1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biomaterials. 2014 July ; 35(22): 5637-5646. doi:10.1016/j.biomaterials.2014.03.076.

A Comparison of Neuroinflammation to Implanted
Microelectrodes in Rat and Mouse Models

Kelsey A. Potter-Baker2P:l Madhumitha Ravikumar2P.1, Alan A. Burke?2, William D.
Meador?, Kyle T. Householder2P, Amy C. Buck®P, Smrithi Sunil2P, Wade G. Stewart?, Jake
P. Anna?, William H. Tomaszewski2, and Jeffrey R. Capadona?P”

aDepartment of Biomedical Engineering, Case Western Reserve University, 2071 Martin Luther
King Jr Drive, Wickenden Bldg., Cleveland, OH 44106, USA

bAdvanced Platform Technology Center, L. Stokes Cleveland VA Medical Center, 10701 East
Blvd. Mail Stop 151 AW/APT, Cleveland, OH 44106-1702, USA

Abstract

Rat models have emerged as a common tool to study neuroinflammation to intracortical
microelectrodes. While a number of studies have attempted to understand the factors resulting in
neuroinflammation using rat models, a complete understanding of key mechanistic pathways
remains elusive. Transgenic mouse models, however, could facilitate a deeper understanding of
mechanistic pathways due to an ease of genetic alteration. Therefore, the goal of the present study
is to compare neuroinflammation following microelectrode implantation s between the rat and the
mouse model. Our study suggests that subtle differences in the classic neuroinflammatory markers
exist between the animal models at both two and sixteen weeks post implantation. Most notably,
neuronal densities surrounding microelectrodes were significantly lower in the rat model at two
weeks, while similar densities were observed between the animal models at sixteen weeks.
Physiological differences between the species and slight alterations in surgical methods are likely
key contributors to the observed differences. Moving forward, we propose that differences in the
time course of neuroinflammation between the animal models should be considered when trying to
understand and prevent intracortical microelectrode failure.
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1. Introduction

Intracortical microelectrode technology has emerged as a promising tool in both basic
neuroscience and functional rehabilitation [1, 2]. For example, intracortical microelectrodes
have been utilized to functionally map neuronal circuits that may play a role in the
progression of neurological diseases [3-6]. Additionally, intracortical microelectrodes have
the potential to record neuronal signals, which can be translated into functional outputs such
as moving a prosthetic device or computer cursor [7-9]. Unfortunately, long-term clinical
use of microelectrode technology is limited primarily due to chronic device instability
[10-12]. To this end, multiple studies have been conducted to better understand the failure
modes of intracortical microelectrodes. Specifically, recent studies by Prasad et al. and
Barrese et al. have suggested a dominant role of neuroinflammation directly contributing to
mechanical, material and biological failure modes following microelectrode implantation
[12-14].

Given the correlation between the neuroinflammation and device failure, several groups
have begun to implicate the role of individual or small groups of pro-inflammatory
molecules in facilitating neurodegeneration, device corrosion, or the propagation of the
neuroinflammatory response [11, 15-21]. For example, Karumbaiah et al. and Moshayedi et
al. each utilized quantitative PCR to identify specific genes (IL-36Ra and TLR-4,
respectively) that were up-regulated following microglia responses to increased tissue strain
[16, 17]. Skousen et al. demonstrated the potential correlation between tumor necrosis factor
—alpha (TNFa) and neuronal loss at the microelectrode/tissue interface using both computer
models and histological assessment of rats implanted with microelectrodes [18].
Furthermore, Potter et al. recently provided a correlation between reactive oxygen species
accumulation and the up-regulation of TLR-4 and catalase combined with increased
neurodegeneration [19]. While each of these studies suggested a correlation between a
specific inflammatory gene or pathway and neuroinflammation, none are capable of
determining definitive conclusions regarding the temporal relationship between an
individual pathway and microelectrode performance. The inability to draw such definitive
conclusions is due to the fact that multiple pathways play a role simultaneously in
propagating neuroinflammation following microelectrode implantation [22, 23]. In order to
draw such conclusions, the field must begin to look at transgenic ‘knock-out’ or ‘knock-in’
mouse models.

In contrast to rat models, transgenic mouse models have gained popularity in the biosciences
for mechanistic studies aided in the discovery of novel therapeutics. For example, using an
Alzheimer's disease (AD) mouse model, Cramer et al. recently reported on therapeutics
capable of rapidly clearing amyloid plaques [24]. Additionally, the use of a mouse model
lacking superoxide dismutase has resulted in the development of therapeutics for
amyotrophic lateral sclerosis and AD [25-27].

