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Abstract

A major limitation to the use of microelectrode technologies in both research and clinical

applications is our inability to consistently record high quality neural signals. There is increasing

evidence that recording instability is linked, in part, to neuroinflammation. A number of factors

including extravasated blood products and macrophage released soluble factors are believed to

mediate neuroinflammation and the resulting recording instability. However, the roles of other

inflammatory stimuli, such as residual endotoxin contamination, are poorly understood. Therefore,

to determine the effect of endotoxin contamination we examined the brain tissue response of

C57/BL6 mice to non-functional microelectrodes with a range of endotoxin levels. Endotoxin

contamination on the sterilized microelectrodes was measured using a limulus amebocyte lysate

test following FDA guidelines. Microelectrodes sterilized by autoclave, dry heat, or ethylene oxide

gas, resulted in variable levels of residual endotoxins of 0.55 EU/mL, 0.22 EU/mL, and 0.11

EU/mL, respectively. Histological evaluation at two weeks showed a direct correlation between

microglia/macrophage activation and endotoxin levels. Interestingly, astrogliosis, neuronal loss,

and blood brain barrier dysfunction demonstrated a threshold-dependent response to bacterial

endotoxins. However, at sixteen weeks, no histological differences were detected, regardless of

initial endotoxin levels. Therefore, our results demonstrate that endotoxin contamination, within

the range examined, contributes to initial but not chronic microelectrode associated

neuroinflammation. Our results suggest that minimizing residual endotoxins may impact early

recording quality. To this end, endotoxins should be considered as a potent stimulant to the

neuroinflammatory response to implanted intracortical microelectrodes.

1. Introduction

Microelectrodes have proven to be a critical basic science tool for improving our

understanding of how the nervous system works1–3. Additionally, recorded action potentials

© The Royal Society of Chemistry 2013
*Direct correspondence to jeffrey.capadona@case.edu; Case Western Reserve University; Department of Biomedical Engineering;
2071 Martin Luther King Jr. Drive; Wickenden Building, Room 110; Cleveland, OH 44107; Office: (216) 368–5486.

NIH Public Access
Author Manuscript
J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2015 May 07.

Published in final edited form as:
J Mater Chem B Mater Biol Med. 2014 May 7; 2(17): 2517–2529. doi:10.1039/C3TB21453B.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



from individual or small populations of neurons using intracortical microelectrodes have

been shown to be a promising source of control signals for various rehabilitation

applications4, 5. A major hurdle to the use of microelectrode technologies in both research

and clinical applications is our inability to consistently record high quality neural signals

over time6–11. While a variety of factors are believed to impact recording quality, it is

widely accepted that a major contributing factor is the brain tissue response to intracortical

microelectrodes8,9,11.

More than 100 studies have been performed to determine how the brain tissue response

might impact recording quality. This large body of work has identified several aspects of the

brain tissue response that could adversely impact recording performance. Early hypotheses

focused on the encapsulating astroglial scar, which may limit ion transport and electrically

isolate the microelectrode from nearby neuronal targets12, 13. Further, the viability and

functionality of neuronal targets themselves may also impact recording performance. For

example, after microelectrode implantation, the density of neuronal targets is reduced within

the critical recording range and many of the remaining neurons within the recording range

show evidence of degeneration14, 15. Additionally, recent work has indicated that normal

neuronal function may be further impaired by alterations in the local ionic environment due

to blood-brain barrier dysfunction16–18.

Underlying the observed astrogliosis, loss of neuronal viability and blood-brain barrier

dysfunction is a well-documented chronic neuroinflammatory state involving both resident

microglia and blood-born macrophages19–21. Increasing evidence indicates that activated

macrophages and microglia may serve as the key cellular mediator of the brain tissue

response that limits recording quality. Once activated, both microglia and macrophages

release a range of pro-inflammatory/cytotoxic molecules, which can damage healthy

neurons or activate astrocytes22–26. For example, we have recently shown that reactive

oxygen species play a dominant role in neuronal viability and blood-brain barrier

permeability at the microelectrode-tissue interface15. Beyond acting as a potent source of

cytotoxic soluble factors, persistent inflammatory cell trafficking between the brain tissue

and the local vasculature may explain observations of chronic blood-brain barrier

dysfunction27.

The direct connection between neuroinflammation and recording function was first

established by Rennekar et al., who showed that administration of the anti-inflammatory

drug minocycline improved recording performance9. Unfortunately, prolonged

administration of minocycline has been shown to result in decreased renal function, vertigo,

bone discoloration/loss, fatal colitis, or intracranial hypertension28–30. Building off the

primary hypothesis that neuroinflammation impacts recording quality, several groups have

investigated strategies to minimize the neuroinflammatory response and improve recording

function with varying degrees of success9, 27, 31–36. Further developing our understanding of

the factors that initiate and perpetuate macrophage/microglial activation surrounding

implanted microelectrodes will lead to advanced strategies for improving recording

performance.
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Fortunately, a large body of literature exists describing endogenous danger and distress

signals that serve as pro-inflammatory stimuli for macrophage and microglia activation

(Figure 1A). Examples of endogenous signals include cellular debris, infiltrating blood-

derived cells, and denatured serum proteins37, 38. Additionally, extravasated fibrinogen,

plasma soluble fibronectin, complement factors, and other blood products have been shown

to be potent mediators of macrophage and microglial activation39. Following extravasation,

blood-products perpetuate inflammatory cell activation through Toll Like Receptor (TLR),

Cluster of Differentiation 14 (CD14), and other receptor-mediated pathways40,41. Resulting

from either the initial damage of microelectrode implantation into the cortex or possibly

motion-induced damage at later time points, several endogenous signals are likely present at

the electrode-tissue interface and may perpetuate the inflammatory response.

