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Implantable microelectrode arrays (MEAS) offer clinicak@mise for prosthetic devices
by enabling restoration of communication and control of artcial limbs. While
proof-of-concept recordings from MEAs have been promisingwork in animal models
demonstrates that the obtained signals degrade over time. Bth material robustness
and tissue response are acknowledged to have a role in devicéfetime. Amorphous
Silicon carbide (a-SiC), a robust material that is corrosioresistant, has emerged as
an alternative encapsulation layer for implantable deviseWe systematically examined
the impact of a-SiC coating on Si probes by immunohistochenual characterization of
key markers implicated in tissue-device response. After iplantation, we performed
device capture immunohistochemical labeling of neurons, strocytes, and activated
microglia/macrophages after 4 and 8 weeks of implantationNeuron loss and microglia
activation were similar between Si and a-SiC coated probesyhile tissue implanted with
a-SiC displayed a reduction in astrocytes adjacent to the mbe. These results suggest
that a-SiC has a similar biocompatibility pro le as Si, and ray be suitable for implantable
MEA applications as a hermetic coating to prevent material@gyradation.

Keywords: amorphous silicon carbide, neuroprosthetic devi
neuroin ammatory response,  in vivo models

ce, neural electrode, foreign body response,

INTRODUCTION

Implantable microelectrode arrays (MEAs) o er clinical potattas a neural interface for
prosthetic devices by enabling restoration of communicatend control of arti cial limbs

(Hochberg et al., 2006; Velliste et al., 2008 variety of materials have been used to develop
MEA technology including silicon, polymers, and metklgai et al., 2012b; Prasad et al., 2012;
Barrese et al., 20L.3While proof-of-concept recordings from MEAs have been pramgs work
in animal models demonstrates that the obtained neural dgydagrade over timexousche and

Normann, 1998; Williams et al., 199and the reliability of this approach has been the subject of

recent attention. Furthermore, there is signi cant varilél in the chronic electrode performance
timeline across research groups, animal models, and eveimvita same implantfolikov et al.,
20089.
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Currently, implantable MEAs penetrate the blood brainof device dimensions, simultaneous implantation of
barrier and cause shearing of vasculature, disturbances &xperimental and control probes, and counterbalancing
the extracellular matrix, glia, and neurons, resulting in ahemisphere placement of experimental and control probes.
neuroin ammatory response Holikov et al., 2005; Bjornsson Moreover, we performed device capturé/@olley et al., 2011
et al., 200§ The neuroin ammatory response is characterizedimmunohistochemical labeling of neurons, astrocytes, and
by immediate activation of macrophages and microglia, whictactivated microglia/macrophages at 4 and 8 weeks; a method
causes extension of processes toward theBiiglov et al., 2005; which assesses intact tissue slices without the removaieof t
Stice and Muthuswamy, 2009; Winslow and Tresco, 2010; Kozimplant. Neuron loss and microglia activation were similar
et al., 2012a; Potter et al., 2012; Woolley et al., R#strocytes between Si and a-SiC coated devices, while tissue implanted
are also recruited, as indicated by upregulation of glialllary  with a-SiC displayed a reduction in astrocytes adjacent to the
acidic protein (GFAP), and extension of processes toward theeural interface. These results suggest that a-SiC hasikarsim
implant site Fawcett and Asher, 1999; Polikov et al., 2005; Stidsiocompatibility pro le as Si, and may be suitable for implale
and Muthuswamy, 2009; Winslow and Tresco, 2010; BardehMEA applications as a hermetic coating to prevent material
et al., 201} A signi cant loss of neurons proximal to devices degradation.
has additionally been reported by some groupéir(slow and
Tresco, 2010; Potter et al., 20;.however, the extent of this MATERIALS AND METHODS
reaction is not consistent across animals and is dependent on
the material, sizetice et al., 2007 shape and insertion rate Subjects
of the implant Bjornsson et al., 2006This neuroin ammatory  All animal procedures complied with the National Institutes
response may be related to eventual device failure observefl Health Guide for Care and Use of Laboratory Animals
chronically Fawcett and Asher, 1999; Winslow and Trescoand were approved by the Institutional Animal Care and Use
2010, but a clear link between the tissue and device performanc@ommittee (IACUC) at George Mason University. Adult female
remains to be drawnRolikov et al., 20050ne reason may be the Long Evans rats (210-345 g) were chronically implanted with
variability in surgical technique, IHC protocols and dataatysis a non-functional neural device for either 4 weeks[§ 3) or 8
between groups; standardized methodologies within the aleurweeks i D 5).
interface eld could close this knowledge gap.