As the intracortical microelectrode fields moves closer to identifying a specific gene, cell
type or neuroinflammatory pathway, transgenic mouse models may provide definitive

answers to factors associated with mitigating device failure. In order to investigate a new
animal model for the application of intracortical microelectrodes, it is critical establish a
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comparative baseline between the widely accepted rat model and the inevitable mouse
model. Hence, the goal of the current study was to compare neuroinflammation to implanted
intracortical microelectrodes between the rat and the mouse model. In this study, we focused
our analysis on the quantification of the most common immunohistological markers used in
the field, at both initial (2 weeks) and chronic (16 weeks) time points post implantation.

2. Materials and Methods

2.1 Animals and Surgical Implantation

All procedures and animal care practices for both animal models utilized in this study were
done in accordance with the Case Western Reserve University Institutional and Animal Use
and Care Committee (IACUC). Rats were obtained from Charles Laboratory and age-
matched to 7-8 weeks of age (~200-250g) at the time of surgery. Similarly, C57-BL6 mice
were obtained from Jackson Laboratory and age-matched to ~6 weeks of age (~20 g) at the
time of surgery.

Surgical procedures followed our previously published protocols for both animal models
[21, 28, 29]. Briefly, rats were anesthetized with a mixture of ketamine (80 mg/kg) and
xylazine (10 mg/kg) administered by intraperitoneal (IP) injection and maintained on
anesthesia using isofluorane (1-2%) for the duration of the surgery. Similarly, mice were
anesthetized with isofluorane (3-5%) and maintained at 1-2% throughout the surgery.
Following administration of anesthesia, the surgical area was shaved and the animal was
mounted onto a stereotaxic frame. A subcutaneous (SQ) injection of Marcaine (~100ul;
0.25%) was then administered below the incision site as a local anesthetic. To ensure a
sterile surgical field, the shaved surgical site was scrubbed with alternating passes of
betadine and 70% isopropanol. It is also important to note, that all surgical procedures for
mice were performed in a class Il sterile hood using microisolator techniques. To prevent
retinal drying, ophthalmic ointment was used throughout the surgery. Additionally, prior to
surgery all animals received the antibiotic cefazolin (16 mg/kg) and analgesic meloxicam (1
mg/kg (rats), 4 mg/kg (mice)) by SQ injection to prevent infection and manage pain,
respectively.

An incision was created down midline until lambda and bregma were visible, and the
surrounding tissue was retracted to expose the skull. The skull was penetrated using a biopsy
punch (P/N #536, PSS Select) to create 3-mm hole, exposing the brain tissue (3 mm lateral
to the midline and 4 mm caudal to bregma (rats); 1 mm lateral to the midline and 2 mm
caudal to bregma (mice). For rats, the dura was then reflected manually using a 45° dura
pick. Dura reflection was not nece ssary for mice. A non-functional single shank
‘Michigan’-type electrode (2 mm x 123 pm x 15 pm) was then slowly inserted into cortical
tissue by hand in both animal models, while taking precaution to avoid any visible
vasculature. Microelectrodes were implanted approximately 2 mm into the cortex and
implant orientation was maintained across all surgeries. All implanted electrodes used in this
study underwent ethylene oxide (EtO) gas sterilization [28]. Prior to implantation, all
electrodes were degassed for a minimum of 12 hours. Following electrode placement, kwik-
sil (World Precision Instruments) was applied over the exposed cortical tissue to prevent
cortical drying. Inserted electrodes were then securely anchored to the skull using ultra-
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violet (UV) curing dental acrylic (Fusio/Flow-it ALC, Pentron Dental). Finally, the incision
site was closed using 5-0 monofilament polypropylene suture and topical triple antibiotic
ointment was applied over the sutured area to prevent drying and infection.

2.2 Tissue Extraction and Processing

The neuroinflammatory response to intracortical microelectrodes between the rat and the
mouse model was compared at pre-determined time points of either two or sixteen weeks
[21]. Prior to perfusion, animals were heavily anesthetized with an IP injection of ketamine
(80 mg/kg) and xylazine (10 mg/kg). Each animal was then transcardially perfused with 1X
phosphate buffered saline (PBS) until the exudate was clear (approximately 500 mL per rat
and 20 mL per mouse). Tissue was subsequently fixed with 4% paraformaldehyde (PFA).
Brain tissue was carefully extracted and placed in fresh 4% PFA for 48-72 hours at 4° C
until cryoprot ected.

