.
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Figure 4.8: Spatial distributions of cellular clusters associated with inhibitory
and excitatory neurons around implanted polyimide devices. Clusters of cells
associated with neuronal phenotypes are reduced around 100um polyimide devices
relative to 10um devices. Tables above each confocal image represent cell count by
cluster from within an approximately equal region of interest around each device
injury. Minimized confocal images represent the region of interest that was used to
quantify cell counts by cluster. Log2FC values belonging to each cluster were
identified as statistically significant (Benjamini-Hochenberg test) P < 0.05.
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NeuN+ positive cells. Cluster 10, however appears to be almost entirely localized to
NeuN+ cells and hoechst+ cells near neuronal nuclei.
3.1.3 OLIGODENDROCYTES AND OLIGODENDROCYTE PROGENITORS
ARE REDUCED AROUND 100um POLYIMIDE DEVICES

This study also identified two clusters (clusters 5 & 11) of cells which express
genes associated with oligodendrocyte lineage (Figure 4.7). Cluster 5 expresses genes
associated with mature and myelinating oligodendrocytes (Oligl, Olig2, Mog, Mbp, Plp1,
Slc44al, Hen2, Apod). We also observed expression of iron metabolism genes Tf, Fthl,
and Ftl1 within cluster 5 cells. The second cluster expresses genes associated with both
OPCs and mature oligodendrocytes (Cspg4, Oligl, Olig2, Ptprz1, Slc44al). Within this
sample of tissue, cells which express high levels of pro-myelinating genes were
qualitatively more closely located around 10um polyimide devices and more distant from
100um devices. However, counting of cells belonging to clusters 5 & 11 suggested
negligible losses of cluster 5 and a greater reduction in cluster 11 cells around 100um
polyimide devices.
3.1.4 NEURONAL POPULATIONS ARE REDUCED AROUND 100pm
POLYIMIDE DEVICES

The results of this study indicated 4 distinct clusters of cells which express genes
associated with excitatory, and inhibitory neurons and are highly associated with NeuN+
nuclei (Figure 4.8). Clusters 1 & 2 identified cells which highly express genes associated
with excitatory neurons (Slc17a7) as well as pan neuronal genes associated with axonal

transport (Kif5a, Kifsh, Kifsc, Dynll1), synaptic transmission (DIlg4, Bsn, Snap25, Syn1,
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Stxbpl, Ncdn, Stxla, Nrgn, Slc6al7, Grinl, Grial, Camk2a, Nptxr), cytoskeletal
structure (Nefh, Nefm, Nefl, Dst, Map4), and dendritic spine maintenance (Kalrn, Cyfip2,
Shank?2). Clusters 7 & 14 identified cells express genes associated with inhibitory
neurons (Slc31al, Gadl, as well as pan neuronal genes associated with axonal transport
(Kif5a, Kifsb, Kifsc, Dynll1), synaptic transmission (DIg4, Bsn, Snap25, Syn1, Stxbp1,
Ncdn, Stxla, Nrgn, Slc6al?, Grinl, Grial, Camk2a), cytoskeletal structure (Nefh, Nefm,
Nefl, Dst, Map4), and dendritic spine maintenance (Kalrn, Cyfip2, Shank2). We also
observed Mmp9 expression within some excitatory neurons as well as Sod2 within
inhibitory neurons throughout the tissue section and at the device interface. When
directly comparing these clusters at the device interface, we observed that there were
fewer neurons around larger polyimide devices at the 6-week timepoint.
4. DISCUSSION

Understanding the tissue response to indwelling electrodes is essential to
improving the functional longevity and improving the biocompatibility of neural
prostheses. Here in this study, we have provided some of the first transcriptional analyses
of the tissue response to implanted electrodes with single cell resolution which have
produced promising preliminary results. We have also utilized new transcriptionally
identified biomarkers of the tissue response to directly compare implanted electrodes of
supra- and sub-cellular dimensions. Prior to the onset of spatial transcriptomics around
implanted electrodes, the understanding of the tissue response was primarily limited to
observations of histological analysis. In this study, we can see a first glimpse of cellular

organization by phenotype directly paired with immunofluorescence of key cell types at
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the device interface.
4.1 REACTIVE GLIA AT THE DEVICE INTERFACE

In this study, we identified 5 clusters (Clusters 9, 12, 13, 15, & 16) of cellular
phenotypes which are heavily concentrated around the core of the electrode injury. These
clusters are concentrated at the device injury and express genes associated inflammatory
microglia and astrocytes. The genes expressed are linked to fibrosis, glial activation,
cellular proliferation, and synaptic pruning. The genes Serpingl, Gfap, Vim, C3, Lcn2,
Chill, and C1q, which are associated with neurotoxic astrocyte activation, are present
together in clusters 9 and 15. Genes associated with disease / damage associated
microglia are high expressed within clusters 12, 13, and 16. We observed high expression
of pro-phagocytic genes (Dock8, C3, Clga, Clgb, Clqc, Itgam, TIr2, Tir4, and Gpnmb)
which have been previously associated with synaptic pruning and neurodegeneration
[29]-[33]. Due to the high relative expression of Gfap in these clusters, we are
considering them to be astrocytic. These astrocyte clusters both express Ncan (Cspg?3);
which is both a secreted and transmembrane chondroitin sulfate proteoglycan which can
act as an inhibitory cue for neuronal processes[34]. The expression of Ncan and
neurotoxic markers within these cell clusters at the boundary of the glial scar may
influence the retention of local neuronal populations and their processes.

