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Abstract

Resident microglia and blood-borne macrophages have both been implicated to play a dominant

role in mediating the neuroinflammatory response affecting implanted intracortical

microelectrodes. However, the distinction between each cell type has not been demonstrated due

to a lack of discriminating cellular markers. Understanding the subtle differences of each cell

population in mediating neuroinflammation can aid in determining the appropriate therapeutic

approaches to improve microelectrode performance. Therefore, the goal of this study is to

characterize the role of infiltrating blood-derived cells, specifically macrophages, in mediating

neuroinflammation following intracortical microelectrode implantation. Interestingly, we found no

correlation between microglia and neuron populations at the microelectrode-tissue interface. On

the other hand, blood-borne macrophages consistently dominated the infiltrating cell population

following microelectrode implantation. Most importantly, we found a correlation between

increased populations of blood-derived cells (including the total macrophage population) and

neuron loss at the microelectrode-tissue interface. Specifically, the total macrophage population

was greatest at two and sixteen weeks post implantation, at the same time points when we

observed the lowest densities of neuronal survival in closest proximity to the implant. Together,
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our results suggest a dominant role of infiltrating macrophages, and not resident microglia, in

mediating neurodegeneration following microelectrode implantation.
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1. Introduction

Microelectrode technology is emerging as a promising tool in both basic neuroscience and

functional rehabilitation applications [1,2]. Intracortical microelectrodes can record signals

from individual or small populations of neurons within the brain. Recorded signals can then

be used as control signals to functionally map neuronal circuits and advance our

understanding of normal brain function as well as the progression of several diseased states

[3–6]. In addition, recent advances in microelectrode technology have enabled researchers to

use recorded signals to control several assist devices for rehabilitation applications [7–11].

Despite the enormous potential in using intracortical micro-electrodes in both research and

clinical settings, microelectrode technology is limited by the diminishing ability to

consistently record high-quality signals over time [12–14]. To this end, significant efforts

have been made to elucidate the mechanisms of microelectrode failure over time. Increasing

evidence suggests a dominant role of the neuroinflammatory response in mediating

mechanical-, material- and biological-mediated failure of intra-cortical microelectrodes [15–

17]. Specifically, several groups have suggested a dominant role of microglia and infiltrating

blood-derived cells in mediating the neuroinflammatory events following microelectrode

implantation [18–21].

Rennekar et al. established the first connection between neuro-inflammation and

intracortical microelectrode recording quality in 2007 by using the anti-inflammatory drug

minocycline to improve the longevity of recorded neuronal signals [19]. Minocycline, a

known antibiotic, can inhibit activation of microglia and macrophages by blocking the

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κβ) pathway, as well as

inhibiting cell apoptosis by down-regulating tumor-necrosis factor-alpha (TNF-α)

production by activated T-lymphocytes (T-cells) [22,23]. Specifically, Rennekar and

colleagues showed increased signal to noise ratios and reduced astroglial scar formation in

animals receiving mino-cycline, compared to animals without treatment. More recent studies

have demonstrated the potential importance of myeloid cells in mediating

neuroinflammatory events and chronic recording stability to implanted intracortical

microelectrodes. For example, Saxena and colleagues found a direct correlation between

blood--brain barrier disruption and recording quality [18]. Specifically, the authors showed

that the presence of infiltrating myeloid cells at sixteen weeks post-implantation correlated

with chronic neuro-inflammation and loss in recording function [18].

In addition to infiltrating blood-derived cells, Winslow et al. first suggested the correlation

between blood–brain barrier integrity and neuroinflammation at the microelectrode tissue

interface by quantifying IgG+ immunoreactivity at the microelectrode interface [24].
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Building off the work from Tresco’s laboratory, Potter et al. also suggested the role of

extravasated serum proteins in propagating self-perpetuating neuroinflammatory events at

the microelectrode-tissue interface by correlating chronic blood–brain barrier dysfunction

with neurodegeneration directly surrounding the implanted microelectrodes [21]. Further,

the authors also showed that preventing the accumulation of reactive oxygen species using

resveratrol significantly improved blood–brain barrier integrity and neuronal viability [21].

Interestingly, resveratrol is a naturally occurring anti-oxidant that controls the accumulation

of reactive oxygen species through Toll-like receptor 4 (TLR-4) found on microglia,

macrophages and other blood-derived ells leading to activation of NF-κβ mediated pathways

[25,26].

