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Improving the long-term performance of neural electrode interfaces requires overcoming
severe biological reactions such as neuronal cell death, glial cell activation, and vascular
damage in the presence of implanted intracortical devices. Past studies traditionally
observe neurons, microglia, astrocytes, and blood-brain barrier (BBB) disruption
around inserted microelectrode arrays. However, analysis of these factors alone yields
poor correlation between tissue inflammation and device performance. Additionally,
these studies often overlook significant biological responses that can occur during
acute implantation injury. The current study employs additional histological markers
that provide novel information about neglected tissue components—oligodendrocytes
and their myelin structures, oligodendrocyte precursor cells, and BBB -associated
pericytes —during the foreign body response to inserted devices at 1, 3, 7, and 28 days
post-insertion. Our results reveal unique temporal and spatial patterns of neuronal and
oligodendrocyte cell loss, axonal and myelin reorganization, glial cell reactivity, and
pericyte deficiency both acutely and chronically around implanted devices. Furthermore,
probing for immunohistochemical markers that highlight mechanisms of cell death or
patterns of proliferation and differentiation have provided new insight into inflammatory
tissue dynamics around implanted intracortical electrode arrays.

Keywords: oligodendrocytes, NG2 glia, pericytes, tissue-electrode interface, neurodegeneration, gliosis, glial cell
division, inflammation

INTRODUCTION

Advancements in neural interface technology have provided powerful tools for investigative
neuroscience and clinical therapy involving neurodegenerative disease and neurological
deficiencies (Schwartz et al.,, 2006; Kozai et al., 2015b; Iordanova et al., 2018; Michelson and
Kozai, 2018; Michelson et al., 2018a; Stocking et al., 2019). Specifically, penetrating intracortical
electrodes with high spatial resolution can record and stimulate individual neurons or neuronal
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populations locally within the brain (Buzsaki, 2004). However,
due to a lack of fundamental knowledge regarding neural
and glial circuits, neuromodulatory and stimulating devices
experience high variability and unpredictability in their use
(Sillay et al., 2010; Cheung et al., 2013; Gittis, 2018).
Additionally, these probes are often debilitated by inflammatory
tissue reactions that induce neural loss, impairing recording
performances (Potter et al, 2012; Kozai et al, 2015c).
Overwhelming biological responses to these inserted electrodes
need to be addressed in order to improve the quality and
robustness of chronically implanted intracortical arrays (Tresco
and Winslow, 2011; Wellman et al., 2017, 2018; Wellman and
Kozai, 2017). However, attempts at correlating a decline in signal
quality with specific inflammatory events have previously proven
difficult (Kozai et al., 2014c, 2015a; McCreery et al., 2016; Salatino
et al., 2017; Michelson et al., 2018b).

Microglia are one of the first responders to probe insertion
injury, polarizing and extending cellular processes within the
first hour after implantation in an effort to encapsulate the
probe (Kozai et al,, 2012b, 2016b; Eles et al., 2017). During
the course of implantation, reactive astrocytes mediate gliosis
around the device by becoming hypertrophic, expanding and
compacting their cellular membranes during scar formation
(Szarowski et al., 2003; Polikov et al, 2005; Nolta et al.,
2015). The inflammatory milieu secreted by activated glia
proximal to the device has been suggested to be a major
contributor to the characteristic loss of neurons, resulting in
impaired recording performances (Kozai et al., 2015¢). However,
traditional immunohistochemical analyses involving neurons,
microglia, and astrocytes around intracortical devices have not
correlated well with recorded electrophysiology, in large part
due to intra-animal variability at the electrode-tissue interface
(Kozai et al., 2014¢; McCreery et al.,, 2016; Michelson et al,
2018b). For example, tissue demonstrating high neural density
and low glial scarring around implanted devices will still
demonstrate reduced recording performance, or vice versa
(Kozai et al.,, 2014c; Michelson et al,, 2018b). Furthermore,
neurons are not the only metabolically active cells susceptible to
injury within the parenchyma, nor are microglia and astrocytes
the only glial factors that contribute to inflammation during
injury (Wellman and Kozai, 2017). Oligodendrocytes maintain
important physiological roles mediating neuronal homeostasis
via myelin ensheathment while oligodendrocyte precursors,
notably NG2 glia, are responsible for replenishing depleted
oligodendrocytes and participate in inflammation (Bradl and
Lassmann, 2010). Additionally, perivascular pericytes are an
essential component of the neurovascular unit and act to regulate
blood-brain barrier (BBB) health and maintenance (Winkler
etal., 2011). Each of these factors can influence neuronal viability
during injury and, as of yet, their dynamics during electrode
pathology are unknown.

Oligodendrocytes, a third glial component of the central
nervous system, exist predominantly in white matter tracks
alongside their myelin fibers but are also present at lower
densities within the gray matter cortex (Tomassy et al., 2014).
They provide trophic and mechanical support to neurons
and promote signal propagation between neural circuits via

myelin ensheathment [see review (Wellman et al, 2018)].
Secretion of neuronal growth factors requires oligodendrocytes
and their precursors to maintain constant contact with
neurons within the parenchyma (Du and Dreyfus, 2002).
However, as energy-demanding cells, oligodendrocytes require
high metabolic needs in order to produce and maintain the
amount of myelin needed to support the central nervous
system (McTigue and Tripathi, 2008; Bradl and Lassmann,
2010; Snaidero and Simons, 2017). As a result, oligodendrocytes
and their precursors are highly susceptible to ischemic and
hypoxic stress events (Dewar et al., 2003; McTigue and Tripathi,
2008). Since electrode insertion can induce stroke-like events,
such as BBB disruption and loss of perfusion as well as glial
cell activation, mechanical strain, and edema, oligodendrocytes
and their precursors are vulnerable to the inflammation
sustained from chronic microelectrode implantation (Du et al,,
2017; Wellman and Kozai, 2017; Wellman et al.,, 2018). The
only characterization of oligodendrocytes or myelin during
electrode-induced inflammation was conducted by Winslow et al.
(2010) where they presented evidence of chronic demyelination
around an electrode array following 12 weeks of implantation
(Winslow and Tresco, 2010). As of yet, oligodendrocyte and
myelin pathology have not been thoroughly characterized around
acute or chronically implanted devices.

Distributed ubiquitously throughout the central nervous
system, oligodendrocyte precursor cells are essential in
maintaining physiological support of neurons and act as a
reservoir for myelinating oligodendrocytes in the event of
oligodendrocyte loss or demyelinating injury (Levine et al,
2001). In regards to glial inflammation, they are known to
respond to injury in a similar vein as microglia and react
similarly to astrocytes through secretion of axon growth-
inhibiting chondroitin sulfate proteoglycans, such as neural/glia
antigen 2 (NG2)—thus, they are commonly referred to as NG2
glia (Nishiyama et al., 2005; Tan et al., 2005). NG2 glia also
possess the ability to differentiate into reactive astrocytes under
specific conditions of injury (Komitova et al., 2011). Using
two-photon microscopy, the acute in vivo dynamics of microglia
(Kozai et al., 2012b) and, more recently, NG2 glia (Wellman
and Kozai, 2018) have been observed following microelectrode
implantation, revealing a sequence of process extension and cell
body migration in a specific spatiotemporal pattern of reactivity.
However, beyond acute implantation, the distribution and
proliferating patterns of NG2 glia have yet to be characterized
around intracortical microelectrode arrays.

