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Abstract

Neural electrodes are an important part of brain-machine interface devices that can restore 

functionality to patients with sensory and movement disorders. Chronically implanted neural 

electrodes induce an unfavorable tissue response which includes inflammation, scar formation, 

and neuronal cell death, eventually causing loss of electrode function. We developed a 

poly(ethylene glycol) hydrogel coating for neural electrodes with non-fouling characteristics, 

incorporated an anti-inflammatory agent, and engineered a stimulus-responsive degradable portion 

for on-demand release of the anti-inflammatory agent in response to inflammatory stimuli. This 

coating reduces in vitro glial cell adhesion, cell spreading, and cytokine release compared to 

uncoated controls. We also analyzed the in vivo tissue response using immunohistochemistry and 

microarray qRT-PCR. Although no differences were observed among coated and uncoated 

electrodes for inflammatory cell markers, lower IgG penetration into the tissue around PEG

+IL-1Ra coated electrodes indicates an improvement in blood-brain barrier integrity. Gene 

expression analysis showed higher expression of IL-6 and MMP-2 around PEG+IL-1Ra samples, 

as well as an increase in CNTF expression, an important marker for neuronal survival. 

Importantly, increased neuronal survival around coated electrodes compared to uncoated controls 

was observed. Collectively, these results indicate promising findings for an engineered coating to 

increase neuronal survival and improve tissue response around implanted neural electrodes.
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Introduction

Neural electrodes are an important part of brain-machine interface devices that may one day 

restore functionality to patients with spinal cord injury, prosthetic limbs, and sensory 

impairments (1–4). However, the recording ability of the majority of electrodes fails within 

days to weeks after implantation (5), rendering the current technology inconsistent and 

unstable. While many modifications have been made to improve long-term neural electrode 

functionality, many issues still persist including acute and chronic inflammation, microglia 

and astrocyte recruitment, scar formation, and death of neurons surrounding the implanted 

electrode (6–10). In addition, microvasculature is compromised upon electrode implantation 

causing blood-brain barrier (BBB) breach. The severity of BBB breach is an important 

determinant in the long-term tissue response to implanted devices, with BBB breach causing 

increased inflammation and neuronal death as well as correlating with decreased electrode 

recording functionality (11, 12). This combination of responses will eventually cause the 

electrode to cease functioning.

Numerous electrode coatings have been developed to improve electrode performance as well 

as the in vitro and in vivo response to electrodes. Conductive coatings are a widely-tested 

option as they can improve the electrical performance of the electrode (13, 14). 

Combinations of poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) 

or polypyrrole (PPy) with a peptide-derivative from laminin have shown promising results 

to decrease impedance on the active sites of electrodes, making it easier for neuronal signals 

to reach the electrode surface (15–17). Additional research with PEDOT/PPy nanotubes 

showed improved electrical properties as well as improved neurite outgrowth on the 

electrode surface (18). Others have tried passive polymer coatings to reduce protein 

adsorption and cell adhesion on the electrode surface. Polyaniline-coated platinum 

electrodes (19) and low-protein binding polymer films on silicon electrodes (20) showed 

reduced protein adsorption, while PEG-NIPAm microgel coatings also showed reduced cell 

adhesion and cell spreading in vitro compared to unmodified controls (21). Poly(vinyl 

alcohol)/poly(acrylic acid) coatings reduce protein adsorption and astrocyte recruitment 

around the electrode site (22), while combination PEG/polyurethane coatings have reduced 

glial scarring and neuronal death around PEG/PU coated electrodes (23). Several groups 

have also investigated the effectiveness of incorporating bioactive factors into a coating. 

Bezuidenhout et al. demonstrated that loading dexamethasone into degradable and non-

degradable PEG hydrogels improves tissue responses (24). Further studies showed reduced 

inflammatory response and increased neuronal survival with dexamethasone-releasing 

coatings (25–28). Dexamethsone treatments have also yielded reduced astrocytic response in 

an in vivo model (29, 30). Incorporating α-melanocyte stimulating hormone into a 

nitrocellulose coating on the electrode surface reduced LPS-stimulated nitrite production in 

vitro (31) and incorporation of TGF-β on a laminin coating yielded reduced astrocytic 

recruitment on the electrode surface compared to laminin alone, indicating a potential target 

for reducing astrocytic scar formation (32). Additionally, multi-functional coating 

approaches have attempted to address several problems simultaneously. Abidian and Martin 

incorporated slow-release dexamethasone into an alginate hydrogel with PEDOT 

functionalization to improve electrical impedance with promising release characteristics in 
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vitro (33), while Wadhwa et al. showed similar results with a polypyrrole coating and 

dexamethasone release in vitro (34). Potter et al. utilized a poly(vinyl alcohol) material to 

improve the mechanical characteristics of the electrode to reduce mechanical mismatch 

while also incorporating curcumin to mediate the inflammatory response (35) with 

promising results at 4 weeks post-implantation, but all improvements were lost by 12 weeks. 

Although there have been many attempts to improve electrode performance and tissue 

response, a solution has not been found that can address all problems associated with 

implanted neural electrodes.

Previous work from our group has shown that modifying the surface of an electrode with a 

non-fouling coating alone is not sufficient to reduce inflammatory cell recruitment or 

neuronal loss for electrodes implanted in the rat brain (21). These findings prompted us to 

re-engineer the coating to incorporate an anti-inflammatory agent into the non-fouling 

coating with the goal of reducing inflammation and neuronal loss in the surrounding tissue. 

Interleukin 1 (IL-1) is an important cytokine in the inflammatory cascade both in the brain 

and throughout the body, and the presence of IL-1 can promote production of additional 

cytokines in the inflammatory cascade. Interleukin-1 receptor antagonist (IL-1Ra) is a 17 

kDa protein that has been implicated as an important mediator of inflammation in diseases 

and conditions that contain IL-1 as part of the inflammatory cascade (36, 37). In the central 

nervous system, IL-1Ra reduces inflammation in the spinal cord, and it is also implicated in 

the recovery process after brain ischemia as well as stroke (36, 37). IL-1Ra also has 

neuroprotective effects when released by microglia (38). Taub et al. examined the effects of 

IL-1Ra integrated into a laminin coating on neural electrodes and noted moderate 

improvement of the astrocyte response to the IL-1Ra-coated electrodes compared to 

uncoated controls, however no other cell types were analyzed (39). Additionally, IL-1Ra is 

already approved for use in humans as a therapeutic for other inflammatory conditions such 

as arthritis (36). Based on these data, we hypothesized that IL-1Ra is a suitable candidate as 

an immunomodulator to improve the tissue response to implanted neural electrodes.