Collectively, these studies suggest a correlation between microelectrode-mediated

neurodegeneration and either microglia or infiltrating blood-derived serum and cellular

components. However, due to a lack of discriminating cellular markers, a distinction

between microglia and macrophages in this process has been elusive. Additionally, the

temporal role that blood-derived cells play in mediating neuroinflammation to implanted

micro-electrodes remains unclear. A detailed understanding of the temporal contribution that

specific cell types play in the neuroinflammatory response to microelectrodes is essential to

engineer the appropriate therapeutic approach to improve micro-electrode performance. To

decouple the role of infiltrating blood-derived cells from that of resident microglia, we

generated chimera mice with cyan fluorescent protein (CFP) blood-derived cells in a

C57/BL6 background mouse strain. Here, we first validated the chimera itself had no effect

on the neuroinflammatory response to implanted microelectrodes. Then, we characterized

the role of blood-derived cells and independently investigated the role of microglia versus

macrophages in mediating neuroinflammation to implanted intracortical microelectrodes.

2. Methods

All mice used in this study were obtained from Jackson Laboratory (C57/BL6 strain

#000664; cyan fluorescent protein (CFP+) on C57/BL6 background strain #004218). All

animal care and use were in accordance to protocols established by Case Western Reserve

University, Institutional Animal Care and Use Committee and guidelines from the National

Institutes of Health, Principles of Laboratory Animal Care on the Ethical use of Animals.

2.1. Bone marrow chimera model

All bone marrow chimera mice were constructed according to previously described

protocols [27]. A schematic illustration of bone marrow chimera experiments is shown in

Fig. 1. Briefly, male C57/BL6 mice were irradiated at ~4 weeks of age with 1000 rad Cs137

gamma rays. Male, cyan fluorescent protein (CFP+) donor mice (bred on a C57/BL6

background) were euthanized under CO2 asphyxiation. Femur and tibia bones were then

isolated from the CFP+ donor mouse. Bone marrow cells were flushed out of the femur and

tibia bones into sterile DMEM + 10% Fetal Bovine Serum (FBS) cell culture media.

Following isolation, red blood cells were lysed using Ammonium-Chloride-Potassium

(ACK) lysis buffer (Life Technologies) at least twice, or until the cell pellet was void of red

color. Next, the cell suspension was strained through a 40 μm cell strainer and live cell

counts were obtained using a hemocytometer and trypan blue staining. Cells were
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resuspended at a concentration of 15–25 million cells/mL in sterile Hanks Balanced Salt

Solution (HBSS) and stored on ice until transplantation (usually less than 1 h).

Approximately 4–6 h following radiation, 200 μL of isolated bone marrow cells (~3–5

million cells) were transplanted into irradiated mice via tail vein injection. Following

transplantation, mice were fed normal food and acidified water (pH 3.0 using hydrochloric

acid) for a fourteen-day recovery period.

2.2. Assessment of transplant efficiency

One mouse within each batch of chimeras received radiation but was not transplanted with

bone marrow cells from the CFP+ donor mouse. Irradiated mice that did not receive a bone

marrow transplant died within ten to fourteen days post radiation, verifying that bone

marrow transplant was necessary for survival. Transplant efficiency was further verified

using complete blood count (CBC) analysis and Fluorescence-activated cell sorting (FACS)

analysis. To perform CBC analysis, 30 μL of whole blood was collected from the tail vein of

chimera, WT and CFP+ mice and combined with 5 μL 10X Heparin (Sigma). All samples

were placed on ice immediately after blood collection and CBC analysis was performed

using a Hemavet 950FS within 30 min of blood collection.

FACS analysis was performed at two, four and eight weeks post implantation using blood

samples collected from chimera, wildtype and CFP+ mice. Specifically, 200 μL whole blood

was collected from the tail vein along with 70 μL of 1X Heparin. Additionally, at sixteen

weeks, chimera, wildtype and CFP+ mice were euthanized by CO2 affixation. Blood was

then collected by cardiac puncture and the spleen, bone marrow and lymph nodes were

harvested from each mouse. A minimum of four mice was used per condition at each time

point. Collected blood and all harvested tissue was placed on ice and kept on ice throughout

the staining procedure.

Single cell suspensions were then made from spleen, lymph nodes and bone marrow. Spleen

and lymph nodes were strained through a 40 μm tissue strainer using a 1 mL syringe plunger

and suspended in 1X PBS and 5% goat serum (FACS buffer). Bone marrow cells were

flushed out of the femur and tibia bones into DMEM + 10% Fetal Bovine Serum (FBS) cell

culture media. Blood, spleen and bone marrow homogenates treated with ACK lysis buffer

(Life Technologies) at least twice to lyse red blood cells, or until the cell pellet was void of

red color. For each sample, live cell counts were then obtained using a hemocytometer and

trypan blue staining. Cells were then plated onto a 96-well plate at a concentration of 1

million cells/well. Cell suspensions were stained with fluorescein isothiocyanate (FITC)

conjugated CD45 antibody (11-0451-81, eBioscience) and phycoerythrin (PE) conjugated

F4/80 antibody (MCA497APC, AbD Serotec) at a dilution of 1:100, to label hemapoietic

cells and macrophages, respectively. All samples were counterstained with 7-

Aminoactinomycin D (7-AAD) to exclude non-viable cells from analysis. Specifically, 7-

AAD is a fluorescent compound that does not pass through intact cell membranes (live cells)

and only passes through disrupted and permeable cell membranes (dead cells) [28]. Further,

isotype controls for CD45 (Rat IgG2b K Isotype Control FITC, 53-4031-80, eBioscience)

and F4/ 80 (Rat IgG2a K Isotype Control PE, MCA1125APC, Abd Serotec) were used to
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determine the level of background staining. All samples were run on a BD™ LSR II Flow

Cytometer at the Case Comprehensive Cancer Center Core Facility.