Beyond endogenous signals for microglia and macrophage activation there are also a range

of exogenous signals that may play a role in microelectrode-associated neuroinflammation

(Figure 1B). For example, most microbes have pathogen-associated molecular patterns

(PAMPs) that are recognized by macrophages/microglia. Following PAMP recognition,

intracellular signaling cascades direct microglia and macrophages down classic

inflammatory pathways42. Importantly, the impact of PAMPs, in particular the endotoxin

lipopolysaccharide (LPS), has been recently demonstrated on inflammation and recording

function of intracortical microelectrodes43. Specifically, LPS administration significantly

increased local inflammation while lowering signal to noise ratios and the number of

recorded units compared to saline-only control animals43. While the work by Harris et al.,

has demonstrated that high levels of purposefully administered endotoxins impacts

neuroinflammation and recording function43, the impact of low-level residual endotoxin

contamination that may remain even after traditional sterilization techniques is unclear.

Interestingly, recent work by Gorbet and Sefton indicates that even low-levels of endotoxin

contamination can significantly affect the biological tissue response to other types of

medical devices hindering device performance44. Gorbet and Sefton’s findings suggest that

endotoxin contamination should be investigated as a potential stimulus of the inflammatory

response to implanted medical devices and biomaterials44. Therefore, to examine the role of

endotoxin contamination on the neuroinflammatory response to implanted microelectrodes,

we studied the brain tissue response of C57/BL6 mice to microelectrodes with a range of

low-level, residual endotoxins left on the microelectrodes after a variety of standard

sterilization procedures were performed.

2. Experimental Methods

2.1 Method of Microelectrode Sterilization

Non-functional single shank ‘Michigan-style’ microelectrodes were fabricated in the

Advanced Platform Technology Center’s microfabrication facility. Electrode shanks were 2

mm long × 123 μm wide × 15 μm thick with a tapered tip and a 1 mm × 1mm bond tab.

Prior to sterilization, all microelectrodes were cleaned and disinfected by soaking for 5

minutes in 70% ethanol, followed by three rinses in deionized water (ddH2O). To create a

tiered array of residual endotoxin levels, microelectrodes were then sterilized by one of three

common methods (autoclave, dry heat, or ethylene oxide gas). Briefly, microelectrodes were
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autoclaved in a Market Forge Sterilmatic Autoclave (Model: STM-EL) with 15 psi pressure

at 121°C for 35 minutes. Microelectrodes sterilized by dry heat were placed in a Thermo

Scientific Precision Oven (Model: 6912) at 180°C for 4 hours. Finally, ethylene oxide gas

sterilization was performed at University Hospitals – Case Western Reserve Medical Center.

All ethylene oxide sterilized samples underwent a 12 hour aeration and degassing cycle prior

to testing or implantation.

2.2 Measurement of Residual Endotoxins

A Kinetic-QCL® chromogenic limulus amebocyte lysate (LAL) endotoxin assay (Lonza,

Inc Catalog Number: 50–650U) was used to determine the level of residual endotoxins on

the microelectrode surface after the various sterilization protocols. The Kinetic-QCL® assay

is a quantitative assay for the detection of Gram-negative endotoxins, where endotoxin level

is indirectly measured as a function of the activation of the proenzyme45. Endotoxin activity

on a given microelectrode sample was calculated from a standard curve generated from the

Kinetic-QCL kit following methods described by the vendor (Lonza). Six microelectrodes

were analyzed for each sterilization method (n = 6).

2.3 Surgical Implantation of Intracortical Microelectrodes

To assess the impact of endotoxin contamination on the initial and chronic phases of the

neuroinflammatory response, male C57/BL6 mice received a single implant for either 2 or

16 weeks, respectively. All mice were obtained from Jackson Laboratory (strain #000664)

and age-matched to 6 weeks of age (~20g) at the time of surgery. All animal practices were

performed in accordance to protocols established by Case Western Reserve University

Institution of Animal Care and Use Committee.

Surgical procedures were performed with slight modifications made to previously described

methods. To limit subsequent bacterial contamination, all surgical procedures were

performed under sterile conditions using micro-isolator techniques in a class II sterile hood.

All surgical procedures were performed by the same surgeon to minimize intra-surgeon

variability. Mice were anesthetized with isoflurane (5% induction, 1–2% maintenance) and

mounted onto a stereotaxic frame. A local anesthetic (Marcaine 100μl, 0.25%), was given

under the incision site by subcutaneous (SQ) injection. A sterile field was created and

maintained throughout the surgery by shaving the animals’ head and scrubbing the shaved

area with betadine followed by 70% isopropanol for antiseptic removal. Ophthalmic

ointment was used throughout the surgery to avoid retinal drying. Additionally, Meloxicam

(0.7mL, 1.15 mg/ml) was administered SQ at the start of surgery and once the following day

for pain management. The antibiotic Cefazolin (16 mg/kg) was administered SQ at the start

of surgery and twice the following day to prevent post-surgical infection.

Next, a midline incision was made and the tissue was retracted to expose the skull. To

expose the brain tissue, a 3mm hole was made 1mm lateral to the midline and 2mm caudal

to bregma using a biopsy punch (PSS Select). A single microelectrode was then manually

implanted to a depth of 2 mm, taking precaution to avoid major surface vasculature.

Following microelectrode implantation, the microelectrode’s bond tab was tethered to the

skull with a cap of Kwik-sil (World Precision Instruments) and uv-cured liquid dentin
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(Fusio/Flow-it ALC, Pentron Dental). The surgical site was then closed using 5-0

monofilament polypropylene suture (Butler Schein). Triple antibiotic ointment was applied

following suturing to prevent drying and localized infection around the incision.

Post-surgery animals were monitored daily for signs of pain and distress throughout the

implant duration. No signs of infection were observed in any animal.