Material degradation may be another factor in device falur Neural Implants
since several studies report structural changes of implanteBingle shank non-functional devices were inserted into the
MEAs including commonly used materials like silicon (Si),primary motor cortex of rats. Conventional Si devices
in vitro (Alexander et al., 1994and in vivo (Prasad et al., (NeuroNexus, Ann Arbor, MI) were deposited with Orfm
2012; Barrese et al., 2013, 2016; Kane et al.)2A1l%ermetic  a-SiC using plasma-enhanced chemical vapor deposition
coating of the neural interface could decrease dissolutbn (PECVD). Si devices without a-SiC were also inserted as
materials Cogan et al., 2003; Zorman, 2Q00Recently, several controls. Both devices were 5 mm in length, B thick, 200
groups have explored the potential utility of silicon carbidemm in width at the base and 12%m in width at the widest part
(SIiC) as an encapsulation layer for implantable neural dsvicef the shank in contact with cortical tissue. The plastic levkl
(Cogan et al.,, 2003; Hsu et al., 2007; Frewin et al., )201Dbf each device were glued together such that the shanks were
SiC is a robust material that withstands high temperatureparallel with each other and could be inserted simultaneously.
and adverse chemical condition&qrman, 200% although This combined device was sterilized with ethylene oxide gas
additional material properties are dependent on the form of SiGor 24 h. The methodological approach of implanting materials
produced. One of these types, amorphous SiC (a-SiC), has teenultaneously into the same animal allowed us to control
following bene cial properties: di usion barrier, low tempexae  for variability across animals, surgery time, insertion rate
deposition, direct binding to Siforman, 200%, slow dissolution  immunohistochemistry runs, and other possible confounds.
rate, and biocompatibility Cogan et al., 2003; lliescu et al.,

2009. a-SiC has already been employed as a protective coatifsurgery

for orthopedic implants Gella et al., 199&and coronary stents Rats were fully anesthetized with a 5% iso urane/oxygen amext
(Amon et al., 1996 Moreover, e cacy in preventing both at a rate of 1 L/min and maintained at 2%. Pain sensitivity
thrombogenic and in ammatory e ects has been demonstratedvas tested by paw pinches and breathing was monitored
(Hamm et al., 2008 Therefore, utilizing a-SiC as a novel materialthroughout surgery. Body temperature was maintained by a
for neural interface technology could prove bene cial. heating pad (Braintree Scienti ¢, Braintree, MA). Surgicabls

Thoroughly understanding the potential of a novelwere sterilized with ethylene oxide gas and aseptic surgery
material for implantable neural devices requires systematitechnique was used. Each animal underwent shaving of the fur
characterization of key markers implicated in the tissugide from between the eyes to behind the ears prior to placement in
response at multiple time points. Therefore, the aim of thisa stereotaxic frame (Kopf instruments, Tujunga, CA). Pubalu
study was to rigorously compare neuroin ammatory markerseye ointment (PharmaDerm, Florham Park, NJ) was applied to
between silicon devices coated with a-SiC and uncoatezbsili the eyes followed immediately by a mid-scapular subcutaneous
devices. To ensure consistency in the investigation, eordimg  injection of dexamethasone (2 mg/kg; 2 mg/mL; Sparhawk
experimental factors were minimized by standardizationLaboratories, Lenexa, KS) and lidocaine delivery undestiadp
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(2%; Clipper Distributing Company, St. Joseph, MO). The skirprobes were separated at the base from the Si elastomer using
surface was disinfected with a 10% povidone iodide solutiomicroscissors. The elastomer was then removed using forceps
(Qualitest Pharmaceuticals, Inc., Huntsville, AL) befoutting  and the skull was carefully detached from the brain leavirg th
a small opening with sterile scissors. The fascia was remaveéd probes intact. All of these steps were performed under a surgica
the skull cleaned with three alternations of 70% ethanol 8% scope. Brains containing the probes were then placed in fresh PB
hydrogen peroxide, nishing with an additional application of with sodium azide and stored at@ until slicing.
ethanol. Compressed air was used to dry the skullin betweeimea Brains were sliced in the sagittal plane (200—2%0) with
application. a vibratome, such that one slice contained the entire probe.