Rat brains were then cryoprotected using a stepwise gradient of sucrose (10%-20%-30%) in
1X PBS. Mouse brains were cryoprotected in 30% sucrose in PBS for 48 hours. Following
cryoprotection, both rat and mouse brains were frozen in optimal cutting temperature (OCT)
medium (Tissue Tek). Brain tissue was then sliced into either 20 um (rats) or 16 um (mice)
thick axial sections and directly mounded onto glass slides (SuperFrost Plus). All mounted
sections were stored at -80°C until immunohistochemistry was performed.

2.3 Immunohistochemistry

Two critical time points (two and sixteen weeks) important in the assessment of
neurodegenerative events were analyzed and compared between the two models [21, 30]. At
each pre-determined end-points of two and sixteen weeks, the neuroinflammatory response
was assessed between the animal models using common immunohistochemical markers
used in the field [31-33].

2.3.1 Antibodies—The following primary antibodies were used to evaluate rat cortical
tissue in this study: mouse anti-glial fibrillary acidic protein (GFAP) (1:500, #A-21282, Life
Technologies), mouse anti-CD68 (1:100, #MAB1435, Chemicon), mouse anti-neuronal
nuclei (NeuN) (1:250, #MAB377, Chemicon) and rabbit anti-immunoglobulin G (IgG)
(1:100, #618601, AbD Serotec).

The following primary antibodies were used to evaluate mouse cortical tissue in this study:
rat mAb to CD68 [FA-11] (1:500, ab53444, Abcam), GFAP polyclonal rabbit antiserum
(1:500, RA22101, Neuromics), rabbit anti-Ms IgG (1:1000, STAR26B AbD Serotec), and
mouse anti-NeuN clone A60 (1:250, MAB377, Millipore).

2.3.2 Immunofluorescent Antigen Tissue Labeling—Immunohistochemistry was
performed using previously established methodology [28, 29]. Briefly, tissue sections were
removed from -80°C and were equilibrated to room temperature (RT) for approximately 15
minutes. Tissue was then washed three times with 1X PBS to remove remaining OCT and
permeated with 1X PBS with 0.1% Triton-X 100 (Sigma) (1X PBS-T) for 15 minutes.
Tissue sections were then incubated in blocking buffer (4% v/v serum, 0.3% v/v Triton-X
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100, 0.1% wi/v sodium azide) for 1 hour at RT. To stain rat tissue sections, goat serum was
used in the blocking buffer. Similarly, to stain mouse tissue sections, chicken serum was
used in the blocking buffer. Next, primary antibodies (diluted in blocking buffer) were
added to tissue sections and incubated for 18-22 hours at 4°C.

Unbound primary antibodies were then removed using six subsequent washes with 1X PBS-
T. Next, species-specific secondary antibodies (anti-rabbit, anti-goat, anti-mouse or anti-rat
Alexa-Fluor 488 and anti-rabbit, anti-goat or anti-mouse Alexa-Fluor 594, Molecular
Probes) were diluted 1:1000 in blocking buffer and incubated with tissue sections for two
hours at RT. Total cell population was also labeled in all tissue samples using 4/,6-
diamidino-2-phenylindole (DAPI, Life Technologies). Following secondary incubation,
unbound secondary antibody was removed using six subsequent washes with 1X PBS-T.
Next, detergent (Triton-X) was removed with an additional three washes with 1X PBS.
Additionally, tissue autofluorescence was removed using a 10 minute treatment with 0.5
mM copper sulfate buffer (50 mM ammonium acetate, pH 5.0) [29]. Finally, slides were
thoroughly rinsed with ddH,O and coverslipped using Fluoromount-G (Southern Biotech).
All slides were air dried at RT at then stored in the dark at 4 °C.

2.3.3 Chromagenic Labeling of Neuronal Nuclei—For mouse tissue, neuronal nuclei
densities were assessed using a Diaminobenzidine (DAB) histochemistry kit (SuperPicture
Polymer DAB kit, Life Technologies) using methods previously described [28]. Briefly,
tissue sections were permeated for staining as described in section 2.3.2. Sections were then
blocked in blocking buffer (containing goat serum) for 1 hour at RT. Following blocking,
primary antibody (diluted in blocking buffer) was added to tissue sections and incubated for
1 hour at RT. Unbound primary antibody was then removed with three washes of 1X PBS.
Next, 100 pL of horseradish peroxidase (HRP) polymer conjugate was added to each tissue
section for 10 minutes at RT. Unbound HRP was then removed with three washes of 1X
PBS. Next, 100 uL of DAB chromogen was added to each tissue section for 5 minutes at
RT. Finally, slides were thoroughly rinsed with ddH,O, counterstained with hematoxilin,
thoroughly dehydrated and coverslipped using Histomount (Life Technologies).