We observed Cspg4 (NG2) and Nes expressing cells (cluster 12) organized
around the device injury and within neurovascular units which we may represent
pericytes. Cspg4 is a membrane bound chondroitin sulfate proteoglycan expressed by

pericytes, OPCs, and microglia which can modulate the inflammatory glial response and
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inhibit axonal growth[35], [36]. The coincidence of this cluster at the device injury and
vascular units may indicate neurovascular remodeling at the device interface, but may
also have implications in the inflammatory environment. Non-pericyte Cspg4 glia
generally differentiate into oligodendrocytes in healthy cortical tissue, however, Cspg4
glia can differentiate into reactive astrocytes in inflammatory conditions[37]. It may be
possible that within the environment of the inflammatory glial scar that non-pericyte
Cspg4 expressing glia may be more likely to differentiate into reactive astrocytes at the
device interface potentially, further inhibiting axonal regeneration.

These cellular clusters are also organized throughout the glia limitans and appear
to be similarly organized around implanted electrodes. The glia limitans’ primary purpose
in the brain is to create a boundary between cortical tissue and pia mater within the
subarachnoid space. In addition to glial activation and inflammation, implanted
electrodes are believed to create a steric blockade within cortical tissue which local cells
recognize as a foreign body. Based on the cluster specific stratification within the glia
limitans and the device injury, it may be possible that that one function of the reactive
glia around implanted devices is to create an expansion of the glia limitans to protect
surviving cortical tissues. Nonetheless, the number of cells belonging to clusters 9, 12,
13, 15, & 16 are reduced around the subcellular device relative to the supracellular
polyimide implant which indicates a reduced inflammatory and neurotoxic device
footprint of smaller devices.

4.2 MODULATORY GLIA AT THE DEVICE INTERFACE

Our results in this study identified 5 additional clusters (Clusters 3, 4, 6, 8, & 10)
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of cells which do not appear to be spatially aggregated with the glial scar at the device
interface. These clusters are diffusely organized throughout the section and express less
neurotoxic or inflammatory markers than those tightly packed at the device interface.
Based upon the gene expression profiles and histological overlap of these clusters, we
have identified them as likely belonging to astrocytes and microglia. Cluster 3 appears to
belong to a less reactive or homeostatic astrocyte phenotype. This cluster is largely
coincident with GFAP+ histology and expresses relatively less Gfap than other astrocyte
populations in the glial limitans and glial scar. Cluster 3 astrocytes differ from clusters 9
& 15 astrocytes in that they express less inflammatory genes and instead more heavily
express genes associated with neuroprotective and homeostatic genes (Megf10, Mertk,
Ptprz1, Glul, Slcla2, Sparcll, Picalm, and Ptn). Astrocytic driven synaptic pruning is
mediated in part by the Megf10 and Mertk pathway[38]. Astrocytic expression of Glul
(glutamate synthetase) and Slcla2 is essential for the astrocytic regulation of glutamate
concentration within neuronal populations and within synapses[39]. Sparcl1 and Sparc
regulate neuroligin — neurexin interactions are also expressed by homeostatic astrocytes,
which suggests these genes play a role in the proper maintenance of synapses and
dendritic spines[39]. Expression of Picalm is associated with clathrin mediated
endocytosis and regulates autophagy, as well as clearance of cellular debris such as tau
from the extracellular space[40]. Astrocytes in this cluster also appear to express Ptn,
which is a secreted neurotrophic growth factor that also negatively regulates
inflammatory glial[41], [42]. Clusters 4 & 8 appear coincident with astrocytes and

pericytes which are proximal to NeuN+ histology. These clusters differ from cluster 3 in
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that they primarily express Lcn2, Nes, and Duspl from our panel of selected genes. Lcn2
is dominantly characterized by its role in neurodegeneration and neuronal cell death in
inflammatory conditions[43]. However, Lcn2 also has roles in iron metabolism as Lcn2
can bind iron in an inflammation independent manner to regulate cellular oxidative
stress[44]. Duspl suppression is used as a biomarker for inflammation and oxidative
stress as it may act to negatively regulate Tlr2 and Tlr4 expression. These clusters
express relatively high Duspl and less TIr2 and TIr4 which may provide indication that
these clusters are assuming a more homeostatic phenotype compared to the other reactive
clusters. Nestin is an intermediate filament which can act as a co-polymer with Gfap and
is upregulated in neurotrophic reactive astrocytes[45], [46]. As these ‘modulatory cells’
are not entirely a part of the reactive glial core and express different gene profiles from
those of the glial scar, it may be possible that they are representative of cells which play a
different role in the tissue response.