Drilling and probe placement were visualized through aFree- oating sections were placed in a single well of a 24-well
surgical scope (Seiler Instrument and Manufacturing Companyculture plate containing PBS. All slices were labeled witimpry
St. Louis, MO). Six skull screws were placed in burr holeantibodies for neurons (chicken anti-NeuN, Millipore, Biilea,
drilled with a micro drill (Stoelting, Wood Dale, IL) to ancn ~ MA), reactive microglia/macrophages (monoclonal mouse anti-
the skull cap. Bilateral craniotomy windows were drilled toED1 CD68, Millipore, Billerica, MA), glial brillary acidic
target the primary motor cortices (from bregma1.5 toC 1.5 protein of activated astrocytes (rabbit anti-GFAP, Dako tkor
mm anterior/posterior and 0.5to 2.5 mm medial/lateral). A America Inc., Carpinteria, CA), and cellular nuclei (DAPIfe.i
small portion of dura was retracted, paying special attentmn t Technologies, Grand Island, NY).
avoid any surface vasculature. The device tips were manually Auto uorescence was quenched two times with 6 mg/mL
lowered to the surface of the cortex and the devices were thesodium borohydrate (Sigma-Aldrich) for 15 min each, folkeav
inserted simultaneously at a rate of 2 mm/sec with an eledtro by three washes with PBS for 5 min each. Sections were iredibat
micropositioner (Kopf instruments, Tujunga, CA). in blocking bu er containing 4% normal goat serum (Life

After implantation, the craniotomies were lled with silicen Technologies) and 0.3% Triton-X 100 (Sigma-Aldrich) in PBS
elastomer (Kwik-Cast, World Precision Instruments, Satas for 1 h followed by three rapid washes with PBS. Slices were
FL). A layer of Loctite Prism 454 adhesive (Electron Micrggco additionally blocked with Image-iT FX (Life Technologiesy f
Science, Hat eld, PA) was also applied and cured instantii wit 30 min followed by three rapid washes in PBS. Slices were then
Loctite accelerant 7452 (Newark Element 14, Chicago, IL) tmcubated overnight at 4 in primary antibody solution (CD68
secure the device to the skull and screws. Dental cemeng(Lat:1000, GFAP 1:500, NeuN 1:500 diluted in blocking bu er
Dental Manufactures, Wheeling, IL) was used to additionallycontaining 4% normal goat serum and 0.1% Triton-X 100 in
secure the screws to the skull and create a robust head c&BS). Following four washes with PBS for 15 min each, sliees w
Wound openings between the head cap and the surroundinghcubated for 1 h at room temperature in uorophore-conjugedte
skin were closed by attaching the skin to the dental cemergecondary antibodies (goat anti-chicken 647, goat antitgeo
using GLUture (World Precision Instruments, Sarasota, Fig a 546, goat anti-rabbit 488, 1:1000, Life Technologies) aA&ID
a triple-antibiotic cream was applied. To rehydrate the ansnal (0.6nm) diluted in the same blocking bu er used for the primary
3 mL of 0.9% sterile saline was given subcutaneously. Kepro antibodies. To ensure homogenous penetration of all sahstio
(Fort Dodge Animal Health, Fort Dodge, lowa) was administér slices were ipped half way through each step. Lastly, slices we
subcutaneously at 5 mg/kg and continued twice daily for 3sday washed three times in PBS for 15 min each and mounted on
Gentamicin (Clipper Distributing Company, St. Joseph, MO) waglass microscope slides using Fluoromount-G (SoutherreBlot
also injected subcutaneously at 8 mg/kg and continued omleya  Birmingham, AL).
for 1 week.

Imaging

Immunohistochemistry (IHC) All slices were imaged using a confocal microscope at 20x
Implants remained in the brain for either 4 weeks or 8 weeksobjective (Nikon D-eclipse Clsi; Nikon Instruments, Melville,
Each implant was coded as either left or right hemisphere)Y). Laser intensity and gain were held constant for eachllabe
instead of material type, to blind the researchers and prevergcross all slices. To obtain a broader eld of view withouihg
experimenter bias. Rats were sacriced by exsanguinatioresolution, each complete image contained 20 individual 20x
from transcardial perfusion after anesthetizing with a 5%mages stitched together using Photoshop (Adobe Systems Inc
iso urane/oxygen mixture (1 L/min) until no pain response San Jose, CA). To control for naturally occurring variance in
was observed. Blood was cleared with phosphate bu ered saliell type density between cortical layers, complete images we
(IX PBS, Fisher Scientic, Pittsburg, PA) followed by 4%cropped into individual layers according téandel et al. (2000)
paraformaldehyde (PFA) to x the tissue. The entire head wa&or some slices, the implanted devices extended past thexcorte
placed in PFA for 48 h and then stored in PBS containing 9@&nd into the white matter. These images were cropped at the end
mg/L sodium azide (Sigma-Aldrich, St. Louis, MO) at4until  of layer six and the white matter was not analyzed.
head caps were removed (all subsequent steps with PBS contain
sodium azide). Data Analysis