2.4 Imaging and Quantitative Analysis

Fluorescently stained tissue was imaged using a 10X objective on an AxioObserver Z1
(Zeiss Inc.) and an AxioCam MRm (Zeiss Inc.). In the case of DAB stained tissue, an
AxioCam ERCc5 color camera was used to acquire images. For all analyzed markers, a larger
field of view was acquired using at least 9 individual 10X images, which were stitched
together using MosaiX (Zeiss Inc.) software. In addition, for all fluorescent images,
exposure times were held constant for each analyzed marker. Acquired images were
exported at 16-bit tagged imaging files (TIFs) using AxioVision LE (Zeiss Inc.) software.

In this study, three quantification schemes were utilized. All markers except neuronal nuclei
were quantified using an in-house, freely available, written MATLAB code (MINUTE) [29].
However, due to anatomical differences that exist between rat and mouse brain tissue, here
we report on an updated version of our MINUTE software. Specifically, labeled antigens
were quantified using MINUTE v1.5 (Figure 1). In the new version of the graphic user
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interface, the chronic region was still defined and image intensity was still quantified in
expanding 2 um rings from the defined region of interest. In addition, however, exclusion
regions were defined (if needed) to remove regions void of tissue (Figure 1D). For each
marker, intensities were normalized to a background region denoting endogenous expression
of labeled antigens, defined as approximately 600 um from the interface.

Normalized intensity curves were also curve fitted using a freely available software, ezyfit,
following our previously reported methods, to obtain the distance at which 63% of the total
area of the curve had occurred (lambda, )) [28, 29]. Data presentation of normalized
intensity plots is shown as an average of animals + the standard error of the mean. To enable
statistical comparisons within a given model between two and sixteen weeks, the area under
the normalized intensity curve was calculated at pre-determined binned intervals (0 to 50
um, 50 to 100 pm, 100 to 200 um and 200 to 300 um).

Inherent differences between the rat and the mouse model are expected due to differences in
tissue sectioning and immunohistochemical analysis. Therefore, in order to directly compare
neuroinflammatory markers between the animal models, total percent of the cell population
at pre-determined binned intervals (0 to 50 um, 50 to 100 um, 100 to 200 um and 200 to 300
pum) was evaluated based on the normalized intensity curves. Specifically, the total area
under the normalized intensity curve was evaluated from 0 to 500 um for each assessed
image. Then, the percentage of the total area under the curve was reported for each of the
binned interval regions. Data is reported as an average of animals + the standard error of the
mean. Statistical comparisons were made between the rat and the mouse models for each
time point using the evaluated percentages at each binned interval.

Fluorescently labeled neuronal nuclei (NeuN) in rat tissue was quantified using Adobe
Photoshop. First, a region of interest was manually defined and expanding concentric rings
at pre-determined intervals, were drawn up to 400 um. Next, the total cell count and area
within each region was manually determined. Neuronal densities were then normalized to
non-surgical age-matched control animals. Control neuronal densities were determined
using the same methodology as implanted tissue and are defined as 2757 + 274 cells/mm?
and 1815 + 176 cells/mm2, for two weeks and sixteen weeks in the rat model.

To quantify neuronal nuclei densities in mouse tissue, a custom MATLAB program (NERD)
was used, as previously described [28]. Briefly, using the graphic user interface, the implant
site was manually designated. The MATLAB code was designed to draw expanding
concentric rings at pre-determined radial distances from the implant region. Next, the
locations of each neuronal nuclei was user-defined and neuronal densities were calculated
for each binned interval within the software. Neuronal densities were then normalized to
non-surgical age-matched control animals. Control neuronal densities were determined
using the same methodology as implanted tissue and are defined as 1944 + 28 cells/mm?2 and
1841 # 52 cellssmm?2, for two weeks and sixteen weeks in the mouse model.

For both animal models, all neuronal nuclei counts are reported as a percent to age-matched
non-surgical control animal and shown as an average of animals + the standard error of the
mean.
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2.5 Statistical Analysis

Statistical analysis was performed using Minitab software (Minitab, Inc) using independent
animal averages (n = 5-7 animals/conditions). Pairwise comparisons were performed using a
general linear one-way analysis of variance (ANOVA) model using a post-hoc Tukey test.
Significance was considered as p<0.05.