Pericytes are mural cells that interface directly between the
BBB and parenchyma, mediating cross-talk between the brain
and the peripheral circulation (Armulik et al., 2010). Another
NG2-expressing cell within the brain, pericytes possess a variety
of vascular homeostatic functions such as BBB maintenance,
BBB repair, blood flow regulation, angiogenesis, as well as
mesenchymal stem cell properties (Sweeney et al, 2016).
Pericytes also facilitate neuroinflammatory reactions following
injury and have been implicated as targets of interest in a
variety of neurodegenerative diseases such as stroke, Alzheimer’s
disease, multiple sclerosis, and more (Winkler et al., 2011).
Many of these studies have correlated a reduction or loss in
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pericyte reactivity to occurrences of increased BBB permeability
(Lindahl et al., 1997). Blood-brain barrier disruption has
recently been recognized as a significant factor of inflammation
induced by intracortical electrodes and a potential perpetrator of
reduced device performance (Kozai et al., 2010, 2015c¢). Further
investigation of pericyte behavior and reactivity to injury is
required to understand how they fit into these sequences of
inflammatory events.

In order to fill the gaps in knowledge surrounding these
novel cell types of interest, additional immunohistochemical
markers were employed (oligodendrocytes, NG2 glia, pericytes)
alongside traditional stains (neurons, microglia, and astrocytes)
to observe spatiotemporal dynamics following intracortical
microelectrode implantation. Markers for cellular apoptosis and
proliferation were also used to observe mechanisms of cell death
or patterns of division, respectively. Probes were implanted
acutely for 1, 3, and 7 days as well as chronically for 28 days
post-insertion. These analyses answer critical questions about
unknown or understudied parenchymal components during
electrode-induced inflammation that can guide future studies
to determine mechanistic causes of signal quality degradation
or assist in the development of novel therapies to improve
device performances.

MATERIALS AND METHODS

Surgical Probe Implantation

Implantation of microelectrode arrays were performed as
described previously (Kozai et al., 2014c, 2016c). Prior to
surgery, all electrode arrays, surgical tools, and surgical
supplies were sterilized using ethylene oxide for 12 h. Single
shank non-functional Michigan-style microelectrodes (Al6-
3 mm-100-703-CM15) were implanted into the left primary
monocular visual cortex (V1im) of 8-week old C57BL/6]
male mice (Jackson Laboratory, Bar Harbor, ME). Mice
were anesthetized using a 7 mg/kg xylazine and 75 mg/kg
ketamine cocktail injected intraperitoneally and mounted onto
a stereotaxic frame. Eye ointment was administered to keep the
eye moisturized and an O; line was installed for oxygen delivery.
Betadine and alcohol scrubs were administered to sterilize the
surgical area prior to removing the scalp and connective tissue
from the surface of the skull. A thin layer of Vetbond (3 M)
was applied to dry the surface of the skull and provide enhanced
adhesion between the skull and dental cement. Three bone screws
were drilled into the bone over both motor cortices and the
contralateral visual cortex to help secure the headcap. A 1 mm
drill-sized craniotomy was formed at 1 mm anterior to lambda
and 1.5 mm lateral from the midline using a high-speed dental
drill. Saline was periodically administered to prevent overheating
of the brain surface. After the craniotomy was removed and
brain exposed, gelfoam was used to prevent drying out of
the brain prior to implantation. The single shank device was
carefully inserted using a stereotaxic manipulator at a speed of
~2 mm/s until the last electrode contact site was below the
surface (~1600 pm from the pial surface). The inserted probe was
sealed using a silicone elastomer (Kwik-sil) and a headcap was

secured with UV-curable dental cement (Henry Schein, Melville,
NY, United States). Non-steroidal anti-inflammatory ketofen was
administered at 5 mg/kg for 2 days post-operatively.

Endpoint Histology

Mice were sacrificed and perfused according to University of
Pittsburgh TACUC approved methods at days 1, 3, 7, and
28 days post-insertion (n = 3 per time point). Prior to perfusion,
a 7 mg/kg xylazine and 75 mg/kg ketamine cocktail was
administered to deeply anesthetize each mouse and a toe-pinch
test was used to determine a proper plane of anesthesia. Mice
were transcardially perfused (pump pressure: 80-100 mm Hg)
using 100 mL of a warm phosphate buffered saline (PBS)
flush followed by 100 mL of 4% paraformaldehyde. Following
perfusion, mice were decapitated and heads were post-fixed in 4%
paraformaldehyde at 4°C overnight. Brains were then removed
from the skull and soaked sequentially in 15 and 30% sucrose
baths at 4°C for 24 h each. Following this, brains were carefully
separated from the device and headcap and soaked in 30%
sucrose for another 12-24 h. After sucrose equilibration, brains
were blocked and frozen in a 2:1 20% sucrose in PBS:optimal
cutting temperature compound (Tissue-Tek, Miles Inc., Elkhart,
IN, United States). Samples were sectioned horizontally at a
25 um slice thickness onto glass slides using a cryostat (Leica
Biosystems, Wetzlar, Germany).

In order to minimize variability due to layer-specific
differences in cell distribution, sections between a depth of
400-800 pm (layer IV-V) were chosen for immunohistochemical
analysis. Additionally, sections free of extraneous tissue holes that
could arise during probe extraction, perfusion, or sectioning were
chosen for analysis. Prior to staining, sections were re-hydrated
with 1x PBS for 30 min. Slides were incubated in 0.01 M sodium
citrate buffer (for antigen retrieval) for 30 min at 60°C followed
by incubation in a peroxidase blocking solution (10% v/v
methanol and 3% v/v hydrogen peroxide) for 20 min on a table
shaker at room temperature. Sections were then permeabilized
using a solution of 1% triton X-100 with 10% donkey serum in
PBS for 30 min at RT. Lastly, sections were blocked with donkey
anti-mouse IgG fragment (Fab) or 647 conjugated anti-mouse
IgG fragment (Fab) for 2 h at 1:13 or 1:16 dilution at RT.

Following 1x PBS rinses (8 x 4 min), sections were incubated
with a primary antibody solution consisting of 10% donkey
serum, 1% triton X-100, and antibodies listed in Table 1
overnight at 4°C. Sections were then rinsed with 1x PBS
(3 x 5 min) before being incubated with a secondary antibody
solution in 1x PBS (donkey anti-mouse 405, Abcam, and
donkey anti-goat 568, Abcam, Cambridge, United Kingdomy;
donkey anti-mouse IgG 488, Thermo Fisher Scientific, donkey
anti-rabbit IgG 568, Thermofisher, and streptavidin, Alexa
Fluor 488 conjugate, Thermo Fisher Scientific, Waltham, MA,
United States; and donkey anti-chicken IgY 647, Sigma-Aldrich,
St. Louis, MO, United States) diluted at 1:500 for 2 h at RT.
Following 3x PBS washes for 5 min, sections were incubated
with 1:1000 Hoechst 33342 (Invitrogen) for 10 min and then
washed one final time with 1x PBS (3 x 5 min) before
being coverslipped using Fluoromount-G (Southern Biotech,
Birmingham, AL, United States) and sealed with fingernail polish.
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TABLE 1 | List of primary antibodies used for immunohistological staining.