2.3. Surgical implantation of intracortical microelectrodes

To assess propagation of neuroinflammatory events following microelectrode implantation,

a sterile, single-shank, non-functional ‘Michigan-style’ silicon microelectrode (2 mm × 123

μm × 15 μm) was implanted in wildtype and chimera mice for two, four, eight or sixteen

weeks according to previously published protocols [29,30]. All surgeries in this study were

performed in a class II sterile hood by the same surgeon to minimize infection and

variability, respectively. Briefly, mice were anesthetized with isoflurane and mounted onto a

stereotaxic frame. The head was shaved and a sterile field was maintained throughout the

surgery. Meloxicam (0.7 mL, 1.15 mg/ mL), marcaine (100 μL, 0.25%), and cefazolin (16

mg/kg) were administered by subcutaneous (SQ) injection. An incision was made down the

midline and a 3 mm hole was made using a biopsy punch 1 mm lateral to the midline and 2

mm caudal to bregma. A single microelectrode was then manually implanted at the site

where the bone plug was removed, taking precaution to avoid damaging any major

vasculature. Following microelectrode implantation, the brain tissue was sealed with Kwik-

Sil (World Precision Instruments) and the microelectrode was tethered to the skull with uv-

cured liquid dentin (Fusio/Flow-it ALC). The surgical site was then closed using 5-0

monofilament polypropylene suture.

2.4. Tissue processing

At two, four, eight and sixteen weeks post implantation, mice were perfused and brain tissue

was cryoprotected according to methods previously described [29,30]. Briefly, mice were

anesthetized with an intraperitoneal (IP) injection of rodent cocktail (150 μl 100 mg/ml

Ketamine HCl, 150 μl 20 mg/ml Xylazine HCl, 50 μl 10 mg/ml Acepromazine). Mice were

then transcardially perfused with phosphate buffered saline (PBS) and fixed with 4%

paraformaldehyde (PFA). Following perfusion, brains were extracted and post-fixed for an

additional two days in 4% PFA at 4 °C. Brains were then equilibrated in 30% sucrose for

~72 h and cryopreserved in optimal cutting temperature compound (OCT). Following

cryopreservation, 16 μm thick horizontal sections were collected and directly mounted onto

glass slides. All slides were stored at −80 °C until immunohistochemistry was performed.

2.5. Immunohistochemistry

2.5.1. Antibodies—The following primary antibodies were used in this study: rat mAb to

CD68 [FA-11] (1:500, ab53444, Abcam), GFAP polyclonal rabbit antiserum (1:500,

RA22101, Neuromics), rabbit anti-mouse lgG (1:1000, STAR26B AbD Serotec), mouse

anti-NeuN clone A60 (1:250, MAB377, Millipore), goat anti-Iba1 antibody (1:100,

ab107159 Abcam), 6556) and rabbit polyclonal to anti-GFP (1:500, ab6556 Abcam).

The following secondary antibodies were used in this study: chicken anti rat AlexaFluor™

488 (1:1000, A21470, Life Technologies), chicken anti rabbit AlexaFluor™ 488 (1:1000,

A21441, Life Technologies), chicken anti goat AlexaFluor™594 (1:1000, A21468, Life

Technologies), chicken anti rabbit AlexaFluor™ 594 (1:1000, A21442, Life Technologies).
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2.5.2. Assessment of neuroinflammation—Immunohistological (IHC) analysis of

neuroinflammatory associated cellular markers (microglia/macrophages, activated

microglia/macrophages and astrocytes) as well as blood protein Immunoglobulin G (IgG)

was performed in wildtype and chimera mice to quantify the extent of the

neuroinflammatory response at the tissue–electrode interface, as previously described

[29,30]. Additionally, IHC analysis of CFP+ cells was also performed in chimera mice in

order to quantify the populations of infiltrating blood-derived cells over time surrounding

the microelectrode. First, tissue sections were equilibrated to room temperature (RT) for 30

min and slides were washed with PBS to remove the remaining OCT. Tissue sections were

then permeated by incubating in 0.1% Triton-X (PBS-T) for 15 min. Following tissue

permeation, sections were blocked in 4% chicken serum for 1 h at RT. Primary antibodies

diluted in blocking buffer targeting specific antigens (IBA1+, 1:100; CD68+, 1:500; IgG 1;