Rather than simply adding IL-1Ra to the coating for passive release, we engineered an on-

demand release characteristic to the coating. MMPs are up-regulated in many disease states 

and conditions that cause increased inflammatory response (40, 41), including 

neurodegenerative diseases (42), central nervous system injury (43–45) brain injury (46, 47), 

and around implanted neural electrodes (11, 48). Since MMPs are up-regulated in the 

inflammatory cascade in the brain, it is possible to utilize MMPs that are already present in 

the inflamed tissue to serve as the stimuli to break down a material, such as a hydrogel, that 

contains MMP-degradable motifs to release therapeutic agents. MMP-degradable hydrogels 

have been used for diverse applications including encapsulation of mesenchymal stem cells 

(49), fibroblasts (50, 51), vascular smooth muscle cells (52), drugs (53), and biomolecules 

such as RGD and VEGF (54–56). The MMP-degradable nature of these hydrogels allows 

for host cells to remodel the gels, allowing for cell ingrowth as well as release of any 

incorporated bioactive factors.

In the present study, we engineered a neural electrode coating with three essential 

components:
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1. a protein adsorption- and cell adhesion-resistant PEG hydrogel;

2. incorporated anti-inflammatory IL-1Ra;

3. protease-sensitive crosslinkers for on-demand release of IL-1Ra in response to 

proteases which are up-regulated during inflammation.

We hypothesized that a coating comprising a protein adsorption/cell adhesion-resistant layer 

with controlled on-demand release of the anti-inflammatory agent IL-1Ra would improve 

the tissue response and neuronal survival near the implant-tissue interface.

Materials and Methods

PEG-maleimide Hydrogel Coating of Electrodes

Electrodes were purchased from NeuroNexus Technologies (CM16 

A4×4-4mm-200-200-1250) and consist of a silicon substrate with iridium wires and active 

sites. Each electrode is 4-mm long with four active sites on each of four prongs, and each 

active site has an area of 1250 µm2. In some instances, silicon wafers were used as a 

surrogate for the Si substrate of the electrodes. Silicon substrates were cleaned to remove 

contaminants using serial 5-min incubations in trichloroethylene (JT Baker), acetone 

(Sigma-Aldrich), and methanol (Sigma-Aldrich). Substrates were then rinsed with absolute 

ethanol (Decon Labs). The surface was functionalized using a silane-based adhesion layer 

grafted onto the silicon oxide layer of the electrode/wafer. Briefly, the substrates were 

incubated for 2 h in 2.5% silane-PEG-maleimide (Nanocs) in DMSO, then rinsed with 

absolute ethanol and PBS. Multi-treatment PEG-mal coatings were deposited using a dip-

coating technique developed for this research. Silane-PEG-maleimide-modified samples 

were incubated in solution with crosslinking peptide, either GCRDGDQGIAGFDRCG 

(GDQ) or GCRDVPMSMRGGDRCG (VPM) (peptides were custom synthesized by 

AAPPTec), for 2 min, rinsed with PBS, incubated for 2 min in 20 kDa 4-arm PEG-

maleimide (Laysan Bio), and rinsed with PBS (Fig. 1a). Alternating incubations in 

crosslinking peptide followed by PEG-maleimide were repeated to achieve the desired 

number of treatments per coating, with each set of peptide and PEG-maleimide considered 

as one complete treatment. For samples presenting only the PEG hydrogel (designated as 

PEG), the samples were coated with six treatments of PEG-maleimide and GDQ, whereas 

the coatings containing IL-1Ra (PEG+IL-1Ra) were coated with two treatments of PEG-

maleimide and GDQ followed by four treatments of PEG-maleimide/IL-1Ra and VPM. 

Although the coatings do incorporate different crosslinkers, this hydrogel system with both 

crosslinkers has been extensively characterized by our lab and there are minimal differences 

in hydrogel structure. Coating deposition was verified by X-ray photoelectron spectroscopy 

(XPS). Coating thickness was analyzed by wet-cell ellipsometry of coatings on Si wafers. 

Ellipsometry measurements were performed using a GES5 variable angle spectroscopic 

ellipsometer (Sopra) and the accompanying GESPack software package. Briefly, a total of 

six spectra for at least two test points on each sample in deionized water were scanned from 

350 nm to 800 nm at 10 nm intervals using an incident angle of 70°. The thickness of the 

coating was estimated from a model and determined using the regression method in Sopra’s 

Winelli (ver. 4.08) software.
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In Vitro Analysis of Cell Adhesion and Cytokine Release

Either uncoated or PEG-coated silicon wafers were placed in individual wells of a 96-well 

plate. The samples (n = 4 per group) were washed three times with 70% ethanol followed by 

three washes with sterile PBS. Mixed astrocyte and microglial cells (isolated from rat brains 

(57)) were added to each well at a density of 50,000 cells/cm2. The samples were cultured in 

DMEM/F12 (Invitrogen) and 10% FBS (Invitrogen) at 37°C and 5% CO2 for 24 h. Samples 

were stained with LIVE/DEAD stain (Invitrogen) and imaged with a 20X Apo Nikon 

objective (0.75 NA). Cell spread area on the electrode surface was measured using ImageJ 

software (NIH).

Uncoated, PEG, or PEG+IL-1Ra-coated samples (n = 4 per group) were placed in a 96-well 

plate and washed three times with 70% ethanol followed by three times with sterile PBS. 

Mixed astrocytes and microglia cells were seeded at a density of 30,000 cells/well in 

DMEM + N2 supplement (Life Technologies) in an ultra-low attachment cell culture plate. 