2.4 Tissue Processing

Inflammatory events were assessed at controlled time points of 2 or 16 weeks post

implantation correlating with initial and chronic phases of neuroinflammation17,46–48. Mice

were anesthetized with a 200μl interperitonial (IP) injection of rodent cocktail. Rodent

cocktail (1.75ml total volume) was prepared by mixing 150μl Ketamine HCl (100 mg/ml),

150μl Xylazine HCl (20 mg/ml), 50μl Acepromazine (10 mg/ml), and 1.4ml Sterile Saline.

Following induction, mice were transcardially perfused with phosphate buffered saline

(PBS) until exudate was clear (~30mL). Mice then underwent perfusion fixation with 4%

paraformaldehyde (PFA). Following perfusion fixation, brains were carefully extracted,

placed in fresh 4% PFA, and post-fixed at 4 °C for an additional 2 days. For

cryopreservation, the brains were then equilibrated in 30% Sucrose in PBS. The brain tissue

was then frozen at −80 °C in optimal cutting temperature compound (OCT, Tissue-Tek).

Horizontal sections (16 μm thick) were collected using a cryostat (Microm HM525) and

directly mounted onto glass slides (Superfrost Plus, Fisher Scientific). Mounted sections

were then stored at −80 °C until immunohistochemistry was performed.

2.5 Assessment of Neuroinflammation

Immunohistological analysis of common cellular markers (microglia/macrophages and

astrocytes) as well as blood protein Immunoglobulin G (IgG), was performed to quantify

extent of the neuroinflammatory response at the tissue-electrode interface as previously

described49. Briefly, tissue sections were equilibrated to room temperature (RT) for 30

minutes and remaining OCT was removed with 3 rinses of PBS. Tissue sections were then

permeated with a 15 minute incubation in PBS containing 0.1% Triton-X (PBS-T). Next, the

sections were blocked in 4% chicken serum containing 0.3% Triton-X and 0.1% sodium

azide for 1 hour at RT. Primary antibodies targeting specific antigens (Table 1) were then

added to respective tissue samples and incubated overnight at 4 °C. The following day,

tissue samples were washed six times with PBS-T to remove unbound primary antibody.

Tissue samples were then incubated in AlexaFluor™ conjugated secondary antibodies

(Table 1) specific to the corresponding primary antibodies (1:1000 dilution, 2 hrs at RT). To

remove unbound secondary antibody, samples were washed six times in PBS-T and

remaining detergent was removed with three additional rinses of PBS. Tissue

autofluorescence was minimized with a 10 min incubation in 0.5mM copper sulfate buffer

following previous methods (50mM Ammonium Acetate, pH 5.0)49. Following CuSO4

treatment, all slides were washed thoroughly with ddH2O to prevent prolonged quenching

by copper sulfate. Finally, all slides were coverslipped using Fluoromount-G, and stored in

the dark at 4 °C.
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2.6 Assessment of Neuronal Nuclei at Interface

Neuron viability was assessed at the interface using diaminobenzidine (DAB)

histochemistry following the methods described by the vendor (Life Technologies). Tissue

sections were prepared and permeated for staining as described in Section 2.5. Following

tissue permeation, sections were blocked in 4% goat serum containing 0.3% Triton-X and

0.1% sodium azide for 1 hour at RT. Next, to specifically label neuronal nuclei, mouse anti-

NeuN Clone A60 primary antibody (Table 1) was added at a 1:250 dilution for 1 hour at RT.

Unbound primary antibody was removed with three washes of PBS and 100μl horse-radish

peroxidae (HRP) polymer conjugate was added to each tissue section for 10 minutes. Next,

unbound HRP polymer conjugate was removed with three washes of PBS. Following

washing, 100μl of DAB chromagen (provided in DAB staining kit) was added to each tissue

section for 5 minutes. The tissue sections were then rinsed thoroughly with ddH2O,

counterstained with hematoxylin for enhanced tissue contrast, and mounted using

Histomount mounting solution (Life Technologies).

2.7 Imaging and Quantitative Analysis

All images were acquired using a Carl Zeiss AxioObserver.Z1 (Zeiss Inc) inverted

epifluorescence microscope and a 10X objective. Fluorescent markers (GFAP, CD68, and

IgG) were imaged using an AxioCam MRm monochrome camera. Exposure times were

optimized and held constant per stain for all analyzed time points. DAB stained neuronal

nuclei sections were imaged under brightfield using an AxioCam ERc5 color camera. For a

more complete analysis of the inflammatory response at the interface without compromising

image resolution, 16 separate 10X images were acquired using an automated stage and

stitched together using MosaiX software (Zeiss Inc) for all stained sections. For clarity of

presentation, images reported here were cropped, pseudo-colored, and slightly enhanced

(uniformly across all conditions) to improve visual display. However, all quantification,

analysis, and statistical comparisons were performed on raw images.

Following acquisition, unaltered images of fluorescent markers were converted to 16-bit

tagged imaging files using Axiovision LE software and analyzed using a custom MATLAB

program (MINUTE V1.5, Microelectrode Interface Universal Tool for Evaluation). Briefly,

the implant region of each image was manually designated. The program was then designed

to extract fluorescent intensity measurements in expanding 2μm concentric intervals out to

1000μm from the user-defined interface. Raw fluorescent intensities were then normalized

to background signal for each labeled antigen. Plots and images were truncated where the

antigen detection reached background levels for presentation.

The area under the curve was calculated from the intensity profile for each image to allow

for statistical comparisons between conditions. For clarity, the data is reported as normalized

fluorescent intensity as a function of distance from the implant. To quantify cellular/protein

distribution, exponential curve fitting was performed on normalized fluorescent intensity

curves for each tissue section using Ezyfit, a publically available curve fitting toolbox for

Matlab (http://www.fast.u-psud.fr/ezyfit/). Using the Nelder-Mead algorithm, curves were

fit such that the sum of squared residuals was minimized with respect to two variables λ and

a (Equation 1).
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(1)

Here, a represents the peak fluorescent intensity, x (μm) is the distance from the implant site

and y is the normalized fluorescent intensity. Lambda values, denoting the distance (μm) at

which 63.2% of the total observed fluorescent intensity had returned to background

expression levels, were recorded for each tissue section and are presented as an average ±

standard error of the mean.