Head caps were removed with the probes remaining in th&€ropped images were analyzed and normalized within each
brain for device capture IHC{/oolley et al., 201)1Brie y, dental ~ cortical layer. Fluorescence intensity was measured farN\e
cement and adhesive were removed by rst cutting with a DremeGFAP, CD68, and DAPI using MINUTERtter et al., 2002 a
cutting wheel followed by drilling with a micro drill bit. The custom-written MATLAB program (Math Works, Natick, MA).
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An ellipse was used to outline the edge of the device withih eaf distance from the device edge for cortical tissue impldmtih
cropped imageKigure 1). Si and a-SiC coated devices for either 4 or 8 weeks. No primary

Intensity values were determined as a function of distancantibody controls indicated that IHC worked with minimal ne
from the device edges every tifh out to a nal distance of 500 speci ¢ binding Figure 2).
mm. In order to combine uorescence intensity, at each distan
across cortical layers, values were normalized to backgrouNeuN Labeling of Neurons
within each layer as de ned as the mean intensity value 400-5 NeuN labeling displayed a decrease in intensity near implanted
mm from the probe edge, and then averaged across corticablay&fevices; however, there appeared to be a recovery in NeuN
to obtain a mean, normalized uorescence intensity everyni®  intensity with time of implant Figure 3), regardless of whether
for each tissue slice. Outliers were removed if they were twor not the probe was coated with a-SiC. A three-way mixed
standard deviations from the mean. For each label, di ererine  ANOVA of NeuN revealed that there was a signi cant main e ect
uorescence intensity were compared using a three-way mixedf distance Fs 77 55.85D 5.67,p< 0.001], indicating that there
ANOVA with Material (a-SiC, Si) and Time (4 weeks, 8 weeksjvas less NeuN intensity proximal to devices and this obsinvat
as between-subjects factors and Distance (Onfpas a within  was independent of implanted material or time point. Planned
subjects factor. A Huynh-Feldt correction was used if sptigri  contrasts determined that the reduction in NeuN labelingswa
was violated and signi cance was determinedpas 0.05. Any |ocated 0-30mm from the device edge compared to 16@n
signi cant main or interaction e ects were followed up with away Figure 4A). Mean NeuN intensity from 0 to 30nm was
planned contrasts due ta priori hypotheses where all distances86% of the intensity measured at distal locations (@) from
were compared to baseline as de ned as 1@ from the the device edge for both experimental and control probes. &her
device edge, consistent with prior worki¢Connell et al., 2009; was also a signi cant main e ect of time on NeuN uorescence
Winslow and Tresco, 2010; Azemi et al., 211 intensity [F(1; 11y D 6.85p< 0.05]. Tissue implanted for 8 weeks

Additionally, area under the curve (AUC) for NeuN, GFAP, had 30% more NeuN labeling compared to tissue implanted
and CD68 was calculated for uorescence intensity for 0—10€r 4 weeks regardless of material or distance from the device
mm from the device edge, where the maximal changes were mq§tigure 4B). There was no main e ect of material or interaction
often noted. Pearson correlations between the three tangete e ects between material, distance, or time on NeuN uores@enc
then conducted for 4 and 8 week time points to gain insight intointensity. These data suggest that a-SiC coated devicesodid
the relationship between the main cell types involved intestte  di er from uncoated Si devices with respect to the density of
response to implanted cortical devices. proximal neurons.

All analyses were performed using SPSS (IBM, Armonk, NY).
Data are presented as mearstandard error of the mean (SEM) GFAP Labeling of Astrocytes

unless otherwise stated. In contrast to what we observed with NeuN, an increase in GFAP
labeling near each device type was visually apparent, but the
RESULTS level of increase appeared to be material and time dependent

(Figure 5). Athree-way mixed ANOVA of GFAP determined that
Device capture IHC was used to label neurons (NeuN), reactiidiere was a signi cant main e ect of distancé .oz 48.36) D
astrocytes (GFAP), and activated microglia (CD68) as atfonc  3.69,p < 0.01], such that there was more intense GFAP signal