Cells were incubated overnight at 37°C and 5% CO2 before rinsing the samples and 

transferring the samples to a new well. The samples were stimulated with 10 ng/ml 

granulocyte macrophage colony stimulating factor (GM-CSF) to promote cytokine secretion 

(20) and incubated for 48 h. Levels of IL-1β and TNF-α were analyzed using ELISA (R&D 

Systems).

IL-1Ra Release Characterization

Si wafer samples (n = 4 per group) were coated as described above. The samples were 

placed in a 96-well plate and washed three times with 70% ethanol followed by three washes 

with sterile PBS. The samples were incubated with supernatant from LPS-stimulated mixed 

glia cultures or naive media and supernatant samples were collected (and replaced by an 

equal volume of supernatant from LPS-stimulated mixed glia culture or media) at specified 

time points for analysis using an ELISA (R&D Systems).

Electrode Implantation

NIH guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 

1985) were observed. All surgical procedures were approved by the Institutional Animal 

Care and Use Committee at the Georgia Institute of Technology. Male Sprague-Dawley rats 

(Charles River Laboratories, n = 15 per group (n = 8 for immunostaining, n = 7 for PCR)) 

weighing 200–300g were anesthetized with isofluorane. The surgical site was shaved and 

hair removed with Nair, then cleaned with isopropyl alcohol and chlorohexaderm before 

mounting the animal onto a stereotactic frame. Marcaine (0.15 mL of 0.5%) was injected 

subcutaneously at the site of incision. A midline incision 2–3 cm long was made in the scalp 

and the periosteum retracted to expose the cranium. Three 1 mm-diameter pilot holes were 

made around the skull, two posterior to bregma on either side of the midline and one anterior 

and right of bregma. A 4.7 mm stainless steel bone screw (Fine Science Tools 19010-00) 

was inserted into each of the pilot holes, with each screw penetrating the skull but leaving 1–

2 mm of each screw head remaining out of the skull to serve as an attachment point for the 

headcap. The craniotomy for electrode insertion was made anterior to and left of bregma 

using a 2.7 mm trephine bit (Fine Science Tools 18004-27). The dura was resected and 

folded away from the insertion site. The electrode was held in the stereotactic frame above 
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the 2.7 mm hole and slowly lowered into the cortex, careful to avoid any large vasculature in 

the surgical area. Agarose gel (1.5% w/v, SeaKem) was filled into the opening around the 

electrode and dental acrylic (OrthoJet) was used to anchor the electrode assembly to the 

skull. The scalp incision was closed and triple-antibiotic ointment was applied to the wound. 

Each animal was given an injection of 0.03 mg/kg sustained release buprenorphine for pain 

relief and allowed to recover from anesthesia under a heat lamp. All animals were fully 

ambulatory post recovery and no complications were observed.

At 4 weeks the animal was anesthetized with ketamine/xylazine/acepromazine (50, 10, and 

1.67 mg/kg body weight respectively). For samples used for histological sections (n = 8 per 

group), the animal underwent transcardial perfusion with 200 mL 0.4% papaverine HCl in 

0.9% NaCl, followed by 50 mL of 0.9% NaCl, and 200 mL of 4% paraformaldehyde in 

phosphate buffer. After perfusion, the rat was decapitated and excess tissue removed from 

the skull before placing the intact skull into 4% paraformaldehyde overnight. The following 

day, the intact skull was moved to 30% sucrose in PBS. After one day in 30% sucrose, the 

skull cavity was opened and the brain was carefully removed. Any electrodes remaining in 

the brain were removed from the tissue before placing the whole brain into a 50 mL conical 

tube with 30% sucrose overnight until the brain sank to the bottom of the tube. Samples 

were then embedded in OCT and frozen using isopentane in liquid nitrogen. For samples to 

be used for qRT-PCR analysis (n = 7 per group), the animal was anesthetized with ketamine/

xylazine/acepromazine prior to transcardial perfusion with 100 mL cold PBS followed by 

100 mL 30% sucrose in PBS. Following perfusion, the rat was decapitated and the brain 

promptly removed from the skull. A 2-mm biopsy punch was used to remove brain samples 

which were immediately placed in RNAlater (Life Technologies) and stored at −20°C until 

analysis by qRT-PCR.

Immunostaining Evaluation

Samples were sectioned in 16-µm thick sections using a cryostat and stained for various cell 

markers as indicated in Table 1. All primary antibodies were visualized with AlexaFluor 

488-conjugated secondary antibody (Invitrogen) and counterstained with DAPI for cell 

nuclei recognition. Upon completion of staining, all slides were imaged using a 10X Nikon 

objective (0.30 NA) and SPOT Advanced software (Diagnostic Instruments). Data obtained 

from in vivo studies were analyzed using MATLAB software (Mathworks) as previously 

described (21). A line was drawn manually along the boundary of the injury caused by the 

electrode and the intensity values were gathered starting at the boundary of the injury and 

moving 500 µm perpendicularly from the line. The average intensity was normalized to the 

intensity of the contralateral [background] image by utilizing point by point subtraction of 

the background staining (obtained from the corresponding contralateral uninjured 

hemisphere) from the injury image, taking into account the variation of field illumination. 

Each curve was fit to equation 1 and a five-parameter fit applied to each curve.

Eqn. 

1

This equation provides two intensity and decay parameters corresponding to the proximal 

steep decay in the intensity curve at distances corresponding to 0–100 µm (proximal to 
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electrode, parameters: intensity1 and decayproximal) followed by a second decay in the 

intensity curve at distances >100 µm from the edge of injury (distal to electrode, parameters: 

intensity2 and decaydistal). Sample sections from each animal were used to generate 

independent intensity curves for each marker (GFAP, OX42/CD11b, ED1/CD68, IgG, 

CS56). A pilot study demonstrated no gross differences in inflammatory markers along the 

mid-shaft of the electrode, so all analyses were performed using sections at approximately 

500 µm from the cortex surface. One tissue slice was analyzed per animal because pilot 

studies demonstrated that there are no differences in staining parameters between one vs. 

multiple sections per animal. The intensity curves for each individual animal were then 

combined and analyzed to obtain an inter-animal average per group for each marker at each 

time point. Analysis for NeuN staining utilized a similar methodology by analyzing cell 

staining starting at the scar and moving 500 µm away from the injury. Staining is analyzed 

by counting NeuN+ cells per 50 or 100 µm bin (7), as the staining for NeuN is either 

positive or negative for neuronal nuclei, with the number of positive cells indicating the 

number of neuronal nuclei in the analysis area.