To quantify the neuronal populations surrounding the implant, a custom MATLAB code

(N.E.R.D., Neurons Encompassed aRound the Device) was designed. Our custom code was

designed to draw expanding concentric rings at fixed radial distances from the implant. The

number of neurons in each ring was calculated through user-defined location of neuronal

cell bodies. Neuronal density within each ring was then calculated within the code. Finally,

neuronal nuclei cell counts were normalized to background counts from non-surgical aged-

matched control animals. For clarity, data is reported as a percentage of neuronal density

normalized to non-surgical age-matched control animals as a function of distance from the

implant.

2.8 Statistical Analysis

All statistical analyses were performed using Minitab software (Minitab, Inc). Six

microelectrodes were evaluated for each condition to preform statistical comparisons of

endotoxin levels between sterilization methods. To account for dependencies in cellular/

protein expression between slices from the same animal, measurements from all slices for a

given animal were first averaged together. Statistical comparisons were then performed

using the independent animal averages (n = 4–7 animals/condition). All statistical

comparisons were performed using a general linear one-way analysis of variance (ANOVA)

model. Pair-wise comparisons were conducted using a post-hoc Tukey testing, where

significance was considered as p<0.05.

3. Results

3.1 Endotoxin Levels Resulting from Each Sterilization Method

A Kinetic-QCL Chromogenic LAL Endotoxin Assay was used in order to determine the

level of residual endotoxins on non-functional intracortical microelectrodes before and after

sterilization. The LAL test is an accepted method by the Food and Drug Administration to

evaluate endotoxin contamination50. As there is a large disparity in the per weight potency

of specific endotoxins, we quantified residual endotoxin contamination levels using the

standardized metric of Endotoxin Units, where 1 EU is equivalent to the pyrogenic impact of

100pg of purified E coli LPS or roughly the same amount of LPS found on 100,000 E coli

cells51.

Sterilization of microelectrodes by autoclave, dry heat, and ethylene oxide gas resulted in

controlled low-level residual endotoxin contamination. All sterilized microelectrodes

showed significantly lower endotoxin levels compared to unsterilized microelectrodes that
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were only disinfected using ethyl alcohol (Figure 2). Of the sterilized microelectrodes,

autoclaved microelectrodes had the highest level of endotoxins (0.55 ± 0.09 EU/mL)

followed by microelectrodes sterilized by dry heat (0.22 ± 0.04 EU/mL) and lastly ethylene

oxide gas sterilized microelectrodes (0.11 ± 0.03 EU/mL). Further comparisons of endotoxin

levels (Figure 2-Inset) showed that autoclaved electrodes had significantly higher endotoxin

levels compared to microelectrodes sterilized by dry heat or ethylene oxide gas.

Additionally, microelectrodes sterilized by dry heat had significantly higher residual

endotoxin levels compared to microelectrodes sterilized by ethylene oxide gas.

3.2. Microglia/Macrophage Activation at the Tissue-Electrode Interface

To identify activated microglia and macrophages near the implant site, we used an anti-

mouse CD68 antibody (FA/11 clone), specific to macrosialin, a sialoglycoprotein confined

to activated, murine mononuclear phagocytes52 Increased CD68+ immunoreactivity of

macrosialin is typically attributed to the increased presence of lysosomal vacuoles53, 54.

Sections from non-surgical age-matched control animals showed minimal CD68+

immunoreactivity (data not shown), indicating negligible activation of microglia and

macrophages without microelectrode implantation. In contrast, punctate CD68+

immunoreactivity concentrated at the interface between 0–50μm was seen surrounding all

three microelectrode cohorts at both 2 and 16 weeks post implantation (Figure 3A–F).

Two weeks post implantation, microglia and macrophage activation (CD68+

immunoreactivity) at the tissue-electrode interface directly correlated with residual

endotoxin levels present on microelectrodes after sterilization (Figure 3G). Autoclaved

microelectrodes, having the greatest level of residual endotoxin contamination, showed

significantly more CD68+ immunoreactivity within the first 100μm compared to

microelectrodes sterilized by either dry heat or ethylene oxide. Furthermore, microelectrodes

sterilized by dry heat showed significantly more microglia and macrophage activation

between 0–50μm compared to microelectrodes sterilized by ethylene oxide. However,

quantification of activated microglia and macrophages at 16 weeks post implantation (Figure

3H) showed no significant difference between residual endotoxin levels.

Curve fitting analysis to assess activated microglia and macrophage distribution is shown in

Table 2. Changes in lambda over time are indicative of either a change in the distribution of

the antigen, or an overall change in the intensity profile of the detectable antigen. At 2

weeks post implantation, autoclaved microelectrodes had significantly larger lambda values

for CD68+ immunoreactivity compared to dry heat or ethylene oxide gas sterilized

microelectrodes, indicating a broader distribution of CD68+ immunoreactivity to autoclaved

implants. At 16 weeks post implantation, ethylene oxide gas sterilized microelectrodes,

which had the lowest level of residual endotoxins, continued to have significantly lower

lambda values compared to autoclaved microelectrodes.

Comparisons between initial (2 weeks) and chronic (16 weeks) neuroinflammation showed a

significant decrease in CD68+ immunoreactivity for autoclaved electrodes up to 400μm

from the interface at 16 weeks post implantation. On the other hand, dry heat sterilized

microelectrodes showed significantly lower CD68+ immunoreactivity at 16 weeks post

implantation only over the first 50μm from the interface. Ethylene oxide sterilized
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microelectrodes had comparable levels of CD68+ immunoreactivity between 2 and 16

weeks. Our results suggest that lower residual endotoxin levels correlate with lower levels of

CD68+ immunoreactivity, at two weeks post implantation.