FIGURE 1 | lllustration of the analysis method. = Complete images were cropped into individual cortical lays to control for naturally occurring variance in cellular
density. An ellipse was used to outline the device edges in @h cropped image and uorescence intensity was calculated eery 10 mm as a function of distance from
the device edge. The asterisks are part of the graphical intéace and used to change the size and shape of the ellipse to ttte device edge.
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FIGURE 2 | Representative images from device capture IHC for cor tical
tissue compared to no primary antibody controls. NeuN was used to
label neurons(A), GFAP labeled activated astrocytegC), and CD68 labeled
reactive microglia/macrophages(E). IHC worked with minimal non-speci ¢
binding (B,D,F). FIGURE 3 | Representative images labeling neurons (NeuN) inc  ortical
tissue implanted with Si (A,C) and a-SiC (B,D) for 4 (A,B) and 8w  eeks
(C,D). There was less NeuN intensity near implanted devices, but aoverall
i . . .| increase in labeling from 4 to 8 weeks.

near the device edge regardless of implanted material or time
of implant. Planned contrasts indicated that the enhancedBF

labeling was speci cally 0-30m from the device, with a mean

intensity value 13% higher overall, compared to 3@ away t)I/:pe. La[s)tlyg ;hlere Waosglsmaln (:]e;:]t of pme on GIFAP (ljntfenszlgty
(Figure 6A). There was an interaction e ect between distance (% 12) 71,p < 0.05], such that tissue implanted for
weeks had 34% more labeling in general than tissue implanted

and material F(4 03 48.36)D 2.71p < 0.05] where the intensity of . - )
GFAP labeling proximal to Si devices was 31% greater, compar I%{ 4 weeks, regardiess of matgnal or distance f_rom the device
igure 6B). There was no main e ect of material on GFAP

to GFAP labeling proximal to a-SiC devices. Planned cordras

speci ed that the dierence detected between materials Wa@ttensni/. Thess datta jomtlg sug%est that {atltholijgh :E;fh
located within 0—-10mm from the device edgeF{gure 6A). astrocyte recruitment was observed proximal to all devitiese

There was also an interaction e ect between distance and tim@PP&ars t© be a reduced astrocyte response directly adjacent to

of implant [F4 03 48.36) D 2.56,p < 0.05], indicating that the evices coated with a-SiC.

intensity of GFAP labeling decreased with distance from the . .

device di erently depending on the time of implant. Planned CD68 Labeling of Activated

contrasts determined that tissue implanted for 8 weeks h&d 58 Microglia/Macrophages

more GFAP labeling within 0—16m than tissue implanted for Similar to our GFAP ndings, enhanced CD68 labeling was
4 weeksFigure 6A) and this e ect was independent of material observed near both uncoated and a-SiC coated implanted
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FIGURE 4 | Normalized NeuN uorescence intensity as a function of
distance from the device edge for tissue implanted with Si (red) and
a-SiC (blue) probes for either 4 (dotted) or 8 weeks (solid). There was a
signi cant effect of distance such that tissue 0-30mm had signi cantly less
NeuN labeling compared to tissue 100mm away, regardless of material or time
of implant (A). There was also a main effect of time on NeuN uorescence
intensity. Tissue implanted for 8 weeks had more neurons ovell compared to
tissue implanted for 4 weeks regardless of materigB). Data are mean SEM,
*denotes p < 0.05.

FIGURE 5 | Representative images labeling astrocytes (GFAP)  in
cortical tissue implanted with Si (A,C) and a-SiC (B,D) for4 (A ,B)and 8
weeks (C,D). There was a visibly apparent increase in GFAP intensity clesto
implanted devices and this enhancement was larger for tissiimplanted with

. . .| Si compared to tissue implanted with a-SiC. Additionally,itere was an overall
devices, but the level of increase was dependent on the dorati| : )
increase in GFAP from 4 to 8 weeks, regardless of whether therpbe was

of implantation Figure 7). A three-way mixed ANOVA of | coated with a-SicC.
CD68 determined that there was a signi cant main e ect of
distance F 6g 31.97)D 14.22,p < 0.001], indicating that CD68
uorescence intensity was greater near the probe edge réggrd on CD68 uorescence intensity{gure 8B) or an interaction

of material or duration of implant. Planned contrasts dertte e ect between material and distance. These data suggest that
that the increase in CD68 signal spanned from O tan®0 from  the pro le of activated microglia/macrophages is similankeén