Quantitative Reverse Transcriptase – Polymerase Chain Reaction (qRT-PCR)

Samples for qRT-PCR were stored in RNAlater buffer (Qiagen) until processing. Individual 

biopsy punch samples (2 mm diameter) from the electrode implantation site and the 

uninjured contralateral hemisphere were collected from each animal. Samples were placed 

in Qiazol (Qiagen) and homogenized using a Lab Gen 7 tissue homogenizer (Cole Palmer) 

for ~1 min. Tissue homogenate was placed in a QIAshredder column followed by total RNA 

extraction with the RNEasy MinElute Cleanup Kit (Qiagen). All RNA samples were tested 

for quality using a Nanodrop and had a 260/280 value of 2.0 or higher. Subsequent cDNA 

conversion was completed using the RT2 First Strand Kit (Qiagen). Total cDNA, 

corresponding to mRNA expression, was analyzed using the Fluidigm BioMark system. 

Sixteen gene targets (Table 2) were analyzed to observe changes in inflammation as well as 

neural cell markers, and GAPDH was used as a housekeeping gene. The Ct values were 

normalized using ΔΔCt method (48), normalizing to the contralateral uninjured hemisphere 

and the housekeeping gene. Results are presented as fold change in gene expression 

compared to the uninjured contralateral hemisphere per group.

Statistical Analysis

Data presented are mean +/− standard error. All analyses were performed using GraphPad 

Prism 6.0. Statistical analyses for differences between thickness of multiple treatments of 

PEG hydrogel, in vitro cell adhesion, and cytokine release were performed using one-way 

ANOVA with Tukey’s multiple comparison test. Statistical analysis of differences between 

PEG and PEG+IL-1Ra coating thickness was analyzed using an unpaired t-test. Curve fit 

parameters for immunostaining intensity curves were analyzed for normal distribution using 

the D’Agostino & Pearson normality test. As these parameters were found be not normally 

distributed, the curve-fit parameters were analyzed using a Kruskal-Wallis test with 

Bonferroni-Dunn’s multiple comparison test to test for differences among groups. Analysis 

of NeuN data was performed using a 2-way repeated measures ANOVA with Tukey’s 

multiple comparison test. PCR data was analyzed using a one-way ANOVA with Tukey’s 
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multiple comparison to test for differences between groups. A p-value <0.05 was considered 

significant.

Results

Characterization of PEG Hydrogel Coatings

We engineered PEG-based coatings for neural electrodes (Fig. 1a). PEG has been used in 

implantable devices (58) and widely characterized as a non-fouling material with reduced 

protein adsorption and cell adhesion (59–61). Additionally, PEG-based coatings have been 

applied to neural electrodes with promising results in vitro including reduced cell adhesion 

and protein adsorption (23, 62). We generated coatings in which the PEG macromer was 

crosslinked via protease-degradable peptides that were substrates for the MMP-1 and 

MMP-2 (50, 63) as these proteases have been implicated as an important part of the 

inflammatory cascade in the brain (42, 46). Based on recent work by Patterson and Hubbell 

characterizing protease-degradable peptide sequences (63), we chose two protease-sensitive, 

crosslinking peptides: GCRDGDQGIAGFDRCG (GDQ) and GCRDVPMSMRGGDRCG 

(VPM). GDQ has very slow degradation kinetics (kcat = 0.79 s−1 for MMP-1 and no 

observable degradation for MMP-2), whereas VPM has fast degradation kinetics (kcat = 5.25 

s−1 for MMP-1 and 4.82 s−1 for MMP-2). Importantly, these peptides contain cysteines at 

both ends of the molecule; the free thiol in these residues reacts rapidly with the maleimide 

group in the PEG macromers to produce a crosslinked hydrogel. These PEG-mal hydrogels 

and crosslinking peptides have been previously used successfully by our lab for other drug 

and cell delivery applications (54, 55, 64).

Silicon surfaces (electrode or Si wafer) were coated with the PEG-mal hydrogel coating. 

Fig. 1a shows a diagram of the predicted structure of the coating consisting of silane-PEG-

mal, a protease degradable peptide crosslinker, and PEG-maleimide molecules. Fig. 1b 

presents XPS survey spectra for uncoated and 6-treatment PEG hydrogel-coated surfaces. 

As seen in the narrow band scans in Fig. 1c, clear shifts in the C1s peak demonstrate PEG-

coated samples having a higher portion of C-C, H bonds as a result of coating deposition. 

The thickness of the coatings was analyzed by wet-cell ellipsometry. The thickness of the 

PEG coating increases with increasing treatment deposition, and a 6-treatment coating is 

approximately 30 nm thick (Fig. 1d, left), a reasonable measurement given the size of the 

coating components. Fig 1d (right) shows the difference in thickness between a 6-treatment 

coating of PEG and a 6-treatment coating with 2 treatments PEG and 4 treatments PEG

+IL-1Ra, with the latter being thicker. The increased thickness for the PEG+IL-1Ra is not 

surprising given the incorporation of the anti-inflammatory protein (17 kDa, corresponding 

to a 3 nm diameter sphere (65)).

In Vitro Cell Adhesion

Silicon substrates were coated with one, two, or six treatments of PEG hydrogel using GDQ 

as the crosslinking peptide. Uncoated and PEG-coated surfaces were seeded with mixed 

glial cells (astrocytes + microglia) to evaluate cell adhesion to the coating. No differences in 

cell adhesion were observed between the PEG and PEG+IL-1Ra coatings. Greater than 90% 

of the cells on the surfaces were alive as determined by the Live/Dead stain. Image analysis 
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indicated that the PEG hydrogel reduces cell attachment and spreading compared to 

uncoated controls (Fig. 2a). The PEG coated samples had significantly reduced cell adhesion 

and spreading when analyzed by total area per attached cell (Fig. 2b, left), total number of 

attached cells (Fig. 2b, center), and total area covered by attached cells (Fig. 2b, right). The 

results indicate that the 6-treatment coating yielded the best reduction of cell adhesion and 

spreading. Additionally, the 2-treatment coating provided sufficient non-fouling behavior so 

that a 2-treatment non-degradable PEG coating can be used as a “base” coating for the 

additional 4-treatment PEG+IL-1Ra coating to yield a total of 6 treatments.