3.3 Astrocyte Expression at the Tissue-Electrode Interface

The astrocyte-specific intermediate filament marker (GFAP) was used to measure the impact

of residual endotoxin contamination on astrogliosis surrounding intracortical

microelectrodes. Sections from non-surgical age-matched control animals showed

ubiquitous low-level GFAP+ mmunoreactivity (data not shown), indicating a uniform

presence of astrocytes throughout the cortical tissue prior to implantation. Here, increased

GFAP+ immunoreactivity (indicating astrogliosis) was observed at the interface after

implantation for all microelectrode cohorts at both 2 and 16 weeks post implantation (Figure

4A–F).

Quantification of GFAP+ immunoreactivity at two weeks post implantation (Figure 4G)

showed significantly more astrogliosis surrounding the tissue-electrode interface in

microelectrodes sterilized by autoclave compared to dry heat (0–400μm) and ethylene oxide

gas (0–500μm). In contrast to correlations found between endotoxin levels and microglia/

macrophage activation, similar levels of astrogliosis were observed around microelectrodes

sterilized by dry heat and ethylene oxide (no statistical significance between conditions). At

2 weeks post implantation, lambda values for distribution of astrocytes surrounding the

implant were significantly higher for microelectrodes sterilized by autoclave compared to

microelectrodes with lower residual endotoxin levels, indicating a more widespread/diffuse

astroglial scar. Additionally, no significant difference was observed in lambda values

between microelectrodes with lower residual endotoxin levels.

However, by 16 weeks post-implantation, astrogliosis surrounding the implant was

comparable in both intensity (Figure 4H) and lambda (Table 2) between all microelectrode

cohorts, with no significant differences. All microelectrode cohorts demonstrated heightened

levels of GFAP+immunoreactivity at the interface compared to any other binned interval at

the interface at 16 weeks post implantation. Comparisons between 2 and 16 weeks showed a

significant decrease (0–50μm and 300–500μm) in astrogliosis at the interface for autoclaved

sterilized implants at 16 weeks post implantation. In contrast, a significant increase in GFAP

+ immunoreactivity was seen at 16 weeks for electrodes sterilized by dry heat (100–200μm)

and ethylene oxide (0–50μm). Further, when comparing lambda values between 2 and 16

weeks, a significant increase in lambda was observed for microelectrodes sterilized by dry

heat or ethylene oxide at 16 weeks.

3.4 Disruption of Blood-brain Barrier at the Tissue-Electrode Interface

To assess the impact of residual endotoxin contamination on blood-brain barrier dysfunction

associated with microelectrode implantation, sections were reacted with antisera against

mouse-IgG, a blood protein typically not found in native cortical tissue55. Sections from

non-surgical age-matched control animals showed minimal IgG+ immunoreactivity in

cortical tissue (data not shown), confirming negligible vascular damage prior to

implantation. In contrast, we observed elevated IgG+ immunoreactivity surrounding
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implanted microelectrodes at both time points, regardless of sterilization method (Figure

5A–F).

Quantification of IgG+ immunoreactivity at two weeks post implantation (Figure 5G)

showed a significantly increased presence of IgG for autoclaved microelectrodes compared

to dry heat (0–200μm) or ethylene oxide gas sterilized microelectrodes (0–100μm). Similar

to GFAP+ immunoreactivity at the interface, no significant difference in IgG+

immunoreactivity was found at the interface between microelectrodes with lower residual

endotoxin levels. Further, analysis of lambda values at 2 weeks showed no significant

difference between conditions. Here, higher IgG+ immunoreactivity for autoclaved

microelectrodes suggests an increase serum protein accumulation at the interface. However,

similar lambda values for all cohorts suggest a similar rate of decay in IgG+

immunoreactivity around the interface.

At 16 weeks post implantation, no statistical differences were found in either IgG+

immunoreactivity (Figure 5H) or lambda values (Table 2) across all three microelectrode

cohorts, which suggests a similar IgG profile for all cohorts at 16 weeks. Comparisons of the

quantification of IgG+ immunoreactivity between 2 and 16 weeks post implantation

demonstrated a significant reduction in IgG+ immunoreactivity for autoclaved implants (0–

300μm) and ethylene oxide sterilized implants (50–100μm). Dry heat sterilized implants on

the other hand, demonstrated consistent IgG+ immunoreactivity between 2 and 16 weeks. At

both time points, elevated IgG+ immunoreactivity between 0–50μm and relatively small

lambda values suggests that vascular damage was localized at the interface.

3.5 Neuronal Nuclei Survival at the Tissue-Electrode Interface

Antibodies against NeuN A60 clone were used to examine the density of neuronal nuclei

near implanted microelectrodes with varying levels of residual endotoxin contamination

after sterilization. Representative images of neuronal nuclei at the tissue-electrode interface

for each method of sterilization is shown in Figure 6A–F at both 2 and 16 weeks post

implantation. Density of neuronal nuclei in non-surgical aged-matched control animals was

1944 ± 28 cells/mm2 and 1841 ± 52 cells/mm2 at 2 and 16 weeks, respectively.