the probe, with a 36% higher mean intensity value compared tancoated Si and a-SiC coated devices. Interestingly, veetdeta
100mm away Figure 8A), and this e ect was independent of signi cant negative correlation between CD68 and NeuN &t4h
material. There was also an interaction e ect between digtan week time pointf D  0.92 p(one-tailed)< 0.01], a relationship
and time of implant F g 31.97)D 5.05,p < 0.01]. Planned which was not apparent at the 8 week time point. Likewise, there
contrasts revealed that the di erence in CD68 intensity betw ~ was a signi cant negative correlation between CD68 and G&AP
durations of implant was con ned to 0-10m from the probe, 4weeks{D 0.79p(one-tailed)< 0.05] which also dissipated at
where tissue implanted for 8 weeks had 76% more uorescen@weeks. These data jointly suggest that as the density diveac
than tissue implanted for 4 week&iQure 8A), regardless of microglia/macrophages increases, the density of both neuron
device coating. There was no main e ect of material or timeand astrocytes decreases.
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FIGURE 6 | Normalized GFAP uorescence intensity as a function of
distance from the device edge for tissue implanted with Si (red) and
a-SiC (blue) probes for either 4 (dotted) or 8 weeks (solid). There was a
signi cant effect of distance such that tissue 0-30mm from the device edge
had signi cantly more GFAP labeling compared to tissue 100nm away,
regardless of material or time of implantA). There was an interaction effect
between distance and material where tissue implanted with iSlevices had

more GFAP labeling within 0—1Grm than tissue implanted with a-SiC devices FIGURE 7 | Representative images labeling reactive

(A). There was also an interaction effect between distance andre of implant microglia/macrophages (CD68) in cortical tissue implanted wi th Si
such that tissue implanted for 8 weeks had more GFAP labelingithin 0-10 (A,C) and a-SiC (B,D) for 4 (A,B) and 8 weeks (C,D). There was an

mm than tissue implanted for 4 weeks(A). There was a signi cant effect of increase in CD68 intensity proximal to implanted devices ahthis

time of implant where tissue implanted for 8 weeks had higheoverall GFAP magni cation was larger for tissue implanted for 8 weeks compred to tissue
intensity than tissue implanted for 4 weeks regardless of ntarial (B). Data are implanted for 4 weeks, regardless of probe material.

mean SEM,*denotes p < 0.05.

tissue implanted for 8 weeks had 11% more DAPI labeling
DAPI Labeling of Cellular Nuclei within 0-40mm than tissue implanted for 4 weekBigure 10A)
In line with our GFAP and CD68 results, DAPI labeling exhdadt and this nding was independent of coating. There was no
an augmented signal near uncoated Si and a-SiC coated deviamain e ect of material or time on DAPI uorescence intensity
the extent of which was implant duration dependeriqure 9).  (Figure 10B or an interaction e ect between material and
A three-way mixed ANOVA of DAPI intensity denoted that distance. Interestingly, there were DAPI labeled cells thet
there was a signi cant main e ect of distanc&§ g7 8235y D not co-localize with any other label. These cells were yisibl
3.08,p < 0.05]. Planned contrasts indicated that the increasedpparent in all groups and were always located next to the device
DAPI labeling was speci cally 3®m from the device, compared (Figure 11). These data indicate that the overall cell density
to 100 mm (Figure 10A), regardless of material. There wasdid not di er between uncoated Si probes and a-SiC coated
also an interaction e ect between distance and time of implanprobes, but also suggest that there may be another cell type of
[F(e.87 82.38)D 2.43,p < 0.05]. Planned contrasts indicated that interest.
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FIGURE 8 | Normalized CD68 uorescence intensity as a function of
distance from the device edge for tissue implanted with Si (red) and
a-SiC (blue) probes for either 4 (dotted) or 8 weeks (solid). There was a
signi cant effect of distance such that tissue 0-80mm from the probe edge
had more CD68 labeling compared to tissue 100mm away, regardless of
material or time of implant(A). There was also a signi cant interaction effect
between distance and time of implant where tissue implantedor 8 weeks had
higher CD68 intensity within 0—10mm than tissue implanted for 4 weeks(A).
There was no overall effect of materig[B). Data are mean SEM, **denotes p FIGURE 9 | Representative images labeling cellular nuclei (D API) in

< 0.01. cortical tissue implanted with Si (A,C) and a-SiC (B,D) for4 (A ,B) and 8
weeks (C,D). There was an increase in DAPI intensity near implanted deeis
and this ampli cation was larger for tissue implanted for 8 weks compared to
tissue implanted for 4 weeks, regardless of whether the prob was coated

DISCUSSION with a-SiC.