3. Results

3.1 Activated Microglia and Macrophages (CD68)

Within the context of our study, we compared the neuroinflammatory response to
intracortical microelectrodes between the rat and the mouse model. First, we investigated the
presence of CD68, a cytoplasmic antigen over-expressed in activated microglia and
macrophages, around the implanted microelectrode at two and sixteen weeks post
implantation [34].

At both time points in the rat model, CD68+ immunoreactivity was found to be concentrated
within the first 100 um of the implanted microelectrode (Figure 2A). Additionally, we found
that CD68+ immunoreactivity significantly declined from 0 to 100 um between two and
sixteen weeks in the rat model (Figure 2A). Similar CD68+ immunoreactivity was observed
in the mouse model, where the peak antigen intensity was found to be within the first 100
um of the implant (Figure 2B). However, in contrast to the rat model, the mouse model
showed no significant differences in CD68+ immunoreactivity between two and sixteen
weeks.

We next compared the percent distribution of CD68+ immunoreactivity up to 300 um from
the implant between the rat and mouse model (see Section 2.4). At two weeks, we found
similar CD68+ immunoreactivity between the rat and the mouse model (Figure 2C).
However, by sixteen weeks, the rat model demonstrated a more widespread distribution
profile compared to the mouse model, with a significantly smaller percent CD68*
immunoreactivity within the first 50 um of the implant (Figure 2D) and a significantly larger
lambda value (Table 1). Significant differences in CD68+ distribution profiles were
observed up to 200 um away from the implanted device at sixteen weeks (Figure 2D).

3.2 Activated Astrocytes (GFAP)

A leading hypothesis for increases in microelectrode impedance following implantation is
related to astrocyte-mediated encapsulation (termed ‘glial scarring’ or “astrogliosis’) of the
implanted device [35]. Astrogliosis, acting as a barrier to diffusion, has also been suggested
to have a prominent role in creating a neurotoxic environment around implanted
microelectrodes [36]. Therefore, we next examined the expression of glial fibrillar acidic
protein (GFAP), a marker endogenously expressed in all astrocytes and up-regulated during
inflammation [37].

We found a significant decrease in GFAP expression from two to sixteen weeks between 0
to 500 um from the microelectrode-tissue interface in the rat model (Figure 3A).

Additionally, lambda values in the rat model (Table 1) suggested that the scar matures and
becomes more compact from two to sixteen weeks. Interestingly, the opposite trends were

Biomaterials. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Potter-Baker et al.

Page 8

noted in the mouse model. Specifically, GFAP expression was significantly lower at two
weeks between 0-50 um from the microelectrode surface, compared to sixteen weeks, in the
mouse model (Figure 3B). In addition, a more diffuse glial scar, as denoted by a higher
lambda value, was observed at sixteen weeks in comparison to two weeks (Table 1).

Significant differences in GFAP+ distribution profiles were observed between the rat and
the mouse model at two weeks after implantation. Specifically, we found that the mouse
model had a higher percent GFAP+ immunoreactivity from 0 to 50 um away from the
implant interface (Figure 3C). The rat model had significantly higher percentages of GFAP+
immunoreactivity from 100 to 200 um compared to the mouse model (Figure 3C) at two
weeks, likely due to a more diffuse scar. By sixteen weeks, however, a similar GFAP+
distribution profile was observed between animal species (Figure 3D).

3.3 Blood-Brain Barrier Diffusivity (IgG)

Activation of microglia/macrophages and astrocytes can result in the release of pro-
inflammatory cytokines and molecules into the local environment that can directly influence
the permeability of neighboring cortical vasculature [18]. Further, a recent study by Saxena
et al. demonstrated a correlation between blood-brain barrier disruption and loss of recorded
neuronal signals from implanted microelectrodes [38]. Therefore, given the prominent role
of blood-brain barrier stability in microelectrode function, we next assessed the permeability
of vasculature around implanted devices in the rat and the mouse model. Here, we
investigated the presence of immunoglobulin G (IgG), a blood protein normally not found in
native brain tissue. Specifically, Winslow et al. demonstrated that in the rat microelectrode
model, 1gG infiltrates cortical tissue only following damage of local vasculature [39].

In the rat model, we found similar IgG+ immunoreactivity between two and sixteen weeks
post implantation (Figure 4A). In contrast, the mouse model displayed significantly less 1gG
+ immunoreactivity at two weeks from 100 to 200 um from the microelectrode surface,
compared to sixteen weeks post implantation (Figure 4B).

Comparisons of 1gG+ distribution profiles around the implant region showed no significant
differences between the animal models at two weeks post implantation (Figure 4C).
However, by sixteen weeks, significantly higher 1gG diffusivity was observed in the rat
model compared to the mouse model, as indicated by a larger lambda value (Table 1).
Specifically, significant differences in 1gG+ distribution profiles were observed up to 200
pum between the rat and the mouse model at sixteen weeks post implantation (Figure 4D).