Primary antibody Marker Supplier Species Dilution
Anti-NeuN Neurons Sigma-Aldrich (MAB377B) Ms 1:200
Anti-lba-1 Microglia Sigma-Aldrich (MABN92), Ms, Rb 1:200 (Ms),
Fisher (NC9288364) 1:500 (Rb)
Anti-GFAP Astrocytes Abcam (AB4674) Ck 1:500
Anti-CC1 Mature oligodendrocytes Abcam (AB7474) Rb 1:400
Anti-Olig2 Immature oligodendrocytes Sigma (MABN50) Ms 1:100
Anti-NG2 NG2 glia, pericytes Sigma (AB5320) Rb 1:200
Anti-NF-200 Neurofilament Sigma (MAB5256) Ms 1:250
Anti-MBP Myelin basic protein Abcam (AB7349) Rt 1:100
Anti-PDGFR-8 Pericytes R&D Systems (AF1042) Gt 1:100
Anti-Lectin Blood vessels Vector Lab (B-1175) Tomato 1:250
Anti-Ki67 Proliferation marker Ki67 BD biosciences (550609) Ms 1:50
Anti-Activated caspase 3 Activated caspase 3 Cell signal (9661S) Rb 1:400

Samples were imaged at 16-bit (635.9 x 635.9 um, 1024 x 1024
pixels on FV10-ASW Viewer V4.2) using a confocal microscope
(FluoView 1000, Olympus, Inc., Tokyo, Japan) with a 20x
oil-immersive objective lens at the Center for Biologic Imaging
at the University of Pittsburgh.

Data Analysis

Intensity analyses of immunohistochemical stains (NF-200/
MBP/Iba-1/NG2/GFAP) were performed radially around the
probe hole using a custom script (INTENSITY Analyzer) written
in MATLAB (Mathworks, Natick, MA, United States) developed
previously (Kozai et al., 2014b). Bins spaced 10 pm apart up to
300 wm away from the probe hole were generated as concentric
rings around the probe hole and the average grayscale intensity
was calculated for all pixels above a threshold determined by the
intensity of the background noise within each bin. Intensity data
was normalized using data from the four corners of each image
representing tissue 300 jLm or more away from the insertion site.
Data was averaged over all animals per time point and per bin
and reported as mean = standard error as a function of distance
from the insertion site. Additionally, bar graphs of intensity data
averaged over 50 um away from the probe hole were generated
in a separate MATLAB script and reported as mean =+ standard
error for each time point.

For  cell counting (NeuN/CC1/Iba-1/NG2/GFAP/
PDGFR-B/Caspase-3/Ki67), the MATLAB script was modified
to generate bins spaced 50 pm apart up to 300 pm away
from the probe hole. For neuronal and oligodendrocyte
density, tissue area was calculated within each bin after
excluding tissue “holes” and the density was calculated as
total cell count divided by tissue area per bin. Tissue holes
were determined by any pixel values that were less than 1
by optimizing image offset during image acquisition. For
co-localization analysis, two or more immunohistochemical
markers  (NeuN/Caspase-3, CCl/Caspase-3, Iba-1/Ki67,
NG2/Ki67, GFAP/Ki67, GFAP/Olig2) were merged and
quantified in ImageJ (Schindelin et al., 2012). All cell counts were
performed against a DAPI stain to confirm the presence of cell
nuclei. Similar to the intensity analysis, data was averaged over all

animals per time point per bin and reported as mean =+ standard
error as a function of distance from the probe hole.

Statistics

A two-way ANOVA followed by a post hoc Tukey HSD test
was used on cell density and fluorescence intensity analysis
generated per animal per time point (n = 3) to evaluate
significant differences between time points of implantation.
An unequal variance two-tailed t-test was used to determine
significant differences between co-localized cell counts at
different time points. A p-value < 0.05 was chosen for
significance. Instances of no significance does not mean there is
no actual difference between groups, but rather that there is no
observable significance given the group size. However, instances
in which significant differences are reported demonstrate the
robustness of those differences given appropriately applied
statistical analysis.

RESULTS

Impact on Neuronal Viability and Axonal
Structures Following Microelectrode
Implantation

Neuronal cell distribution and axonal integrity were evaluated
using markers specific to neuronal nuclei (NeuN) and
neurofilament protein (NF-200), respectively, at 1, 3, 7, and
28 days following insertion (Figure 1A). Additionally, activated
caspase-3 was co-stained to label for cellular degeneration. At
regions distal to the probe implant site, NeuN+ cell density
was consistent with previously reported values (~1500 NeuN+
cells/mm? at 200-300 jm away from probe hole) affirming
the robustness of the histology (Golabchi et al., 2018). While
no significant differences were noted, NeuN+ cell density
counts revealed a biphasic pattern of reduced neural density
occurring at 1 and 28 days and increased neural density at 3
and 7 days post-insertion (Figure 1B). Neuronal loss occurred
most markedly within 0-50 wm away from the probe hole.
To determine mechanistic causes of neuronal loss around the
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the probe hole. (G) Normalized NF-200 intensity averaged over the first 50 um from

indicates p < 0.01.
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FIGURE 1 | Evaluation of neuronal cell death and axonal preservation around an implanted microelectrode array. Microelectrode implantation induces progressive
neuronal loss and degeneration as well as axonal dysfunctional within close proximity of the electrode interface. (A) Representative immunohistochemical stain for
neurons (NeuN), axons (NF-200), and caspase-3 at 1, 3, 7, and 28 days post-insertion. Scale bar = 100 wm. (B) NeuN+ cell counts within 50 um bins up to 300 pm
away from the probe hole demonstrating reduced neural density near the site of probe insertion. Notably, neuronal density is most disrupted within 0-100 pm from
the probe hole at each time point. (C) Magnified images of Caspase-3+ staining (top), NeuN+ cells (middle), and co-labeled NeuN+Caspase-3+ cells (bottom). White
arrows denote co-localized cells. Scale bar = 20 wm. (D) Percent of NeuN+Caspase-3+ cells over total Caspase-3+ cells within 300 pm from the probe hole.

(E) Increases in percent of NeuN+Capase-3+ cells over total NeuN+ cells within 50 micron bins up to 300 um away from the probe hole demonstrate significant
neurodegeneration near the site of implantation. (F) Axonal reorganization is presented as normalized NF-200 intensity within 10 wm bins up to 300 wm away from

the site of insertion. Pattern of axonal intensity matches fluctuations in neuronal density over time within 0-50 wm distance from probe hole. * indicates p < 0.05. **
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Distance from probe hole (um)
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Days post-implant

the probe hole highlights significant temporal differences in axonal integrity near

implanted microelectrode array, activated caspase-3 staining was
used to observe instances of neurodegeneration (Figure 1C). Of
the total caspase-3+ cell population observed within 300 pm
from the site of device insertion, NeuN+ caspase-3+ cells
steadily increased over time from 1 to 28 days post-insertion,
with a significant increase in neurodegeneration present at 7
(50 = 5.7% NeuN+Casp3+/NeuN+) and 28 (58.7 £+ 10.3%
NeuN+Casp3+/Casp3+) days post-insertion (p < 0.05)
(Figure 1D and Supplementary Table S1). To determine the
spatial distribution of neurodegeneration, NeuN+ caspase-3+
cells were taken as a proportion of total NeuN+ cells within
50 pm bins up to 300 pm from the probe hole (Figure 1E
and Supplementary Table S2). Within 150 wm from the site
of insertion at 28 days post-implantation, the percentage of
caspase-3+ cells within the NeuN+ population was significantly
increased compared to 1 and 3 days post-insertion (p < 0.05).
At 100-150 pm away from the probe hole, there was a
significant increase at 28 days compared to 1 and 3 days
post-insertion (p < 0.01). Analysis of axonal structures around
the microelectrode array revealed an increase in neurofilament
intensity beginning at 3 and 7 days post-insertion before
decreasing at 28 days post-insertion (Figure 1F). Neurofilament
expression was highest with proximity to the implanted device,
decreasing to baseline control values further from the site

of implantation. Average NF-200 intensity within the first
50 wm from the device demonstrated a significant increase
from 1 to 3 days post-insertion (p < 0.05) (Figure 1G and
Supplementary Table S3).