Using uorescence based immunohistochemistry, we have
systematically examined the neuroinammatory responsef comparable neuronal density between a-SiC coated devices
between uncoated and a-SiC-coated implantable devices. Oand controls implanted into the parietal cortex of rabbitgan
results indicate that a-SiC coated devices exhibit a simileet al., 200 Overall, there was less neuronal density within
overall prole as control devices, may o er a reduction in the the rst 30 nm of the implant, but NeuN labeling returned to
in ammatory response of astrocytes within H@n of the device baseline at further distances. The decrease in labelingrpedx
edge, and should be further investigated as a possible hermeto the devices is consistent with the literaturBirgn et al.,
coating for neural implants. 2005; McConnell et al., 2009; Winslow and Tresco, 2010gPott
To assess the e ects of chronic implants on neuronal densityet al., 201p and may result from the formation of the glial
NeuN intensity was calculated as a function of distance fronscar encapsulating the device, from neuronal death caused
the edge of the implant. Similar NeuN intensity was observeduring insertion, or from unhealthy neurons not expressing
between tissue implanted with a-SiC coated devices andetisshleuN. This nding occurred for both materials and time
implanted with Si. This nding is in line with another report points and parallels previous reports of una ected neuronal
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FIGURE 10 | Normalized DAPI uorescence intensity as a functio n of
distance from the device edge for tissue implanted with Si (red) and
a-SiC (blue) probes for either 4 (dotted) or 8 weeks (solid). There was a
signi cant effect of distance such that tissue 30mm from device edge had
more DAPI labeling compared to 100mm away, regardless of material or time
of implant (A). There was also a signi cant interaction effect between distnce
and time of implant where tissue implanted for 8 weeks had higer DAPI
intensity within 0—40mm than tissue implanted for 4 weeks(A). There was no
overall effect of materia(B). Data are mean SEM, *denotes p < 0.05. FIGURE 11 | Representative images from device capture IHC for

cortical tissue implanted with Si (A,C) and a-SiC (B,D) for4 (A ,B)and 8
weeks (C,D). Neurons (NeuN) are yellow, activated astrocytes (GFAP) are

. Qi . . green, reactive microglia/macrophages (CD68) are red, andetiular nuclei
denSIty 100mm from a-SiC coated |mplants IiCogan et al. (DAPI) are blue. There was an increase of all labels for tissinplanted for 8

(2003) Interestingly, there was an overall increase in neuronal weeks compared to tissue implanted for 4 weeks. Interesting] there were
density for tissue implanted for 8 weeks compared to tiSSUEDAPI labeled cells that did not co-localize with any other kel. Representative
implanted for 4 weeks and this result was independent af cells indicated by white arrows. These cells were visible iall groups and were
material. The detection of NeuN recover over time is comsist | aways located next o the device.

with previous ndings (Nguyen et al., 2094 but does dier

from one report Potter et al., 20102 however, there were

methodological di erences in the preparation of the tissuejclih  to implanted devices is directly caused by the formation @ th
may create di erences in measurements proximal to the devicglial scar and is more likely due to insertion or unhealthyirens
Characteristic di erences have been noted for acute andmicro not expressing NeuN.