3.4 Neuronal Nuclei (NeuN)

Alterations in microglia/macrophages, astrocytes and blood-brain barrier stability can
directly affect the viability of the neuronal environment [19, 30]. It has also been suggested
by Buzsaki et al., that neuronal cell bodies must be within 50 to 140 um of the implanted
microelectrode to obtain reliable recordings [40]. Therefore, we also investigated the density
of neuronal nuclei populations around implanted microelectrodes in both the rat and the
mouse models. Here, we used a NeuN antibody, selectivity staining neuronal cell bodies in
cortical tissue [41].
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In the rat model, neuronal densities significantly increased at all binned intervals past 50 pm
between two and sixteen weeks (Figure 5A-E). This is likely due to the fact that background
neuronal densities were considerably higher at two weeks (2757 + 274 cells/mm?2) compared
to sixteen weeks (1815 + 176 cells/mm?). The opposite trend was observed in mouse tissue.
In the mouse model, neuronal densities significantly decreased at all binned intervals
analyzed (0-400 pm) from two to sixteen weeks. Further, background neuronal densities
remained comparable between two (1944 + 28 cells/mm?) and sixteen weeks (1841 + 52
cells/mm?2) in the mouse model.

At two weeks post implantation, significant differences in neuronal densities were observed
between the two models from 0 to 50 pm and 200 to 300 pm from the implant (Figure 5A-
E). By sixteen weeks after implantation, no significant differences were observed between
the animal models (Figure 5F-J). In addition to comparisons between animal models, we
also investigated statistical comparisons between a given binned interval and the background
density (non-surgical age-matched sham) within each animal model. At two weeks, we
found that the rat model had significantly lower densities compared to background densities
from 0 to 50 um (Figure 5E). In contrast, the mouse model demonstrated a larger neuronal
‘dead-zone’, with background densities not returning to background densities until beyond
100 um (Figure 5E). At sixteen weeks, neuronal densities comparable to background
densities by 50 um away from the interface in the rat model. In contrast, the mouse model
displayed significantly lower neuronal densities compared to background densities until 300
um away from the interface (Figure 5J).

4. Discussion

Understanding the progression of neuroinflammation to intracortical microelectrodes is
critical in developing neuroprotective strategies to facilitate long-term implementation of
microelectrode technology. Further, identifying key mechanistic pathways that contribute to
neuroinflammation could aid in the development of more favorable long-term therapeutic
targets [42, 43]. To date, most studies trying to elucidate mechanisms resulting in
neuroinflammation following microelectrode implantation have been conducted in rat
models [14, 31, 39, 44]. However, given the ease of genetic alteration, the use of mouse
models could be critical in decoupling the mechanistic pathways resulting in
neurodegeneration. Hence, we conducted a quantitative assessment of neuroinflammatory
events to implanted intracortical microelectrodes between a rat and mouse model.

Within our study, we noted changes in activated inflammatory cell density at the device
interface (Figures 2-3). Noted differences are likely due to differences in: (1) antigen
expression, (2) native cell density or (3) scaling between the two models. For example,
while quantitative differences were not observed in CD68+ distribution profiles at 2 weeks
post-implantation, we did note a larger intensity of activated microglia/macrophages at the
interface for the rat model (Figure 2A, 2B inset). This may be due to the
immunohistochemical marker used to detect the CD68+ antigen in cortical tissue.
Specifically, in rat tissue, we used an ED-1 clone to CD68, which recognizes a single chain
glycoprotein of 110kD that is expressed predominantly on the lysosomal membrane of
myeloid cells [34]. In contrast, a FA-11 clone to CD68 was used in mouse tissue, which
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recognizes mouse macrosialin, a heavily glycosylated transmembrane protein also classified
as a unique scavenger receptor (ScR) family member [45]. Hence, it is possible that
differences in the cellular location of CD68+ immunoreactivity influenced our observed
results.

Endogenous cellular expression of all microglia/macrophages (Figure 6A-B), astrocytes
(Figure 6C-D) and neuronal nuclei (Figure 6E-F) may also explain differences between the
animal models. Consistent with previously reports comparing rat and mice brains [46-48],
we observed that mouse tissue demonstrated notably less cellular expression of IBA-1+
immunoreactivity (total microglia/macrophages) [49], as well as GFAP+ immunoreactivity
(astrocytes). Further, we noted considerable differences in neuronal densities at two weeks,
of non-surgical control animals between the rat (2757 + 274 cells/mm?2) and the mouse
models (1944 + 28 cells/mm?2) (Figure 6E, F). Specifically, at two weeks, neuronal densities
were considerably higher (2757 + 274 cells/mm?) in the rat model compared to the mouse
model (1944 + 28 cells/mm?).