Impact on Oligodendrocyte Viability and
Myelination Following Microelectrode
Implantation

Alterations to oligodendrocyte distribution and myelin
organization were evaluated using markers for mature
oligodendrocytes (CC1l) and myelin basic protein (MBP),
respectively, at 1, 3, 7, and 28 days following device implantation
(Figure 2A). Similar to the neuronal analysis, activated
caspase-3 was used to determine the prevalence of induced
cellular degeneration in oligodendrocytes. Normalized CCI1+
cell density revealed a pattern of oligodendrocyte loss occurring
at 3 and 7 days post-insertion (Figure 2B). By 28 days
post-insertion, an increase in oligodendrocyte population
could be observed, however, there was no significant difference
reported (Figure 2B). Reductions in oligodendrocyte density
occurred most heavily within 0-50 pwm from the site of
insertion, implying decreases in oligodendrocyte viability are
in response to the implanted device. The percentage of total
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FIGURE 2 | Evaluation of oligodendrocyte cell death and myelin preservation around an implanted microelectrode array. Acute microelectrode implantation
compromises oligodendrocyte viability and function, preceding abnormal myelin expression and reorganization around the electrode interface. (A) Representative
immunohistochemical stain for mature oligodendrocytes (CC1), myelin (MBP), and caspase-3 at 1, 3, 7, and 28 days post-insertion. Scale bar = 100 pm. (B) CC1+
cell counts within 50 pm bins up to 300 wm away from the probe hole indicating fluctuations in oligodendrocyte density around the implanted probe. Compared to
neurons, oligodendrocyte densities were robust from 1 to 28 days post-insertion, fluctuating between time points but remaining relatively stable over time. (C)
Magnified images of Caspase-3+ staining (top), CC1+ cells (middle), and co-labeled CC1+Caspase-3+ cells (bottom). White arrows denote co-localized cells.
Scale bar = 20 um. (D) Oligodendrocyte degeneration is noted as a percent of CC1+Caspase-3+ cells over total Caspase-3+ cells within 300 wm from the probe
hole. Note: Peak oligodendrocyte degeneration preceeds peak neuronal degeneration. (E) Percent of CC1+Capase-3+ cells over total CC1+ cells within 50 micron
bins up to 300 wm away from the probe hole. (F) Normalized MBP intensity within 10 wm bins up to 300 wm away from the probe hole. (G) Normalized MBP
intensity averaged over the first 50 wm from the probe hole demonstrates an increase in myelination around the site of insertion at chronic timepoints. An increase in
myelination at 28 days post-insertion coincides with a decrease in oligodendrocyte degeneration, indicating a potential reparative effect. * indicates p < 0.05.
**indicates p < 0.01.

caspase-3+ cells that were CCl+ within a 300 wm region increased intensity near the site of implantation, similar to
around the device (CCl+4Casp3+/Casp3+) revealed that neurofilament, indicative of an upregulation in myelin basic
apoptosis-induced oligodendrocyte cell death occurs most protein that would occur during reorganization of myelinated
markedly at 7 days post-insertion (43.7 & 1.3%), significantly axons or remyelination of demyelinated axons following
increased from 1 (845 £ 1.6% CCl+Casp3+/Casp3+) injury. However, no significant differences between each time
and 3 days (19 £ 3%) following implantation (p < 0.01) point were observed.

(Figures 2C,D and Supplementary Table S4). The proportion

of caspase-3+- cells that were CC1+ significantly decreased from . ..
7 to 28 (12 £ 2.6%) days following insertion (p < 0.01). Pattern of Glial Cell Immunoreactlwty

Additionally, the percentage of caspase-3+ cells within and Proliferation Around Implanted

the total CCl+ population peaked significantly at 7 days Microelectrode Arrays

post-insertion, specifically within 0-50 pm away from the Glial reactivity to implanted intracortical devices was evaluated
probe hole indicative of a temporal pattern of oligodendrocyte by staining for histological markers specific for microglia (Iba-
degeneration around the implanted device (Figure 2D and 1), astrocytes (GFAP), and NG2 glia (NG2) at 1, 3, 7, and
Supplementary Table S5). Staining for MBP expression 28 days post-insertion (Figure 3A). Iba-1 immunoreactivity was
demonstrated a decrease in myelin content proximal to highest proximal to the implant for all time points, decreasing
the device at 1 and 7 days post-insertion and an overall steadily to normalized control levels with distance from the
increase in myelin intensity at 28 days following implantation  probe hole (Figure 3B). When observing directly at the 50 pm
(Figure 2E). Average MBP intensity within the first 50 wm region at tissue-device interface, Iba-1 expression increased
from the device emphasizes this pattern, with MBP expression  steadily over time; however, there was no significant difference
increasing 1.5-2 fold by 28 days post-insertion (Figure 2F). in fluorescence intensity (p < 0.05) (Figure 3C). Beginning
Notably, instead of reduced or deplete regions of myelin 3 days after implantation, GFAP fluorescence intensity increased
expected of myelin degeneration, MBP appeared with 2-4 fold with proximity to the probe hole showing preferential
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FIGURE 3 | Evaluation of glial cell activation around an implanted microelectrode array. Microelectrode implantation induces distinct spatial and temporal patterns of
microglia, astrocyte, and NG2 glia reactivity. (A) Representative immunohistochemical stain for microglia (Iba-1), NG2 glia (NG2), and astrocytes (GFAP) at 1, 3, 7,
and 28 days post-insertion. Scale bar = 100 wm. Inserts show magnified view of Iba-1+, GFAP+, and NG2+ cells with nuclei stain. Scale bar = 20 um.

(B) Normalized Iba-1 intensity within 10 wm bins up to 300 um away from the probe hole. (C) Linear increases in microglia reactivity around the implanted device is
depicted as normalized Iba-1 intensity averaged over the first 50 wm from the probe hole. (D) Normalized GFAP intensity within 10 wm bins up to 300 pm away from
the probe hole. (E) Normalized GFAP intensity averaged over the first 50 pm from the probe hole demonstrates temporal patterns in astrocyte scar formation around
the implanted device. (F) Normalized NG2 intensity within 10 wm bins up to 300 um away from the probe hole. (G) Normalized NG2 intensity averaged over the first
50 um from the probe hole demonstrates a significant increase in NG2 expression at chronic timepoints. NG2 intensity decreases at 7 days when GFAP intensity
peaks. Additionally, NG2 intensity peaks at 28 days as oligodendrocyte degeneration decreases and myelination increases. * indicates p < 0.05.
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expression around the site of device implantation (Figure 3D).
GFAP expression was minimal at 1 day post-insertion and
the average GFAP fluorescence was significantly increased
within the 50 pwm region surrounding the device at 3, 7,
and 28 days post-implantation (p < 0.05) (Figure 3E and
Supplementary Table S6). GFAP intensities reached a maximum
at 7 days, and was significantly increased from expression
levels at 3 days post-insertion (p < 0.05). Interestingly,
NG2 expression increased adjacent to the implant at 3 days
post-insertion; however, it remained reduced at 1 and 7 days
following implantation (Figure 3F). Similar to Iba-1 expression,
NG2 expression was highest at 28 days post-insertion and
was significantly higher within 0-50 pm compared to NG2
fluorescence intensity at 1 and 7 days post-insertion (p < 0.05)
(Figure 3G and Supplementary Table S7).