In Vitro Inflammatory Cytokine Release

Untreated and coated surfaces were tested to evaluate the release of cytokines, specifically 

IL-1β (Fig 3, left) and TNF-α (Fig 3, right), from mixed glial cells in response to stimulation 

with GM-CSF for 48 h. The levels of IL-1β were significantly higher on uncoated surfaces 

than those coated with PEG or PEG+IL-1Ra (detection limit = 5 pg/ml). TNF-α levels on 

the uncoated surface were significantly higher than the detection limit, whereas levels for 

the coated surfaces were below the detection limit (detection limit = 5 pg/ml). These results 

indicate that the PEG and PEG+IL-1Ra coatings reduce the release of inflammatory 

cytokines compared to uncoated surfaces. The lower cytokine levels are likely due to the 

lower number of adherent cells on these coated surfaces.

IL-1Ra Release from Hydrogel Coatings

Based on total release measurements, the hydrogel coating contains approximately 150 pg 

IL-1Ra in 0.3 µL of coating volume. Because human IL-1Ra has 4 cysteines that are not 

disulfide-linked (66) and are therefore available to react with the PEG-maleimide macromer, 

we expect the majority of IL-1Ra to be covalently tethered to the hydrogel network and only 

released following protease-dependent degradation of the hydrogel. In order to assess the 

stimulus-responsive release of IL-1Ra from the coating, we examined the release of IL-1Ra 

over time using an ELISA (Fig. 4). Samples were placed in conditioned media from cells 

stimulated with LPS (to induce secretion of MMP and other proteases to mimic the 

inflammatory environment associated with electrode implantation) or naïve media. Release 

data showed that samples incubated with LPS-stimulated cell culture media had an 

increasing release of IL-1Ra over time following a simple hyperbolic curve. Samples 

incubated in naive media had a basal level of release, probably due to gel swelling, showing 

that passive IL-1Ra release from the hydrogel is only 10% of the release for coatings 

incubated in conditioned media from LPS-treated glial cultures. This result demonstrates 

triggered release of IL-1Ra from the engineered coating.

Inflammatory Cell Recruitment, Astrogial Scarring, and BBB Breach around Implanted 
Electrodes

Electrode implantation and animal takedown were performed as described above. 

Immunostained histological sections for each group (n = 8 per group) were analyzed using 

the markers listed in Table 1, and intensity profiles were obtained via image analysis using 

the double exponential model described in the Methods section. This double exponential 

model captured the intensity profiles better than single exponential or KWW (5) models. For 
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the double exponential model, the R2 values averaged 0.92 or greater for each IHC marker 

across all data sets.

Resident microglia were stained with OX42/CD11b (Fig. 5, Fig. S1). There were no 

significant differences among groups for Intensity1, Intensity2, and Decaydistal. However, the 

Decayproximal parameter was significantly higher for PEG+IL-1Ra compared to PEG 

coatings, showing that the intensity of resident microglial staining near the implant interface 

(0–100 µm) decays at a faster rate for PEG+IL-1Ra samples compared to other conditions.

Activated microglia were stained with ED1/CD68 (Fig. 6, Fig. S2) and astrocytes were 

stained with GFAP for glial fibrillary acidic protein (Fig. 7, Fig. S3). These stains showed 

no significant differences among groups for any parameters. These results indicate that 

neither the PEG coating nor the coating releasing IL-1Ra altered the distribution of these 

cell types in the vicinity of the implanted electrode.

Chondroitin sulfate antibody (CS56) was used to stain for glycosaminoglycans (GAG, Fig. 

8, Fig. S4), which are a major extracellular matrix component of the astroglial scar. The 

Decaydistal parameter was significantly lower for the PEG+IL-1Ra group compared to 

uncoated samples indicating that the amount of GAG staining decreases at a slow rate at 

distances far from the electrode surface (>100 µm).

Rat IgG was used as a marker for blood-brain barrier (BBB) breach (Fig. 9, Fig. S5), as this 

molecule permeates into brain tissue from comprised vasculature. The Intensity1 parameter 

was significantly lower for PEG+IL-1Ra compared to uncoated surfaces, while the 

Intensity2 parameter significantly lower for PEG+IL-1Ra compared to PEG surfaces. These 

differences indicate that the amount of IgG staining is lower around PEG+IL-1Ra coated 

electrodes, indicating a lower level of BBB breach. There were no differences among the 

decay parameters.

Neuronal Survival around Implanted Electrodes

To analyze neuronal survival, the number of cells positive for NeuN (neuronal nuclei) were 

counted at a distance of 0 – 500 µm from the implant insertion site (Fig. 10). Neuronal 

survival was elevated for both PEG and PEG+IL-1Ra coated electrodes compared to 

uncoated controls. Notably, closest to the electrode (0–50 µm bin), the number of NeuN+ 

cells in the PEG+IL-1Ra group was not significantly different from the uninjured 

contralateral control. In the 50–100 µm bin from the electrode surface, both PEG and PEG

+IL-1Ra were not significantly different from the uninjured control. At distances 100+ µm 

from the interface, all three groups were not significantly different from the uninjured 

control. This data demonstrates increased neuronal survival around the electrode within the 

first 100 µm from the implant interface for the coated electrodes. This location is most 

critical for maintaining electrode functionality because the neurons closest to the electrode 

will provide the electrical signals that will be received by the electrode.