stages of the neuroin ammatory responseu(ner et al., 1999; Markers of the neuroin ammatory response were also labeled
Szarowski et al., 2003; McConnell et al., 2009; Nguyen et @nd quanti ed. In contrast with NeuN, tissue implanted with
2019 and these data suggest that NeuN recovery is one aspeatSiC coated devices had less GFAP intensity within 0-10
Since the loss of NeuN was more signi cant at 4 weeks, aggocymm, than tissue implanted with Si devices, suggesting that
recruitment was higher at 8 weeks, and increased NeuN was ala-SiC may attenuate astrocyte reactivity in tissue closest t
detected at 8 weeks, it is unlikely that the neuronal lossipnek  the device. For all groups, there was more GFAP labeling
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proximal to devices compared to further distances, which igortical layers. Numerous other cell types have been linkéleo
consistent with the glial encapsulation as previously showneuroin ammatory response and could be possibilities inchgli
(Turner et al., 1999; Polikov et al., 2005; McConnell et almonocytes, mast cells, pericytes, T-cells, B-cells, angHygoytes
2009; Winslow and Tresco, 2010; Potter et al., 2012; NguyéRansoho and Engelhardt, 2012; Skaper et al., 2012; Jansson
et al., 201} Additionally, there was increased GFAP labelinget al., 201} Future research should investigate the identity of this
that extended more distal in tissue implanted for 8 weeksell type(s) and characterize its role in the neuroin ammgto
compared to tissue implanted for 4 weeks. Jointly, these datasponse to cortical implants.
suggest that the astrocyte reaction is more intense adjacen Since tissue implanted with a-SiC coated devices did not
to the device and stretches further in tissue implanted for &tatistically dier in NeuN, CD68, and DAPI labeling from
weeks. This is in line with previous studies that also foundissue implanted with standard Si devices, a-SiC is no less
increased GFAP after 8 weeks of implantation and charae@riz biocompatible than Si forin vivo use with chronic neural
it as a more compact sheatfirner et al., 1999; Szarowski implants. This is in line with otherin vivo studies which
et al.,, 2003; McConnell et al., 2009; Nguyen et al., RUh4 detected no signi cant di erence between a-SiC coated sample
contrast, one group detected less GFAP at 8 weékst¢r and controls for the neuroin ammatory response in the
et al.,, 201p and another group detected no dierence in parietal cortex and the subcutaneous in ammatory response
GFAP between 4 weeks and later time pointgir(slow and (Cogan et al., 2003a-SiC coatings have also been evaluated
Tresco, 2010 These discrepancies may again be attributed tas biocompatible for use with coronary stent8e(trand
methodological di erences including removal of the deviceni et al., 1998 and orthopedic implants %ella et al., 1993
the tissue. Furthermore, we present data showing that the addition of a-
Similar to NeuN, CD68 labeling was consistent betweengissuSiC signi cantly reduced GFAP labeling adjacent to the desj
implanted with a-SiC coated devices and control tissue andhich suggests that a-SiC may reduce the astrocyte compohent
suggests a comparable reactive microglia/macrophage resporthe neuroin ammatory response. The neuroin ammatory data
In line with GFAP results, there was enhanced CD68 labelingresented here, paired with the known material properties of
proximal to all devices and the level of increase di ered betwe a-SiC, jointly suggest that a-SiC should be further ingedéd
lengths of implant. Increased reactive microglia/macro@sag as a hermetic coating to prevent material degradation of akur
near devices is supported by previous studigsa et al., 2005; implants.
Polikov et al., 2005; McConnell et al., 2009; Winslow anddoe Given the inconsistencies in the literature regarding
2010; Woolley et al., 2011; Nguyen et al., 2@nd results from the characterization of the neuroin ammatory response to
the in ammatory response. We additionally detected enhancedmplantable devices over time, the neural interface eld Vdou
CD68 labeling at 8 weeks compared to 4 weeks, which kenet from standardization of experimental methods so that
consistent with one other groupMcConnell et al., 2009 In  a better understanding of the biology can permit optimization
contrast, a decrease from 4 to 8 weekst(er et al., 200)Zand no  of the technology. Removal of the device prior to assessment,
statistical di erences between time point&/(nslow and Tresco, likely eliminates the tissue most in uenced by the implant.
2010 has also been reported. As with the other labels, varianddost of the signi cant cell changes detected in this studyever
across the literature may result from methodological dieces.  only within 0—-80mm from the device edge and may not have
There was also an increase in DAPI labeling near devicdmen detected if the devices were removed. Although, theeev
and this enlarged signal was dependent on the time of implantapture technique has been implemented before, few groups
which parallels GFAP and CD68, but contrasts with NeuNhave adopted this technique and the current study expanded thi
Interestingly, when images of all cellular markers wererérad, method by comparing between structurally de ned corticgdes
it was noted that there were numerous DAPI labeled cells thaind not arbitrary cortical depth. This permitted for the coatiof
did not co-localize with NeuN, GFAP, or CD68. These cellsaturally occurring di erences in cell density and only compare
were visibly apparent in all groups and were always locatechanges induced by the implanted devices. Furthermore, by
next to the device. In these regions, there was a much largégaving the device intact in the tissue, the current work was
loss of NeuN and more intense CD68 labeling. Since we onlgble to identify an unknown cell population located on and
labeled reactive microglia/macrophages it is possible theg¢eh directly next to the devices that seems to be speci callytedla
cells could be resting/rami ed microglig?plikov et al., 200for  to the biological response of the host to biomaterials. Lastly,
M2-type macrophage(gerl et al., 200p However, the pattern these experimental methodologies facilitated the detectbn
with CD68 and NeuN implies a proin ammatory cell type. A statistically signi cant relationships between neurons$rasytes,
similar observation was reported Woolley et al. (2013after and activated microglia/macrophages in response to the dsvic
4 weeks of implantation and these cells were presumed to l@nd evaluate how these associations changed with durafion o
meningeal broblasts due to vimentin labeling. Other groupsimplant, relationships which have not been reported previously
have also detected connective tissue and the presence of the
extracellular matrix in the glial scar surrounding tranaoral
devices $tensaas and Stensaas, 1976; Liu et al.,, 1999; KNUTHOR CONTRIBUTIONS
et al., 200}t However, this phenomenon was only observed in
the super cial layers of the cortex/(oolley et al., 2013 but  Conceived and designed the experiments: GK, NP, SC, TD, JP.
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