A significant reduction in neuronal cell density compared to background was observed at the

interface across all microelectrode cohorts at two weeks post implantation (Figure 6G). On

the other hand, both dry heat and ethylene oxide gas sterilized microelectrodes recovered to

background neuronal densities at distances greater than 100μm from the interface. At 2

weeks post implantation, statistical comparisons revealed that microelectrodes sterilized by

autoclave had significantly decreased neuronal densities compared to background at all

binned intervals up to 400μm from the interface. Further, neuronal density inversely

correlated with the levels of endotoxins on the microelectrode surface. Microelectrodes

sterilized by ethylene oxide gas showed significantly higher neuronal cell counts compared

to autoclaved electrodes at all binned intervals up to 400μm from the interface. Additionally,

dry heat sterilized electrodes showed significantly higher neuronal densities between 0–

50μm when compared to autoclaved microelectrodes.
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Quantification at 16 weeks post implantation (Figure 6H) showed no significant difference

in neuronal density between cohorts, regardless of initial endotoxin levels. However, within

the first 50μm neuronal densities remained less than 60% across all microelectrode cohorts

at 16 weeks when compared to nonsurgical age-matched control animals. Further, at 16

weeks, autoclaved microelectrodes had significantly lower neuronal densities compared to

background up to 200μm from the interface, while dry heat and ethylene oxide gas sterilized

microelectrodes had significantly lower neuronal densities compared to background up to

300μm from the interface. Comparisons of neuronal nuclei density between 2 and 16 weeks

post implantation demonstrated a consistent level of neurons over time for autoclaved

implants across all binned intervals up to 400µm from the interface. However, a significant

reduction in neurons was seen from 2 to 16 weeks for the dry heat sterilized implants (0–

50μm, 100–300μm). Additionally, ethylene oxide sterilized implants showed a significant

reduction in neuronal nuclei density from 2 to 16 weeks post implantation across all binned

intervals up to 400 μm from the implant surface.

4. Discussion

In this study, we examined the role of residual endotoxin contamination on the

neuroinflammatory response to implanted intracortical microelectrodes. We found that

endotoxin contamination, within the range examined, contributed to initial but not chronic

neuroinflammation. At two weeks post implantation, histological evaluation showed that the

level of microglia/macrophage activation directly correlated with residual endotoxin levels

present on non-functional microelectrodes after sterilization. Additionally, at two weeks post

implantation, autoclaved implants had the highest levels of astrogliosis, neuronal loss, and

blood-brain barrier dysfunction, with no differences between dry heat or ethylene oxide

sterilized implants. However, at sixteen weeks postimplantation, no histological differences

were detected, regardless of the initial endotoxin levels.

In evaluating the complex cascade of neuroinflammatrory events that occur after

intracortical microelectrode implantation, several groups have suggested a strong correlation

between the presence of activated microglia and macrophages and neuronal dieback at the

interface14, 15, 17, 18, 20, 27, 36, 56–58. Further, recent evidence also suggests the role of

inflammation in facilitating stability of chronic neural recordings18. Several pro-

inflammatory factors including endogenous and exogenous signals (Figure 1) can directly

cause microglia and macrophage activation38, 59. Therefore, understanding the factors that

initiate and perpetuate microglia/macrophage activation surrounding implanted

microelectrodes could lead to advanced strategies to promote high-quality recorded signals.

Consistent with previously reported literature, our results showed elevated microglia/

macrophage activation (CD68+ immunoreactivity) at the tissue-electrode interface across all

three microelectrode cohorts at both 2 and 16 weeks post implantation. Further, our results

directly correlated increased residual endotoxin levels present on microelectrodes to

elevated CD68+ immunoreactivity at two but not sixteen weeks post implantation (Figure

3). We hypothesize that CD68+ immunoreactivity was comparable across sterilization

conditions at 16 weeks post implantation because endotoxins are likely removed from the

surface from the initial response to the injury. Therefore, by chronic time points,

Ravikumar et al. Page 11

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2015 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



neuroinflammation is likely to be mediated by material properties of the device, self-

perpetuating and chronic blood brain barrier dysfunction, or possibly by chronic motion-

induced damage. Analysis of lambda values between microelectrode cohorts indicated

smaller lambda values for ethylene oxide gas sterilized microelectrodes with the lowest

levels of residual endotoxins. Our results suggest that with increased levels of residual

endotoxins, there is an increase in cellular infiltration, cellular recruitment, and/or cell

trafficking of activated microglia/macrophages surrounding the implant, which may lead to

a wider distribution of cellular activation.

Expression and diffusion of microglia-derived pro-inflammatory molecules have been

implicated in many aspects of the reactive tissue response to implanted intracortical

microelectrodes14, 60. It has been suggested that lowering the concentration of cytokines

around intracortical microelectrodes may correlate with both decreased blood brain barrier

leakiness and reduced neuronal cell loss27. Specifically, reduction of reactive oxygen

species accumulation using resveratrol, a natural antioxidant, has been recently shown to

promote blood brain barrier stability and promote neuronal survival at the microelectrode

interface15. We have also previously demonstrated that microglia stimulated with increasing

concentrations of nanoparticles elicit a neurotoxic response above a given stimulus-

dependent threshold; a response which was prevented with antioxidant treatment61.

Together, these studies suggest that microglia respond to stimuli in a dose-dependent

fashion. However, down-stream gliosis and neuronal viability are likely threshold

dependent, and can be regulated by either chemical or mechanical inhibition of pro-

inflammatory molecule accumulation. In this study, threshold can be defined as 0.22

EU/mL. However, identifying the exact threshold for endotoxin-mediated

neuroinflammation was beyond the scope of this study. Further, identification of an exact

threshold level for a given antigen would require the unlikely assumption that only one

antigen was stimulating the inflammatory response.

Microglia and macrophages have been shown to play an important role in promoting

astrocyte hypertrophy in areas of injury and distress through extracellular signaling22–26. In

the present study, we found that endotoxin levels not only correlated with elevated CD68+

immunoreactivity, but also resulted in a more pronounced glial scar formation at the

interface (Figure 4). Lambda values suggest a strong correlation between increased levels of

residual endotoxins and a more widespread distribution of astrocytes around the interface, at

2 weeks post implantation. Consistent with previously reported findings, our results also

showed that microelectrode cohorts with a more diffuse astroglial scar had increased

neuronal dieback at the interface17. Our results suggest that cellular compaction of

astrogliosis at the interface may play a critical role in protecting native tissue from injury. It

is likely that more compact astrocytic scars limit the diffusion of microglia and macrophage-

derived pro-inflammatory molecules that have been suggested to be critical mediators of the

brain’s response to implanted devices14, 60, 62.