Gene Expression around Implanted Electrodes

Microfluidics-based quantitative RT-PCR was used to compare gene expression from the 

implant sites of brains (n = 7 per group) implanted with uncoated, PEG, or PEG+IL-1Ra 
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electrodes, as well as the contralateral uninjured control. Each graph shows the fold change 

of gene expression in each experimental group where each electrode-implanted sample is 

normalized to its matched uninjured control from the contralateral hemisphere. Gene 

expression analysis was conducted for the following gene targets: IL-1α, IL-1β, IL-1Ra, 

IL-6, IL-10, TNF-α, IFN-γ, MCP-1, MMP-2, MMP-3, MMP-9, MMP-13, NGF, GFAP, 

BDNF, and CNTF. The fold change differences for the genes are presented in Fig. 11, with 

the genes showing significant differences among groups outlined in green. Notably, many 

cytokines were markedly increased in the implantation site compared to the uninjured 

control including pro-inflammatory cytokines IL-1β, MCP-1, and IFN-γ as well as 

reparative cytokines such as IL-10 and IL-1Ra. Among the implanted electrodes, IL-6 was 

significantly higher in PEG+IL-1Ra compared to PEG alone while MMP-2 was significantly 

higher in PEG+IL-1Ra compared to uncoated samples. Additionally, CNTF was 

significantly higher in PEG+IL-1Ra electrodes than both uncoated and PEG samples.

Discussion

Chronically implanted neural electrodes cause local injury and an inflammatory response 

that leads to scar formation, neuronal death, and eventual electrode failure. To improve the 

tissue response to implanted electrodes, we engineered a polymer coating for neural 

electrodes that consists of a non-fouling, multi-layered PEG coating containing protease-

degradable crosslinks and the anti-inflammatory agent IL-1Ra, which is released in response 

to proteases associated with the inflammatory response. XPS and wet-cell ellipsometry 

analyses demonstrated grafting of the coating on the surface as well as increasing coating 

thickness with increasing treatment deposition, respectively. To analyze cell adhesion to 

these coatings, surfaces were challenged with mixed glial cells in serum-containing media 

for 24 hours. PEG-coated surfaces with one, two, or six treatments were resistant to cell 

adhesion compared to uncoated surfaces as the total number of attached cells, average area 

per attached cell, and total cell attached area on each sample were all significantly lower 

than uncoated samples. In addition, cells plated on PEG or PEG+IL-1Ra coated surfaces had 

significantly lower levels of released pro-inflammatory cytokines IL-1β and TNF-α 

compared to uncoated surfaces, possibly due to the reduced cell attachment on these 

surfaces. These data indicate that the PEG-coated surfaces reduce glial cell adhesion and 

inflammatory cytokine release. This result is consistent with previous work with non-

fouling/cell adhesion-resistant coatings (20). We also characterized the release of IL-1Ra 

from the engineered coating. Coatings incubated in conditioned media from LPS-treated 

cultures released significantly more IL-1Ra over time than the samples incubated in PBS, 

indicating the protease-dependent release of IL-1Ra from the degradable coating. We did not 

directly assess the bioactivity of the released IL-1Ra; however, our experience with this 

PEG hydrogel system has demonstrated excellent bioactivity for released protein 

therapeutics such as VEGF, BMP-2, and HGF (55, 64, 67). Additionally, the degradation 

products from these PEG hydrogels elicit no local or systemic toxicity and minimal 

inflammation and the degradation products are rapidly excreted via the urine (55). 

Collectively, these in vitro results demonstrate a promising cell adhesion-resistant and anti-

inflammatory coating for evaluation in in vivo models.
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Uncoated, PEG, and PEG+IL-1Ra coated electrodes were implanted in the brain of rats for 4 

weeks to evaluate the in vivo response of the brain to implanted electrodes. Samples were 

collected, cryosectioned, and stained for markers to analyze cell responses to the implanted 

electrode as well as blood brain barrier breach. Staining for resident microglia (OX42/

CD11b) showed no differences in Intensity1, Intensity2, and Decaydistal parameters among 

groups. However, the Decayproximal parameter was significantly higher for PEG+IL-1Ra 

compared to PEG coatings, indicating that the intensity of resident microglial staining near 

the implant interface (0–100 µm) decays at a faster rate for PEG+IL-1Ra samples. This 

reduction in the OX42 Decayproximal parameter suggests that the IL-1Ra attenuates 

microglial recruitment to the electrode-tissue interface.

Staining for activated microglia (ED1/CD11b) and astrocytes (GFAP) revealed no 

significant differences for any of the parameters among the groups. We hypothesized that 

the anti-inflammatory factor incorporated into the PEG-coating would reduce the 

inflammatory response in the surrounding tissue. However, persistence of activated 

microglia around the implant for all experimental groups indicates that neither the PEG 

coating nor the incorporated IL-1Ra prevent microglial activation and astrocyte recruitment. 

Since microglial activation is an important part of the inflammatory cascade, it is apparent 

that inflammation persists in the tissue. Additionally, we expected that the non-fouling PEG 

surface would reduce astrocyte recruitment and subsequent scar formation; however, this did 

not occur in the rat model. Staining for chondroitin sulfate (CS56) indicates the presence of 

glycosaminoglycans, an important component of the astroglial scar. The Decaydistal 

parameter was significantly higher for uncoated samples compared to PEG+IL-1Ra for 

CS56, indicating a faster decrease of CS56 staining at areas >100 µm from the injury site. 

This indicates that there is less glycosaminoglycan staining around uncoated electrodes at 

distances far from the implant site.

Although no differences were observed among groups for astrocyte and microglial 

recruitment, significant differences were observed in IgG staining around the electrode 

among the coating conditions. IgG staining serves a surrogate for BBB breach (11). The 

lower IgG Intenisty1 and Intensity2 parameters for PEG+IL-1Ra compared to uncoated and 

PEG coated electrodes, respectively, indicates that the amount of BBB breach around the 

PEG+IL-1Ra coated electrodes is significantly reduced compared to the uncoated and PEG 

electrodes. This is an important finding because the persistence of the electrode in the tissue 

and the subsequent continued BBB breach are correlated with persistence of inflammation in 

the brain (11), and reducing the effect of BBB breach may reduce deleterious inflammatory 

responses in the long term. Moreover, Bellamkonda’s group has demonstrated a specific 

correlation between reduced BBB breach and improved electrode functionality (5, 11). At 

this point, it is not known if the reduction in BBB breach is due to a reduction of the initial 

inflammatory response, faster healing response over time, or a combination of the two in the 

presence of the IL-1Ra, but this would be an interesting aspect to explore in future studies. 