In order to evaluate the extent of dividing glia around the
implanted device, Ki67, a marker for cellular proliferation, was
co-stained along with Iba-1, GFAP, and NG2 (Figures 4A-C).
Co-localization of Ki67+ cells with Iba-14+, GFAP+, and
NG2+ cells revealed a distinct temporal pattern of division
within 300 pm from the site of implantation (Figure 4D
and Supplementary Table S$8). At 1 day post-insertion,
Iba-14+Ki67+ cells consisted of a significant proportion of
Ki67+ cells (72.14 £ 1.5%) compared to GFAP+Ki67+
(13.3 4 0.8%) and NG2+Ki67+ cells (22.5 £ 11.4%) (p < 0.05).

By 3 days post-insertion, Iba-14 cells remained the most
co-localized with Ki67+ cells (50.14 £+ 11%) compared to
GFAP+ (186 + 6.7%) and NG2+ cells (31.7 + 4.6%);
however, there was no significant difference between the three
populations. At 7 days post-insertion, GFAP+ cells comprised
a significant proportion of Ki67+ cells (57.9 £ 4.8%) compared
to NG2+ cells (32.5 & 3.1%) (p < 0.05) but not compared
to Iba-14+ cells (19 + 15.6%). By 28 days post-insertion,
NG2+ cells were co-localized significantly with Ki67+ cells
(67.6 £ 10.5%) compared to Iba-1+ (22.5 & 4.7%)and GFAP+
cells (21.2 £ 5.3%) (p < 0.05). To observe potential spatial
patterns in glial proliferation, co-localized Ki67+ glial cells were
taken as a proportion of total Iba-14, GFAP+, and NG2+ cells
counted within 50 pm bins up to 300 pwm away from the probe
hole. Spatial analysis determined that, for any given time point,
the majority of proliferating glia preferentially resided with close
proximity to the device with the highest percentage of Ki67+ glia
appearing within 50 pm from the probe hole (Figures 4E-G).
Of the total Iba-1+ population, the proportion of Iba-1+Ki67+
cells was significantly increased at 1 and 3 days post-insertion
(p < 0.05) (Figure 4E and Supplementary Table S9). The
percentage of Iba-1+Ki67+ cells was reduced at 7 days before
significantly increasing by 28 days post-insertion (p < 0.05).
Within the GFAP+ population, the percentage of Ki67+GFAP+
cells within 50 pwm from the site of insertion peaked at
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FIGURE 4 | Tracking proliferation of glial cells around an implanted microelectrode array. Microglia, astrocytes, and NG2 glia demonstrate distinct temporal patterns
of proliferation following device insertion. Additionally, glial proliferation occurs most prominently at the site of insertion (0-50 um distance from probe hole).
Representative immunohistochemical stain for Iba-1+ (A), GFAP+ (B), and NG2+ (C) cells that express the Ki67+ proliferation marker. White arrows denote
co-localized cells and indicate glial proliferation. Center of the probe hole is denoted by a white “x.” Scale bar = 50 pm. (D) Percent of Ki67+ cells within 300 wm
from the probe hole which are Iba-1+, GFAP+, or NG2+ at 1, 3, 7, and 28 days post-insertion reveal a distinct temporal pattern of proliferation. (E) Percent of
Iba-1+Ki67+ cells over total Iba-1+ cells within 50 wm bins up to 300 pm away from the probe hole demonstrate early microglia proliferation around the implanted
device. (F) Percent of GFAP+Ki67+ cells over total GFAP+ cells within 50 um bins up to 300 um away from the probe hole reveal astrocytes as the predominantly
dividing glia following microglia. (G) The percent of NG2+Ki67+ cells over total NG2+ cells within 50 wm bins up to 300 um away from the probe hole reveals chronic
proliferation of NG2 glia. NG2 proliferation decreases at 7 days when astrocyte proliferation peaks. Additionally, NG2 proliferation peaks at 28 days as
oligodendrocyte degeneration decreases and myelination increases. * indicates p < 0.05.

was co-labeled with the oligodendrocyte transcription

7 days post-insertion, significantly increased from 1 and 3 days
factor Olig2. A subpopulation of Olig2+ astrocytes was

after implantation (p < 0.01) (Figure 4F and Supplementary

Table S10). Finally, the percentage of Ki67+NG2+ cells within
50 pm from the site of insertion was significantly increased at
28 days compared to 1, 3, and 7 days post-insertion (Figure 4G
and Supplementary Table S11).

Appearance of Subpopulation of
Olig2+Reactive Astrocytes Around

Implanted Microelectrode Arrays
In order to evaluate if oligodendrocyte progenitors near
the implant were differentiating into astrocytes, GFAP

observed around the implanted microelectrode array at
1, 3, 7, and 28 days post-insertion (Figure 5A). GFAP+
astrocytes co-localized with Olig2+ cells proximal to the
site of insertion (Figure 5B). However, it is worth noting
that Olig2+ staining appeared faint in GFAP+4Olig2+ cells
compared to GFAP-Olig2+ cells, possibly due to astrocyte
downregulation of the Olig2 transcription factor. After
3 days post-insertion, the percentage of GFAP+Olig2+
cells out of the total Olig2+ population rose dramatically,
significantly increasing between 0-50 pwm away from the site
of insertion at 7 and 28 days post-insertion and between
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100-150 pm away from the site of insertion at 7 days
post-insertion (p < 0.05) (Figure 5C and Supplementary
Table S12). No significant difference in the percentage of
GFAP+4Olig2+ cells was noted between 7 and 28 days
post-insertion at 100-150 pm away from the site of
insertion. On day 1 post-insertion 0-50 pm away from
the probe hole, there was an absence of GFAP+Olig2+
cells due to that fact that there was little to no remaining
tissue within the 50 wm radius as well as reduced GFAP+
staining to begin with. At 7 and 28 days post-insertion,
the percentage of GFAP+Olig2+ cells appeared elevated
between 0-150 pm from the probe hole compared to distal
regions, indicating a preference for localization close to the
implanted device.