In this study, we observed a threshold dependent response between residual endotoxins on

intracortical microelectrodes and neuronal loss at the interface at two weeks post

implantation. Further, loss in neuronal populations surrounding the implant correlated with

threshold-dependent astrocytic scarring (Figure 4). Highest levels of endotoxin
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contamination from autoclaved implants correlated with the highest levels of neuronal loss

and scar formation. Dry heat and ethylene oxide sterilized implants showed similar loss of

neuronal populations surrounding the implant, yet both displayed higher neuronal densities

compared to autoclaved implants (Figure 6). These results suggest that endotoxins are an

effective stimulus to initiate density-dependent effects on neuronal populations around the

intracortical microelectrode-tissue interface at two weeks post implantation. Since loss of

viable neurons within the critical recording range (50–140μm) can directly cause loss in

high-quality recorded signals63, it is likely that increased endotoxin contamination may

directly impact the quality and stability of acute intracortical neural recordings.

Recent work has demonstrated a correlation between chronic intracortical neural recordings

and blood-brain barrier stability18. In our study, we observed elevated levels of IgG around

the interface at both time points indicating continued blood brain barrier permeability at 2

and 16 weeks (Figure 5). The highest levels of blood-brain barrier permeability (Figure 5)

were consistent with the highest levels of reactive microglia (Figure 3) and neuronal loss

(Figure 6), and support previous studies15, 16, 18, 27 Pro-inflammatory molecules secreted

from activated microglia/macrophages have been shown to facilitate the breakdown of the

blood-brain barrier, in an attempt to mediate inflammation64. Alterations in the local ionic

milieu caused by blood brain barrier disruption have been suggested to lead to neuronal

silencing, decreases in neuron conduction velocity, and/or compromised synaptic

stability16, 27. Our observations support current literature that suggests a self-perpetuating

neuroinflammatory response to pro-inflammatory molecules released by stimulated

microglia and macrophages through continued influx of blood-derived components14, 15.

The common link between each of the neuroinflammatory markers examined in this study

was the density dependent innate immune response to increasing levels of endotoxin

contaminants. The activation of subsequent inflammatory-mediated events appears to be

threshold dependent. Microglia and macrophages are capable of responding to many stimuli,

including endotoxins. Therefore, in order to prevent threshold level activation of subsequent

self-perpetuating neuroinflammatory events, each microglia stimuli, including endotoxins,

should be minimized. Thus, our findings support previous studies by from Gorbet and

Stefon, who advocate that endotoxin contamination should not be ignored in biomedical

studies. Specifically, Gorbet and Stefon show that exotoxin contamination can significantly

affect the biological tissue response, which can confound or mask the effect of the material

and/or device44.

Furthermore, we agree with Gorbet and Sefton that routine testing of endotoxin levels on

biomaterials is the responsibility of every scientist to ensure the validity of biomaterial

studies44. To begin to examine the impact that residual endotoxins may have had on the

brain-tissue response to intracortical microelectrodes, we surveyed the vast body of

literature that exists for descriptions of the sterilization methods used across the field (Figure

7A). Our findings indicate a wide range of sterilization methods used across the field

including autoclave, ultraviolet light, ethylene oxide gas treatment, gamma radiation, dry

heat sterilization, and ethyl alcohol treatment, among others. Interestingly, of the 108 papers

we surveyed, approximately 20% of studies do not mention any type of sterilization.

Further, no single study specifically quantifies endotoxin levels prior to implantation. In a
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similar manner, we also surveyed a representative population of published manuscripts,

which have performed chronic intracortical recording studies, and evaluated the sterilization

method used in these studies (Figure 7B). Within the 58 chronic recording studies we

surveyed, there existed a wide range of sterilization methods. Interestingly, over 80% of

groups did not mention any kind of sterilization, and no single study specifically reported

quantitation of endotoxin levels prior to implantation.

The choice of sterilization method is often governed by the surface properties as well as

material and chemical composition of the device. Therefore, the high variability in

sterilization methods used across the tissue-response and recording literature is not

unexpected. However, as no study has ever reported quantification of residual endotoxin

levels prior to implantation, we must do more to ensure that endotoxins are sufficiently

removed from the device in order to limit activation of inflammatory cascades. Specifically,

current FDA guidelines state that endotoxin levels must be at or below 0.5 EU/ml for blood

contacting medical devices and be at or below 0.06 EU/mL for devices that contact

cerebrospinal fluid (CNS devices)65, 66.

It is important to note that residual endotoxin levels on sterilized devices can greatly vary by

changing properties including method of sterilization, time, temperature, pressure, and

device composition65, 66. Therefore, importance should be given to determine the level of

residual endotoxins resulting from each method of sterilization rather than the just the choice

in the method of sterilization. For example, ethylene oxide gas sterilization as performed at

our facilities exhibited lower endotoxin levels than autoclave or dry heat sterilization.

However, this may not hold true at other institutions with altered procedural and

environmental conditions. Furthermore, as even standard sterilization procedures were not

sufficient to achieve FDA–recommended limits for residual endotoxins for CNS implants,

cyclic sterilization or combination of several sterilization methods may be necessary to

ensure the validity of histological examination of mechanisms contributing to the

neuroinflammatory response to intracortical microelectrodes.

5. Conclusions

In the present study, we explored the neuroinflammatory response to residual endotoxin

contamination on non-functional microelectrodes sterilized by autoclave, dry heat or

ethylene oxide gas. Microelectrodes sterilized by autoclave, dry heat, or ethylene oxide gas,

resulted in variable levels of residual endotoxins of 0.55 EU/mL, 0.22 EU/mL, and 0.11

EU/mL, respectively. Histological evaluation at two weeks post implantation showed a

direct correlation between microglia/macrophage activation and residual endotoxin levels.