Changes in inflammatory cell density could also be attributed to differences in the scale
between the two animal models. In this study, methodology to assess neuroinflammation
following microelectrode implantation was kept as similar as possible to allow for a direct
comparison between the models. However, the size of the mouse brain is significantly
smaller compared to the size of the rat brain. For example, several differences exist in the
thickness of the cortical tissue, size of the cortical layers and the distribution of
inflammatory cells within the tissue space [50] (Figure 7). In fact, Woolley et al., reported a
depth-dependent neuroinflammatory response to intracortical microelectrodes [51].
Therefore, changes in cellular intensity and distribution profiles may be due to varying
densities of neuroinflammatory cells down the shank of the microelectrode between the
animal models.

Minimal differences in neuronal densities at the interface were noted between the animal
models (Figure 5E). The reduction in neuronal density in the rat model at two weeks was
correlated with a more diffuse glial scar around the microelectrode (Figure 3C; Table 1).
Our results are consistent with other groups that have suggested that cellular compaction of
the astroglial scar may play a role in limiting the diffusion of pro-inflammatory cytokines
secreted by microglia and macrophages, which are key mediators in facilitating
neurodegeneration [36, 52-54], as well as provide a mechanical shield to protect from micro-
motion induced tissue strain [55, 56].

Release of pro-inflammatory molecules by microglia and macrophages can also directly
affect the integrity of local vasculature. Following blood-brain barrier (BBB) disruption,
alterations in local ionic milieu can result in alterations in neuronal conduction velocity and
compromised synaptic stability [57-59]. Additionally, extravasated serum proteins have
been suggested to result in a self-perpetual cycle of neuroinflammation and
neurodegeneration [19]. Blood brain barrier stability has also been linked to reductions in
recording quality [38].
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To measure the integrity of vasculature in our study, we utilized labeling of immunoglobulin
G (IgG), a serum protein not normally found in cortical tissue [60]. We observed elevated
levels of 1gG around the interface in both models, at both time points, indicating chronic
BBB disruption. Significant differences in 1gG intensity distributions were only noted
between the animal models at sixteen weeks post implantation (Figure 4). We found that
changes in 1gG intensity distribution at sixteen weeks correlated with observed differences
in CD68+ immunoreactivity between the animal models (Figure 2). Similar to previous
reports [39, 61], our results suggest that activation of microglia/macrophages may play a key
role in facilitating BBB stability around implanted microelectrodes.

Although a few significant differences were observed between the two models, a number of
factors likely contribute to neuroinflammation to implanted microelectrodes. Specifically,
we cannot discount the fact that inherent differences in surgical technique exist in both
animal models. For example, the skull of the mouse is approximately 5 times thinner than
the rat [62]. Therefore, it is probable that changes in pressure during skull removal could
affect localized edema and possible infiltration of meningeal cells into the implantation site.
In addition, as discussed in Figure 6 and Figure 7, inherent differences in the scale and
physiology of the animal models could affect the observed differences in the inflammatory
response following microelectrode implantation.

5. Conclusions

In this study, we found a similar neuroinflammatory response following microelectrode
implantation between rat and mouse models at two and sixteen weeks post implantation.
Slight variations in the neuroinflammatory response could be attributed to surgical technique
and fundamental differences in anatomical/physiological processes. Here, we suggest that
future researchers be aware of the key differences in the neuroinflammatory time course
when moving towards using the mouse model. Particularly, it is important to keep variations
between the two animal models in mind when trying to elucidate mechanistic pathways that
may play a role in propagating the neuroinflammatory response. We conclude that the
potential mechanistic information that can be gained by exploiting the use of transgenic
mouse models far outweighs the cautionary risks that need to be accounted in the careful
interpretation of data between species.
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Raw Image
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Figure 1.
Microelectrode INterface Universal Tool for Evaluation (MINUTE v1.5). Within the

graphical user interface, the region of interest (ROI) is defined (A/C) and expanding
concentric rings are created around the ROI at a fixed radial distances of 2 um. Here, images
(B/D) are shown with expanded ellipses repeating every 200 um for visual clarity. Within
the new reported version of the software, exclusion regions can be created to remove any
regions void of tissue from analysis (D).
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Figure 2.
Normalized CD68* immunoreactivity surrounding implanted intracortical microelectrodes