PDGFRB Immunoreactivity and Pattern of
Blood-Brain Barrier Leakage Around
Implanted Microelectrode Arrays

Microelectrode induced damage specific to the BBB was
evaluated by tracking NG2+ perivascular pericytes at 1, 3,
7, and 28 days post-insertion (Figure 6A). Pericytes were
identified from other NG2+ cells by co-localizing with platelet-
derived growth factor receptor p (PDGFR-B), which is absent
on NG2+ oligodendrocyte precursor cells (Figure 6B). Cell

density analysis revealed an initial increase in PDGFR-B+
cells at 3 and 7 days post-insertion, most notably within a
50 wm radius from the site of insertion (Figure 6C and
Supplementary Table S13). By 28 days post-insertion, the density
of PDGFR-B+ cells was dramatically decreased around the
microelectrode array and significantly different from PDGFR-
B+ cell density at 1, 3, and 7 days post-insertion up to 50 pm
away from the surface of the probe (p < 0.01). Coincidentally,
analysis of BBB leakage via immunoglobulin G (IgG) staining
revealed a temporal pattern of vascular disruption similar to
the observed pericyte reactivity (Figure 6D). IgG fluorescence
intensity was increased with proximity to the device for all
time points, up to 50 wm away from the probe hole at 1, 3,
and 7 days post-insertion, and up to 100-150 pwm away from
the probe hole at 28 days post-insertion (Figure 6E). Within
the 50 pm region directly adjacent to the probe hole, IgG
intensity was highest at 28 days post-insertion, significantly more
increased than at 1, 3, and 7 days post-insertion (p < 0.05)
(Figure 6F and Supplementary Table S14). Concurrent with
reduced PDGFR-B immunoreactivity at chronic time points
was a decrease in vascular structures around the implanted
device. Tomato lectin staining demonstrated reduced blood
vessel distribution around the site of implantation at 28 days
post-insertion compared to the contralateral (non-implant)
side (Figure 7).

13728 EVES

FIGURE 5 | Generation of reactive astrocytes from oligodendrocyte lineage cells around an implanted microelectrode array. Following microelectrode implantation,
astrocytes expressed the oligodendrocyte transcription factor Olig2, which may implicate oligodendrocyte lineage cells as a source of astrocytes following injury.
(A) Representative immunohistochemical stains for GFAP (green) and Olig2 (red) at 1, 3, 7, and 28 days post-insertion revealing a distinct subpopulation of
Olig2+GFAP+ astrocytes. White arrows denote co-localized cells. Center of the probe hole is denoted by a white “x.” Scale bar = 50 wm. (B) Green- and red-only
channels for GFAP and Olig2 staining, respectively, at 28 days post-insertion. White arrows denote GFAP+ (left) or Olig2+ (right) cells. Center of the probe hole is
denoted by a white “x.” Scale bar = 50 um. (C) Percent of GFAP+Olig2+ cells over total Olig2+ cells within 50 pm bins up to 300 wm away from site of insertion
suggest preference for Olig2+GFAP+ cells to reside near site of probe implantation. * indicates p < 0.05.
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FIGURE 6 | Pericyte dysregulation and blood-brain barrier disruption around an implanted microelectrode array. Microelectrode implantation induces pericyte
reactivity and increased BBB leakage within close proximity to the electrode interface, suggesting a progressive dysregulation of the neurovascular unit following
injury. (A) BBB-associated pericytes were visualized around implanted devices by representative immunohistochemical stains for PDGFR-B (green), NG2 (red), and
cell nuclei (blue) at 1, 3, 7, and 28 days post-insertion. Scale bar = 100 um. (B) Magnified images of NG2+ (top), PDGFR-B+ (middle), and NG2+PDGFR-B+ cells
(bottom). Scale bar = 20 um. (C) Spatiotemporal patterns of PDGFR-B+ cell density within 50 um bins up to 300 um away from the probe hole. (D) Temporal
patterns of device-induced bleeding revealed by representative immunohistochemical stains for immunoglobulin G at 1, 3, 7, and 28 days post-insertion.

(E) Normalized IgG intensity within 10 wm bins up to 300 wm away from the probe hole. (F) Normalized IgG intensity averaged over the first 50 wm from the probe
hole. Increased IgG expression around the probe hole coincides with reduced pericyte densities at 28 days post-insertion. * indicates p < 0.05. ** indicates

p <0.01.
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DISCUSSION

The goal of this study was to evaluate novel histological markers
around implanted intracortical probes in order provide further
insight on dynamic tissue responses responsible for declining
device performances. A more complete basic science knowledge
of the tissue response to brain implants may facilitate the
identification of novel opportunities for intervention strategies.
It is understood that the homeostatic balance of the brain is not
governed solely by neurons, microglia, and astrocytes, common

targets while studying microelectrode-induced inflammation and
injury. Similar to neurons, oligodendrocytes are metabolically
active cells which can be considered just as important to brain
circuit health given that they provide neurotrophic support and
facilitate neuronal signaling via myelin sheath extension (Du and
Dreyfus, 2002). Demyelination is a common symptom in many
neurodegenerative diseases such as MS, stroke, and dementia,
highlighting the susceptibility of oligodendrocytes to injury and
their importance for neuronal survival (Dewar et al., 2003;
Dulamea, 2017b). Additionally, oligodendrocyte precursors are

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 493


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Wellman et al.

Tissue Responses Around Neural Interfaces

28 days

Contralateral

FIGURE 7 | Reduced vascular structures around implanted microelectrode
arrays at 28 days post-implantation. Chronic microelectrode implantation
reveals specific insult to the endothelial component of the BBB, which may
precede pericyte reactivity, vessel permeability, and leakage of plasma
components. Blood vessels as well as vessel-bound pericytes are visualized
by representative immunohistochemical stains for lectin (red) and PDGFR-B
(green) at 28 days post-implantation compared to contralateral (non-implant)
side. Center of the probe hole is denoted by a white “x.” Scale bar = 100 pm.

versatile cells within the parenchyma, restoring oligodendrocyte
populations following injury but are known to contribute to
injury-induced inflammation (Dimou and Gallo, 2015). Finally,
juxtavascular pericytes have direct associations with BBB health
and are an understudied cell type around implanted intracortical
devices, despite evidence that they also are implicated in a
variety of neurodegenerative disorders (Winkler et al., 2011;
Sweeney et al., 2016). Each of these CNS factors play either a
direct or indirect role in regulating neuronal homeostasis and
their respective dysfunctions following device implantation can
affect critical neural circuits, altering recording or stimulating
performances of intracortical electrode arrays.

Neuronal Loss and Axonal Structural
Changes Following Microelectrode

Implantation

Distribution of neuronal cell bodies and axonal organization
are significant factors around implanted microelectrode devices
considering they are the electrically excitable components of

the brain (Eles et al., 2018a). Neuronal cell density was
disrupted mostly within the 0-50 pwm region from the site
of insertion. Within this radius, neuronal densities at 3 and
7 days post-insertion were slightly increased, which could be
the result of fluctuations in tissue swelling and displacement
around the device. Additionally, alterations in neurofilament
intensity matched neural density changes within 50 pm from
the probe hole at 1, 3, 7, and 28 days following implantation.
Between 1 and 3 days post-insertion, neural density and
neurofilament expression increase within 50 pm from the
site of implantation. By 28 days post-insertion, a decrease in
neurofilament expression within 50 wm away from the probe
hole was observed coinciding with a drop in neural density.
Gradually, the amount of caspase-3+ neurons increases from 1
to 28 days post-insertion, particularly within the 50 pm region
around the device, indicating an increased propensity for these
neurons near the device to undergo apoptotic cell death in
response to the chronic implantation of a microelectrode array.
Both neuronal density and axon neurofilament expression did
not return to baseline levels until ~150 pwm away from the
site of implantation. Considering that the maximum recordable
radius of electrically active cells resides within this 150 pm radius
(Buzsaki, 2004), changes to the organization of neurons and
axons within this region may significantly influence the quality of
device recording performance. However, the exact mechanisms
governing this insult on neuronal viability remains unknown
(Michelson et al., 2018b).