Clusters 6 & 10 appear to be coincident with perineuronal glia and express similar
genes to those of reactive microglia at the device interface. However, while these cells
are somewhat elevated at the device interface, they appear diffusely throughout the cortex
as well and express relatively high Cx3crl, which is known to be upregulated in
homeostatic satellite microglia which play a neuroprotective role[47]-[49]. Both of these
clusters express a mixture of genes involved in the complement system (C3, C1qa, Clqgb,
C1qc) as well as phagocytosis (Itgam and Dock8). These genes are also upregulated in
neurotoxic reactive microglia, and they also play an essential role in clearing debris from

the extracellular space and modulating synaptic structures[50], [51]. As these clusters of

174



cells are not entirely a part of the reactive glial core and express different gene profiles
from those of the glial scar, it may be possible that they are representative of cells which
play a different role in the tissue response. However, whether these cells represent
reactive glia or not is unclear.
4.3 OLIGODENDROCYTES AT THE DEVICE INTERFACE

We also identified two clusters that appear to be associated with oligodendrocytes
(Cluster 5) and OPCs (Cluster1l). Cluster 5 is strongly coincident with Olig2+
immunofluorescence and expresses genes associated with myelinating oligodendrocytes
(Mog, Mag, Oligl, Olig2, Apod, Plpl, and Mbp). This cluster also expresses genes
associated with the regulation of myelin length (Hcn2)[52] and remyelination
(Slc44al)[53]. Hen2 is also expressed by neurons and plays a key role in modulating
neuronal firing rate[54] and neurons near implanted devices have shown reductions in sag
amplitude and increased spike frequency adaptation[55]. The number of cluster 5
myelinating oligodendrocytes is relatively unchanged around 10um polyimide devices
compared to 100um polyimide devices. However, cells belonging to cluster 11 express
genes associated with the differentiation of OPCs to mature oligodendrocytes (Cspg4,
Olig2, Ptprz1, Gpnmb). These cells are reduced around 100um devices. Ptprz1 and
Gpnmb are both expressed by OPCs with Ptprzl being implicated in the maintenance of
the OPC phenotype[56][57]. As this preliminary observation shows slight reduction in
OPC-type cells around larger polyimide devices, this may imply that remyelination and
replenishment of oligodendrocyte populations is impacted around devices with a larger

footprint.
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5. CONCLUSIONS

The promising preliminary data collected from this study illustrate single-cell
resolution transcriptomics surrounding implanted electrodes for the first time. We
identified 16 clusters of distinct cellular phenotypes which provided new information
about the dynamics of the tissue response to devices of sub- and supra-cellular
dimensions. However, the observations are preliminary and data collection is ongoing. In
addition to further analyzing the data from our 6-week polyimide devices, we still have
yet to include data from polyimide device at 1-week post-implantation as well as 1- and

6-week silicon device tissue.
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CHAPTER 5| CONCLUSIONS AND FUTURE WORK

This dissertation expands basic science understandings of the tissue response to
implanted electrodes. The contents of this dissertation have covered the first full
transcriptome sequencing of tissue around implanted silicon electrode arrays, which
identified hundreds of potential biomarkers for further investigation. We have also
identified that RNA-seq identified genes can be used to guide future studies of protein
expression at the device interface. Finally, this dissertation provided the first
observations, with single-cell resolution, into the cellular dynamics of the tissue response
from a panel of 100 RNA-seq identified genes. 16 unique phenotypes of cellular clusters
that are discretely organized around implanted electrodes were identified which include
reactive glia, modulatory glia, neurons, and oligodendrocytes. However, there is still
significant work left to be done before the tissue response is fully understood. While
there is a much better understanding of the gene expression and potential pathways
involved, there is still a need to interrogate discrete molecular mechanisms of the
biomarkers that have been covered in this body of work as well as those that are being
conducted by other groups in parallel. This future work will be essential in the field of
neural prosthetics for two primary reasons: (1) there is a need for new methods to
benchmark the biological integration of implanted electrodes and assess electrode safety,
and (2) the ability to directly link functional electrode outcomes with well characterized
biological outcomes. This dissertation has discussed many next-generation devices that
have utilized design-based strategies to reduce the tissue response to indwelling

electrodes, which can introduce new challenges in electrode fabrication, long-term device
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stability, and the reproducibility between devices. However, it can be difficult to assess
the performance of novel electrode technologies without a thorough understanding of
biological responses to implanted devices. The contents of this dissertation provide the
foundations for ‘biology-based’ strategies in which the mechanisms of the tissue response
at both the transcriptional and protein level can be considered during electrode design. By
understanding the tissue response to implanted devices, new therapeutics and intervention
strategies can be developed to treat aspects of the tissue response which are currently
unable to be solved by device design alone. In understanding these mechanisms, and the
true impact that they might have on the tissue response as well as signal fidelity around
implanted devices we may be able to create neural prostheses which are fully integrated

with their surrounding biology.

184