Whether the PEG coatings and IL-1Ra release improve electrode function will be the subject 

of future studies.

Finally, NeuN staining for neuronal nuclei showed significant differences in neuronal 

survival among the three groups. We observed increased neuronal survival for the PEG
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+IL-1Ra electrodes within 50 µm of the electrode surface, and the density of neuronal nuclei 

were equivalent to that of the injured control. Additionally, increased neuronal survival was 

detected at intermediate distances (50–100 µm) from the electrode surface for PEG- and 

PEG+IL-1Ra-coated electrodes compared to uncoated controls. This is an important finding 

because neurons are necessary for electrode functionality. If the neurons surrounding the 

implant do not survive after electrode insertion, then the electrode cannot receive any 

electrical signals from the surrounding tissue, rendering the device useless. Increasing 

neuronal survival is essential to maintaining long-term electrode function. The ideal 

response of the brain would result in no neuronal death upon implantation of a neural 

electrode. However, improvement within the first 100 µm is a promising finding as 

electrodes can record neuronal activity to a radius of ~100 microns or more from the 

electrode surface (68).

Analysis of gene expression in the brain around the electrode implantation site yielded 

important insights into the tissue responses to implanted electrodes. Of the 16 genes that 

were analyzed, only three had significant differences among groups. IL-6 gene expression 

was significantly higher in the PEG+IL-1Ra group compared to the PEG group. While IL-6 

is traditionally considered a pro-inflammatory cytokine (69), there is evidence that it plays a 

role in activation of downstream cell-survival and anti-apoptotic factors (70). The up-

regulation of MMP-2 in the PEG+IL-1Ra group compared to the uncoated group is an 

interesting finding. MMP-2 is found in activated astrocytes (71), which is consistent with the 

presence of recruited astrocytes around the implanted electrode. The increase in MMP-2 for 

the PEG+IL-1Ra group is also contradictory to some extent, as MMP-2 is implicated in 

promoting BBB breach (71), but the IgG staining intensity was significantly lower for PEG

+IL-1Ra samples. It is possible that the release of MMP-2 is occurring in response to down-

regulation of other inflammatory cytokines, as there are many redundant signaling pathways. 

Alternatively, MMP-2 up-regulation may reflect the activation of tissue repair mechanisms. 

Regardless, the up-regulation of MMP gene expression in the injury site validates the use of 

this protease-degradable coating as the MMPs will cause desired degradation of the coating 

and release of the anti-inflammatory therapeutic.

Gene expression of neural-specific markers showed significantly higher expression for 

cilliary neurotrophic factor (CNTF) in PEG+IL-1Ra coated electrodes compared to PEG and 

uncoated groups. CNTF is important for neuronal survival and neurite outgrowth (72). 

Interestingly, IL-1β is required for the production of CNTF (73), indicating that 

inflammatory cytokines can play a role in both pro-inflammatory activation as well as anti-

inflammatory cytokine activation downstream. The lack of differences in NGF and BDNF 

were unexpected given the increased neuronal survival found in the PEG+IL-1Ra group, 

however this may also indicate that other factors such as CNTF or others not investigated 

here may play a more significant role in neuronal survival. Overall, the results from the gene 

expression studies are generally consistent with the findings from the immunostaining 

analyses, showing persistence of inflammation and increased expression of a neuronal 

survival gene. These results also identify possible targets for future research into 

inflammation and neuronal survival in the brain.
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One important observation is the need for better in vitro evaluation techniques. The 2D cell 

culture system is a good starting point, but further evaluation with more complex in vitro 

systems is necessary to determine if a particular coating can perform well in vivo. While 

both 2D and 3D culture systems have been used for in vitro evaluation, they do not 

recapitulate the host response to electrode surfaces since these in vitro models do not include 

vasculature, BBB breach, and subsequent inflammatory responses. The complexity of the 

vasculature and associated BBB breach is an especially important aspect to address, 

although it is difficult to recapitulate in an in vitro model. Research towards developing a 

more complete in vitro system of brain tissue may provide suitable platform for electrode 

evaluation prior to in vivo analyses.

Many strategies have been explored to improve tissue response to implanted neural 

electrodes through design modifications, surface coatings, and incorporation of anti-

inflammatory factors. None of the attempted coatings to date have solved all problems 

involved with implanted neural electrodes due to the complicated nature of the injury which 

includes inflammation, cell recruitment, scar formation, and neuronal cell death. Although 

we observed significant reductions in glial cell adhesion and inflammatory cytokine release 

in vitro, no major differences were observed in the recruitment and activation of 

inflammatory cells and scar formation among implanted electrodes. These results suggest 

that reduction of cell adhesion alone is insufficient for improving the cell recruitment and 

subsequent scar formation. In addition, in vitro culture systems do not recapitulate all 

aspects of the complex inflammatory cascade and vascular injury associated with electrode 

implantation. Nevertheless, the significant improvement in neuronal survival for the coated 

and IL-1Ra-releasing coatings is a promising finding as neuronal survival is central to 

maintaining electrode functionality. Overall, more work needs to be done to determine an 

effective strategy for maintaining neural electrode functionality in the long term.

Conclusions

The coating developed in this study consists of a PEG coated surface cross-linked with 

protease degradable peptide sequences that release IL-1Ra in response to inflammatory 

stimuli. This coating significantly reduced in vitro glial cell attachment and inflammatory 

cytokine release, and demonstrated IL-1Ra release from coated samples. Subsequent in vivo 

studies indicated only minor improvements in inflammatory cell markers. However, IgG 

staining, a surrogate for blood-brain barrier breach, was reduced for PEG+IL-1Ra coatings 

compared to uncoated electrodes. Importantly, neuronal survival was significantly higher for 

coated electrodes, with the best improvement observed for the PEG+IL-1Ra group. 