Microelectrode Implantation Induces
Spatial and Temporal Patterns Glial Cell

Reactivity and Proliferation

Formation of a glial scar is another significant response to
the implantation of a microelectrode array. Microglia and
astrocyte glial membranes form a physical barrier between
the electrode and neural tissue, which is understood to
increase device impedances and directly alter the quality
of the recorded signal (Williams et al., 2007; Alba et al,
2015). With specific regard to stimulating devices, gliosis has
the potential to increase impedances, alter the material and
mechanical properties at the tissue-electrode interface, and
widen the distance between the device and the nearest active
neuron, requiring higher stimulation thresholds which can pose
even further complications to the tissue (Grill and Reichert,
2008; Kozai et al., 2014a; Thomas and Jobst, 2015; Campbell
and Wu, 2018). Unlike recording performance, knowledge
of stimulation performance suffers from additional parameter
spaces and additional variability in performance outcomes (Platia
and Brinker, 1986; Mushahwar et al.,, 2000; Branner et al.,
2004; McCreery et al., 2010; Koivuniemi et al.,, 2011; Gittis,
2018). Reduction in signal-to-noise ratios can be attributed
to increases in extracellular noise, which can occur due to
the dysregulation of local ionic environments following glial
activation. Furthermore, glial-secreted factors that promote
inflammation and cell death can compromise neuronal or
oligodendrocyte viability and exacerbate further glial activation
and BBB disruption around the device (Biran et al, 2005;
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Karumbaiah et al., 2012; Prasad et al., 2012, 2014). Therapeutic
approaches often attempt to attenuate glial cell activation or scar
formation around implanted devices; however, reducing glial cell
responses following nervous system injury carries the ability to
worsen tissue health (Anderson et al., 2016). Therefore, future
analyses focused on understanding glial cell dynamics after injury
and their role during inflammation will help better understand
wound healing and repair around implanted intracortical devices.
Here, Iba-14+ microglia, NG2+ glia, and GFAP+ astrocyte
fluorescence intensities were upregulated at different time points
around implanted microelectrodes, indicating a temporal pattern
of glial cell reactivity during device-induced inflammation.

Microglia are typically the first responders to injury within the
CNS, their primary goal being to protect and repair injured tissue
(Kawabori and Yenari, 2015). In vivo imaging has previously
revealed that microglia respond immediately to the implantation
of a microelectrode probe (Kozai et al., 2012a, 2016b; Eles
etal., 2017). Following the initial response to electrode insertion,
microglia begin migrating toward the device after 12 h of
insertion (Kozai et al., 2016b; Wellman and Kozai, 2018). Here,
Iba-1+ analysis indicated that microglia cells were the most
significantly dividing glial cell type at 1 and 3 days post-insertion
and that Iba-1+ fluorescence expression steadily increased up to
28 days post-insertion. The activation of microglia is followed
by secretion of pro-inflammatory factors such as monocyte
chemotactic protein (MCP-1), which induces the recruitment and
migration of other immune cells, and tumor necrosis factor-alpha
(TNF-a), which induces further glial cell activation and promotes
neuron cell death (Biran et al.,, 2005). However, microglia can
also secrete a range of anti-inflammatory cytokines to facilitate
wound repair (Cherry et al, 2014). The complex range of
microglia activity remains the focus of rigorous research, but
these phenotypes can vastly alter the way microglia are viewed as
a reactive glial cell type following CNS injury (Ransohoff, 2016;
Eles et al., 2018b; Golabchi et al., 2018).

Generation of Heterogeneous Population
of Reactive Astrocytes Following

Microelectrode Implantation

Following 1 week post-insertion, astrocytes were the dominating
proliferative cell type with significantly elevated GFAP
expression, indicative of their characteristic encapsulation
of intracortical devices during glial scar formation. Of the
observed GFAP-+ population around implanted microelectrode
arrays, GFAP4Olig2+ cells appeared with increasing frequency
both as time of implantation progressed and with close
proximity to the site of device insertion. The Olig2 marker
is an oligodendrocyte transcription factor expressed solely
within the central nervous system, responsible for regulating
oligodendrocyte differentiation (Zhou et al., 2001). It is
a common marker used to identify oligodendrocytes and
oligodendrocyte precursors. Olig2 is known to increase following
stab wound injury in the cortical gray matter, and the proportion
of GFAP+Olig2+ cells within the Olig2+ population was
reported between 7-9% at 3 and 7 days post-injury (Buffo et al,,
2005). In contrast, this study demonstrates that GFAP4-Olig2+

cells make up about 35-45% of the Olig2+ cell population
between 3 and 7 days post-insertion, most likely attributed
to the chronic presence of an implanted device compared
to a transient stab wound injury. Previous studies have
suggested that NG2 glia maintain the ability to differentiate
into reactive astrocytes following injury (Dimou and Gallo,
2015). Whether these GFAP+Olig2+ cells were previously
NG2+Olig2+ oligodendrocyte precursor cells or a separate
Olig2+ subpopulation poses an interesting question for tissue
injury and repair.

Observing NG2 glia differentiation into astrocytes
has previously proven challenging since the Cspgd
promoter encoding for the NG2 antigen is downregulated
during differentiation  rendering  co-localization  using
immunohistochemical markers difficult and therefore requires
use of retroviral or transgenic manipulations. In the healthy
postnatal cortex, it has been shown that local proliferation
of astrocytes, not NG2 glia, account for a majority of the
astrocyte population (Ge et al, 2012; Ge and Jia, 2016).
Previous studies have used Cre-loxP transgenic animals
to track the cell fate of NG2 glia following injury in vivo.
Komitova et al. (2011) determined that NG2 glia are not a
significant source of reactive astrocytes following stab wound
injury to the cortex, declaring only 8% of reporter-labeled
cells who are also labeled GFAP-positive at 10 days post-
injury. However, a study conducted by Hackett et al. (2016)
observed 25% of NG2 glia express GFAP 7 days following
contusive spinal cord injury, indicating that the severity
of injury can influence the potential for astrogliogenesis of
NG2 glia. Furthermore, a prior study evaluating the extent
of NG2-derived astrocytes using transgenic lineage tracing
techniques in either spinal cord injury or experimental
autoimmune encephalomyelitis (EAE) demonstrated an
increased percentage of NG2-differentiated astrocytes in
SCI (25-40%) compared to EAE (9%) 4 weeks following
injury (Hackett et al., 2018). In the case of microelectrode
implantation where inflammation and secondary damage
persists due to the chronic presence of the implant, the
conversion of NG2 glia into reactive astrocytes could be a
major contributor to the gliosis observed around acute and
chronically implanted neural probes. The relevance of this
phenomenon depends on the origin of reactive astrocytes.
For example, astrocytes proliferate readily following 1 week
after a stab wound injury to the cortex (Allahyari and
Garcia, 2015). This presents two possible sources of origin
for reactive astrocytes following device implantation: (1)
from existing astrocytes which divide and migrate toward the
electrode or (2) from NG2 glia which either (i) differentiate
into astrocytes, (i) proliferate and then differentiate into
astrocytes, or (iii) both. Interestingly, NG2 glia intensity
and proliferation decreases while astrocyte reactivity and
proliferation peaks at 7 days post-insertion, suggesting a
transformation of NG2 glia into reactive astrocytes following
device implantation. However, the precise contribution from
either source remains to be determined and may alter the focus
of future research investigating the nature of scar formation
following injury.
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Robustness of Oligodendrocyte and
Oligodendrocyte Precursor Population
Following Intracortical Microelectrode