in the rat and the mouse model. (A) Significantly more CD68+ immunoreactivity was
observed in the rat model up to 100 pum from the interface at two weeks (solid red) compared
to sixteen weeks (dashed red). (B) In the mouse model, both two (solid blue) and sixteen
(dashed blue) weeks demonstrated similar intensity expression profiles for CD68. (C)
Comparing the percent CD68+ distribution profiles between the rat and mouse model
showed no statistical differences for any investigated binning interval at two weeks post
implantation. (D) However, the mouse model had significantly higher CD68+
immunoreactivity from 0-50 pm from the implanted device at sixteen weeks compared to the
mouse model. *p<0.05; Scale = 100 pm; n = 4-7 animals for each cohort
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Astrocytic scarring (GFAP+ immunoreactivity) around implanted intracortical
microelectrodes in the rat and the mouse model. (A) GFAP+ immunoreactivity was found to
be significantly higher up to 500 pm away from the implant at two weeks (solid red)
compared to sixteen weeks (dashed red) in the rat model. (B) In contrast, lower GFAP+
immunoreactivity was found within the first 50 um of the implanted device at two weeks
(solid blue) compared to sixteen weeks (dashed blue) in the mouse model. (C) GFAP+
distribution profiles were significantly higher in the mouse model in comparison to the rat
model at two weeks from 0-50 um and 100-200 um from the microelectrode-tissue interface.
(D) By sixteen weeks, similar GFAP+ distribution profiles were observed between the
animal models. *p<0.05; Scale = 100 um; n = 4-7 animals for each cohort
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Figure 4.
Blood-brain barrier permeability (IgG) around implanted microelectrodes in the rat and the

the mouse model. (A) In the rat model, similar IgG+ immunoreactivity was observed at two
weeks (solid red) and sixteen weeks (dashed red). (B) In contrast, significantly more IgG+
immunoreactivity was noted from 50 to 200 um away from the implanted device at two
weeks post implantation in the mouse model. (C) Similar IgG+ distribution profiles were
observed in both the rat and the mouse model at two weeks. (D) By sixteen weeks, however,
a more diffuse/widespread 1gG+ distribution profile was noted in the rat model (0-200 pm)
compared to the mouse model. *p<0.05; Scale = 100 um; n = 4-7 animals for each cohort
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Figure 5.
Neuronal nuclei densities around implanted microelectrodes in the rat and the mouse model.

At two weeks post implantation, statistical differences between neuronal densities the rat
and mouse models were noted from 0-50 pm and 200-300 pum away from the implant (A-E).
No significant differences were observed between the animal models at sixteen weeks post
implantation (F-J). The total neuronal nuclei density was calculated for each model at two
and sixteen weeks and is reported as a percent cell density to a non-surgical, age-matched
sham control. Data represents an average + s.e.m. *p<0.003; *p<0.01 vs. rat sham
background; Tp<0.002 vs. mouse sham background, scale = 100pm:; n = 4-7 animals for each
cohort

Biomaterials. Author manuscript; available in PMC 2015 July 01.



1duosnuely Joyny vd-HIN

Potter-Baker et al. Page 20

Rat
o -
C

Astrocytes

i T
I" " x
Neurons R A
Figure 6.

Endogenous expression inflammatory cells in cortical tissue in the rat and the mouse model.
Expression of microglia/macrophages (A, B), astrocytes (C, D) and neurons (E, F) in a two
week age-matched non-surgery control shams. Scale bar=100 pm.
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Figure 7.
Schematic illustration of differences in cortical layers between the rat and the mouse model.
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Table 1

Average Lambda Values = S.E.M for IHC Analysis Curves

2 Weeks
CD68
Rat 41.96 £ 3.46

Mouse 027 +12.72 0

GFAP

Rat 204.09 +29.09 €
Mouse 5599+ 4,87 bC
19G

Rat 91.80 % 8.61

Mouse 117,97 + 26.80 b

16 Weeks

65.05+8.38 €

2753 +3.03bc

134.90 +24.78

155.96 + 31.79 b

91.41 +14.919°¢

54.55 + 9,59 bc

Page 22

Average lambda values + S.E.M for CD68, GFAP and IgG analysis curves for the rat and mouse model at 2 and 16 weeks post implantation.

a . . . . .
denotes significant differences within the rat model from 2 and 16 weeks post implantation;

denotes significances within the mouse model from 2 to 16 weeks post implantation;

c - . .
values denote significant differences between the rat and mouse model (p<0.05). n = 4-7 animals for each cohort
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