Additionally, results from the gene expression analysis study indicate potential targets for 

future therapies which may be useful in producing better modifications to improve the tissue 

response to implanted electrodes. This PEG coating with on-demand release of IL-1Ra 

shows promise for enhancement of tissue responses at the brain-implant interface.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PEG coatings applied to the surface of electrodes. (a) Schematic of PEG hydrogel coating 

applied to the surface of the silicon substrate. (b) XPS spectra of uncoated (left) and PEG 

coated (right) electrodes. (c) Detailed carbon shifts of the uncoated (left) and PEG-coated 

(right) surfaces. (d) PEG coating thickness. Thickness of the coating increases with 

increasing number of treatments applied to the surface (left). Incorporating IL-1Ra yields a 

thicker coating than with the PEG alone (right). * = p<0.05, ** = p<0.01.
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Figure 2. 
Cell adhesion for various PEG treatments. Live/Dead stain of cells adhering to uncoated and 

PEG-coated surfaces with 1, 2, or 6 treatment cycles (top). Scale bar = 250 µm. Area per 

attached cell (bottom, left), total number of cells adhered (bottom, middle), and total area 

covered by adhered cells on the surface (bottom, right) is significantly lower on PEG coated 

surfaces than uncoated surfaces. ** = p<0.01, **** = p<0.0001.

Gutowski et al. Page 20

Biomaterials. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
Cytokine release for cells cultured on uncoated, PEG-, and PEG+IL-1Ra-coated surfaces in 

response to GM-CSF stimulation. IL-1β was significantly higher on uncoated surfaces 

compared to coated surfaces (left). TNF-α was significantly higher than background for the 

uncoated surface, and levels on coated surfaces were below detection limit of the assay 

(dashed line) (right). * = p<0.05, ** = p<0.01.
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Figure 4. 
IL-1Ra release curve shows that IL-1Ra release is higher with LPS-stimulated cell media 

compared to media alone. Shown are individual points (mean ± SEM) and hyperbolic fits.
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Figure 5. 
Immunofluorescence analysis for resident microglia (OX42). (a) Immunofluorescence 

images (left) and corresponding intensity profile (right) for uncoated, PEG, and PEG

+IL-1Ra (n=8 per group). (b) Parameter plots indicate differences in each parameter of 

Equation 1 for each experimental group. The Decayproximal parameter is significantly higher 

for PEG+IL-1Ra compared to PEG alone. The box plots indicate minimum, 25th percentile, 

median, 75th percentile, and maximum, with individual points shown for each sample. ** = 

p<0.01.
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Figure 6. 
Immunofluorescence analysis for activated microglia (ED1). (a) Immunofluorescence 

images (left) and corresponding intensity profile (right) for uncoated, PEG, and PEG

+IL-1Ra (n=8 per group). (b) Parameter plots indicate differences in each parameter of 

Equation 1 for each group. The box plots indicate minimum, 25th percentile, median, 75th 

percentile, and maximum, with individual points shown for each sample.
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Figure 7. 
Immunofluorescence analysis for glial fibrillary acidic protein (GFAP) for astrocytes. (a) 

Immunofluorescence images (left) and corresponding intensity scale (right) for uncoated, 

PEG, and PEG+IL-1Ra (n=8 per group). (b) Parameter plots indicate differences in each 

parameter of Equation 1 for each group. The box plots indicate minimum, 25th percentile, 

median, 75th percentile, and maximum, with individual points shown for each sample.
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Figure 8. 
Immunofluorescence analysis for chondroitin sulfate (CS56) for glycosaminoglycans at the 

injury site. The Decaydistal parameter was significantly lower for PEG+IL-1Ra compared to 

uncoated samples. Other parameters were not significantly different. The box plots indicate 

minimum, 25th percentile, median, 75th percentile, and maximum, with individual points 

shown for each sample. * = p < 0.05.
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Figure 9. 
Immunofluorescence analysis of rat IgG for blood brain barrier breach. The Intesity1 

parameter was significantly lower for PEG+IL-1Ra compared to uncoated samples. 

Intensity2 was also significantly lower for PEG+IL-1Ra compared to PEG samples. Other 

parameters were not significantly different. The box plots indicate minimum, 25th percentile, 

median, 75th percentile, and maximum, with individual points shown for each sample. * = p 

< 0.05.
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Figure 10. 
Neuronal survival around the electrode. Uninjured control is indicated by the green dotted 

line. Black arrows indicate distances (0–50, 50–100 µm) at which uncoated samples were 

significantly lower than uninjured control (p < 0.05), whereas the blue arrow indicates 

distance (0–50 µm) at which PEG was different from uninjured control (p < 0.05). PEG

+IL-1Ra was not significantly different from the uninjured control for any distance 

analyzed. At distances greater than 100 µm from the implant, all groups were equivalent to 

uninjured control.
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Figure 11. 
Expression of inflammatory and neuronal survival genes at the implant site. Values 

represent fold-change over uninjured contralateral tissue. Genes with significant differences 

are outlined in green. * = p<0.05, ** = p < 0.01.
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Table 1

Antibodies used for immunofluorescence analysis

Antibody Supplier Cell / Tissue Identified

Glial fibrillary acidic protein (GFAP) Abcam ab7260 Astrocytes

NeuN Millipore MAB377 Neuronal nuclei

OX42 / CD11b Chemicon CBL1512 Resident microglia

ED1 / CD68 AbD Serotec MCA341R Activated microglia

Alexa Fluor - Rat IgG Life Technologies A11006 Blood brain barrier breach

CS56 Sigma C8035 Chondroitin sulfate
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Table 1

Gene Targets for qRT-PCR Analysis

IL-1α Interleukin - 1α MMP-2

Matrix metalloproteinase – 2, 3, 9, 13

IL-1β Interleukin - 1β MMP-3

IL-1Ra Interleukin −1 receptor
antagonist MMP-9

IL-6 Interleukin - 6 MMP-13

IL-10 Interleukin - 10 NGF Nerve growth factor

MCP-1 Monocyte chemoattractant
protein - 1

BDNF Brain derived neurotrophic factor

TNF-α Tumor necrosis factor - α CNTF Ciliary neurotrophic factor

IFN-γ Interferon-γ GFAP Glial fibrillary acidic protein
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