Implantation

Oligodendrocyte densities around the microelectrode device
revealed a different pattern compared to neuronal distributions.
These cells appeared more resistant to the acute and chronic
implantation of a microelectrode device compared to neurons,
remaining relatively stable in density throughout the time
course of implantation. However, oligodendrocyte density was
slightly decreased at 3 and 7 days post-insertion. Caspase-3
analysis revealed that oligodendrocyte dysfunction steadily
increased up to 7 days post-insertion before decreasing by
28 days. Furthermore, degenerated oligodendrocytes appeared
within close proximity to the microelectrode array, indicating
a device-induced mechanism of cell death similar to neurons.
By 28 days post-insertion, oligodendrocyte densities returned,
coinciding with a decrease in apoptosis. Concomitantly,
myelin basic protein expression was elevated around the
implanted device at 28 days following insertion, suggesting
a potential attempt at regeneration of oligodendrocytes and
myelination following implantation-induced inflammation
and injury. Unlike neurons, oligodendrocytes are supported
by a dense and reactive oligodendrocyte precursor population
that proliferate and differentiate following injury in order to
sustain oligodendrocyte cell numbers (Levine et al, 2001).
In some demyelinating diseases such as multiple sclerosis,
differentiation of these oligodendrocyte precursor cells is
impaired, leading to decreased oligodendrocyte numbers
coinciding  with  increasing neurodegenerative  deficits
(Dulamea, 2017a). While oligodendrocyte regeneration and
remyelination following brain injury is observed, newly
formed myelin sheaths can return thinner than normal (Ishii
et al, 2012). Although this study did not quantify myelin
sheath thickness, integration and health of newly regenerated
oligodendrocytes and myelin around implanted devices should
be investigated further.

NG2+ cells were most activated at 28 days post-insertion,
demonstrating  significant  proliferation and fluorescent
expression of the NG2 antigen around the microelectrode
device. It is possible this increase in oligodendrocyte precursor
cell population is an attempt to facilitate oligodendrocyte
regeneration and remyelination chronically around the
device. Pericytes also express the NG2 antigen; however,
pericyte reactivity was reduced around chronically implanted
microelectrode arrays, therefore, is unlikely that the increase
in NG2+ cell proliferation and intensity expression at 28 days
post-insertion can be attributed to the pericyte population. Even
then, NG2, which is a chondroitin sulfate proteoglycan known
for axon growth inhibition within the CNS, can be cleaved
and secreted extracellularly, which is why NG2 fluorescence
intensity profiles may not be a direct indicator of NG2 glia
distribution or behavior. Additional analysis such as chronic
in vivo experimentation would be needed to determine NG2 glia
dynamics around implanted microelectrode arrays. Moreover,
thoroughly understanding the behavior of this precursor

population following injury will provide future insight on wound
repair and regeneration following injury.

Loss of PDGFR-B+ Reactivity and
Increased Blood-Brain Barrier Leakage
Around Chronically Implanted

Microelectrode Arrays

BBB degradation following microelectrode insertion are more
frequently becoming a factor in studies concerning biological
responses to implanted devices (Bjornsson et al., 2006; Johnson
et al., 2007; Kozai et al., 2010, 2015¢; Saxena et al., 2013; Nolta
et al., 2015; Bedell et al., 2018; Bennett et al., 2019). Insertion
of a device through the BBB is inevitable and can be severe
depending on the size of the vessel ruptured (Kozai et al,
2010). Bleeding and loss of perfusion due to BBB damage can
be detrimental to the viability of metabolically dependent cells
such as neurons and oligodendrocytes within the brain (Kozai
et al,, 2015¢; Wellman and Kozai, 2017; Wellman et al., 2018;
Baranov et al.,, 2019). Additionally, inflammatory plasma proteins
exposed to the parenchyma and biofouling on the implant surface
have the potential to promote glial cell activation and further
BBB breakdown (Kozai et al., 2012a). Avoiding or protecting
the vasculature during insertion and chronic implantation of
a device may potentially improve device performances by
reducing inflammation within the brain. However, BBB function
is supported by a variety of cells within the brain and each
individual component can be influenced separately and distinctly
by the chronic implantation of an intracortical electrode array
(Muoio et al., 2014). Pericytes, which are gatekeepers to large
macromolecules and circulating cells between the brain and
the periphery, have many functional roles concerning BBB
maintenance (Sweeney et al., 2016). From a tissue regenerative
perspective, pericytes can facilitate new vessel formation and
BBB repair whereas, during injury, pericytes can demonstrate
neuroinflammatory functions and have been implicated in glial
scar formation (Sweeney et al., 2016).

In this study, PDGFR-B+ cells were increased within the
vicinity of an implanted device at 3 and 7 days following
insertion. This increase in pericyte density could be an
attempt to repair damaged vessels or mediate angiogenesis
around the implanted device. By 28 days post-insertion,
PDGFR-B+ cells were dramatically decreased compared to
acute implantation. Previously, pericyte deficiencies during
injury have been correlated with increased BBB dysfunction
(Montagne et al, 2018). Indeed, bleeding was noticeably
increased around the implanted device by 28 days post-
insertion. However, vascular structures also appeared altered
at chronic time points, prompting the question about whether
reduced pericyte density is a consequence or effector of BBB
disruption around inserted devices. Pericytes are increasingly
becoming major cellular targets in neurodegenerative diseases
such as Alzheimer’s, stroke, MS, and more (Winkler et al.,
2011; Sweeney et al., 2016; Iacobaeus et al, 2017; Cheng
et al, 2018). Further characterization of their behavior
around implanted intracortical devices will help understand
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BBB associated inflammation following injury (Kozai et al.,
2014c, 2015¢; Wellman and Kozai, 2017).

CONCLUSION

Investigation of various aspects of biological inflammation
revealed spatiotemporal patterns of cell death, glial proliferation,
and BBB-associated pathology around implanted intracortical
microelectrode arrays. Neuronal loss was prominent near the
site of electrode insertion at acute and chronic time points,
coinciding with structural changes to local axons, primarily in
an apoptotic-dependent manner. Similarly, apoptosis-induced
oligodendrocyte cell death was prevalent at the time of
acute implantation prior to a tissue regenerative attempt at
restoring oligodendrocyte densities and enhancing myelination
at chronic time points. Activation and proliferation of microglia,
astrocytes, and NG2 glia were observed preferentially around
inserted devices at distinct time points along the course of
implantation. Furthermore, a novel subtype of reactive astrocytes
was revealed around the site of implantation, potentially
derived from a resident oligodendrocyte precursor population.
Finally, chronic pericyte deficiency was noted alongside
increased vascular dysfunction near inserted devices. This study
simultaneously broadens the scope of dynamic tissue events
that occur during intracortical device implantation and specifies
distinct mechanisms of cell death and reactivity in response
to inflammation. Future studies investigating the biological
response to electrode-induced injury and inflammation in an
attempt to improve device performances will benefit within the
context of this newly discovered knowledge.
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