Interestingly, astrogliosis, neuronal loss, and blood brain barrier dysfunction demonstrated a

threshold-dependent response to bacterial endotoxins at the interface. At sixteen weeks post

implantation, no histological differences were detected, regardless of the sterilization

method employed. The present results demonstrate that endotoxin contamination contributes

to variability in the initial but not chronic neuroinflammatory response to implanted

intracortical microelectrodes. Therefore, endotoxins should be considered a potent stimulant

to the neuroinflammatory response to implanted intracortical microelectrodes.
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Figure 1.
Cartoon depiction of several endogenous and exogenous factors known to stimulate the inflammatory response to microglia and

macrophages.
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Figure 2.
Residual endotoxin contamination present after cleaning and sterilization of microelectrodes by autoclave, dry heat or ethylene

oxide gas. Microelectrodes that did not undergo sterilization had significantly higher residual endotoxin levels compared to all

sterilized microelectrodes (#p<0.0002). Inset: autoclaved microelectrodes had significantly higher residual endotoxin levels

when compared to microelectrodes sterilized by dry heat and ethylene oxide gas (*p<0.001). Microelectrodes sterilized by dry

heat had significantly higher residual endotoxins compared to microelectrodes sterilized by ethylene oxide gas (*p<0.03).
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Figure 3.
Representative immunohistochemical images of CD68+ immunoreacivity surrounding microelectrodes sterilized by autoclave,

dry heat or ethylene oxide gas at 2 weeks (A–C) and 16 weeks (D–F) post implantation. Quantification of CD68+

immunoreactivity at 2 weeks post implantation (G) shows significantly higher levels between 0–100μm for microelectrodes

sterilized by autoclave compared to microelectrodes sterilized by dry heat or ethylene oxide gas. Further, significantly higher

CD68+ immunoreactivity was observed for microelectrodes sterilized by dry heat compared to ethylene oxide gas within the

first 50μm. At 16 weeks post implantation (H), similar levels of CD68+ immunoreactivity was seen around all implant,

regardless of initial endotoxin levels. Scale Bar = 100μm; * p<0.02
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Figure 4.
Representative immunohistochemical images of GFAP+ immunoreactivity surrounding microelectrodes sterilized by autoclave,

dry heat or ethylene oxide gas at 2 weeks (A–C) and 16 weeks (D–F) post implantation. Quantification of GFAP at 2 weeks (G)

shows significantly heightened astrogliosis up to 400μm from the interface for microelectrodes sterilized by autoclave compared

to microelectrodes sterilized by dry heat or ethylene oxide gas. At 16 weeks post implantation (H) no difference was seen

regardless of initial endotoxin levels. Scale Bar = 100μm; * p<0.02
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Figure 5.
Representative immunohistochemical images of IgG+ immunoreactivity at the interface of microelectrodes sterilized by

autoclave, dry heat or ethylene oxide gas at 2 weeks (A–C) and 16 weeks (D–F) post implantation. Quantification of IgG at 2

weeks (G) shows significantly higher accumulation of IgG was observed between 0–100μm for microelectrodes sterilized by

autoclave compared to microelectrodes sterilized by dry heat or ethylene oxide gas. (H) No statistical difference was observed at

16 weeks post implantation regardless of initial endotoxin levels. Scale Bar = 100μm; * p<0.02
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Figure 6.
Representative immunohistochemical images of neuronal nuclei density surrounding microelectrodes sterilized by autoclave,

dry heat or ethylene oxide gas at 2 weeks (A–C) and 16 weeks (D–F) post implantation. For all binned intervals at 2 weeks (G),

microelectrodes sterilized by autoclave had significant reduced neuronal density compared to microelectrodes sterilized by

ethylene oxide gas as well as background neuronal density of non-surgical age-matched controls. Further, significant decreases

in neuronal densities were seen between microelectrodes sterilized by autoclave compared to microelectrodes sterilized by dry

heat and ethylene oxide gas between 0–50μm. At 16 weeks, neuronal density remained significantly lower than background

neuronal density up to 200μm, regardless of sterilization method. However, at 16 weeks post implantation we observed no

significant difference based on initial endotoxin levels. Scale Bar = 100μm; * p<0.02; # p<0.05
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Figure 7.
Quantification of the number of citations as a function of both time interval and sterilization method (if reported) for both

histological studies of the brain-tissue response to non-functional intracortical microelectrodes (A) and electrophysiological

studies of chronically implanted intracortical microelectrodes (B).
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TABLE 2
Average Lambda Values ± S.E.M for IHC Analysis Curves

Average lambda values ± S.E.M for CD68, GFAP and IgG analysis curves for each sterilization method at 2

and 16 weeks post implantation. a p<0.02; significance between autoclave and dry heat b p<0.02; significance

between autoclave and ethylene oxide c p<0.05; significance between dry heat and ethylene oxide d p<0.02;

significance between 2 and 16 weeks within cohort. n = 4–7 animals for each cohort.

2 Weeks 16 Weeks

CD68

 Autoclave 100.18 ± 19.11a,b 85.63 ± 17.22b

 Dry Heat 38.12 ± 5.79 88.48 ± 14.72c,d

 Ethylene Oxide 38.94 + 15.38 24.64 ± 1.25

GFAP

 Autoclave 166.10 + 23.09a,b 130.55 ± 20.50

 Dry Heat 58.26 ± 10.21 154.73 ± 10.76d

 Ethylene Oxide 51.18 ± 1.19 157.89 ± 37.21d

IgG

 Autoclave 107.63 ± 20.84 69.96 ± 12.99c

 Dry Heat 61.45 ± 15.25 59.04 ± 24.04

 Ethylene Oxide 76.75 + 15.37 48.06 ± 11.25
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