1000 or CFP+, 1:500) were then added to their respective tissue sections and incubated for

18–22 h at 4 °C. To remove unbound primary antibody, tissue sections were washed with

PBS-T six times. Next, tissue sections were incubated in secondary antibodies

corresponding to the primary antibodies (see Section 2.5.1) for 2 h at RT. To remove

unbound secondary antibody, tissue sections were washed in PBS-T six times followed by

PBS for an additional three times. Additionally, tissue sections were incubated with 0.5 mM

copper sulfate buffer for 10 min at RT following previously established methods [31] to

minimize tissue autofluorescence. Following CuSO4 treatment, all slides were washed

thoroughly with ddH2O, mounted using Fluoromount-G, sealed with a coverslip and stored

in the dark at 4 °C until imaged.

2.5.3. Assessment of neuronal density—Neuronal densities were assessed using

diaminobenzidine (DAB) histochemistry following the methods previously described

[29,30]. Tissue sections were equilibrated to RT and permeated as described in Section

2.7.1. Next, tissue sections were blocked in 4% goat serum for 1 h at RT. Primary antibody

specific to neuronal nuclei (NeuN) was then added to the tissue sections at 1:250 diluted in

blocking buffer for 1 h at RT. To remove unbound primary antibody, tissue sections were

washed with PBS three times. Next, 100 μl horseradish peroxidase (HRP) polymer

conjugate was added to each tissue section for 10 min. Unbound HRP polymer conjugate

was subsequently removed by washing tissue sections with PBS three times. Next, 100 μl of

DAB chromogen was added to each tissue section for 5 min. Following DAB staining, tissue

sections were rinsed thoroughly with ddH2O, counterstained with hematoxylin, mounted

using Histomount and stored at RT until imaged.

2.5.4. Assessment of co-localization—In order to assess co-localization of cellular

markers IBA1+ (microglia and macrophages) and CFP+ (blood-derived ells) as well as

CD68+ (activated microglia and macrophages) and CFP+, IHC staining was performed with

slight modifications from protocols described in Section 2.5.2. First, tissue sections were

equilibrated to RT and permeated with PBS-T as described previously. The sections were

then blocked with 4% chicken serum for 24 h at RT to ensure minimal non-specific binding

of primary and secondary antibodies to the tissue sections. Primary antibodies diluted in

blocking buffer targeting specific antigens (IBA1+, 1:100; CD68+, 1:500 or CFP+, 1:500)

were then added to their respective tissue samples and incubated for 36 h at 4 °C. To remove
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unbound primary antibody, the tissue sections were washed three times with PBS-T for 15

min each, followed by three additional washes with PBS-T for 45 min each on a rocker

plate. Tissue sections were then incubated with secondary antibodies corresponding to their

respective primary antibodies (see Section 2.5.1) for 18–22 h at 4 °C. Next, to remove any

unbound secondary antibodies, samples were washed three times with PBS-T for 15 min

each, followed by three additional washes with PBS for 45 min each on a rocker plate.

Tissue auto-fluorescence was then minimized with a 10 min incubation of 0.5 mM CuSO4.

Tissue sections were then thoroughly washed with ddH2O, mounted using Fluoromount-G,

sealed with a coverslip and stored in the dark at 4 °C until imaged.

2.6. Image analysis

All images were acquired using a Carl Zeiss inverted microscope according to protocols

previously described [29]. Briefly, fluorescent markers (GFAP+, CD68+, IgG+, IBA1+,

CFP+) were imaged using an AxioCam MRm monochrome camera. NeuN stained DAB

sections were imaged using an AxioCam ERc5 color camera. Exposure times were held

constant for each fluorescent stain at all analyzed time points. In order to increase the field

of view without compromising image resolution, sixteen separate 10x images were acquired

using an automated stage and stitched together using MosaiX software. All quantification,

analysis and statistical comparisons were performed on raw images. However, images

reported here were cropped, pseudo-colored and slightly enhanced to increase clarity in

presentation. In addition to 10x images, co-localized sections with IBA1+, CD68+, and CFP

+ were also imaged using a 40x objective for enhanced visual display of co-localization at

the interface.

2.7. Quantification

2.7.1. Assessment of neuroinflammation—Neuroinflammation was assessed at the

microelectrode-tissue interface for GFAP+, CD68+, IgG+, IBA1+ stained sections,

according to protocols previously described [29,30]. Following acquisition, unaltered

fluorescent images were analyzed using a custom MATLAB program (MINUTE V1.5,

Microelectrode Interface Universal Tool for Evaluation) [29,30]. Briefly, the implant region

of each image was manually designated and the fluorescent intensity was extracted within

the program in expanding 2 μm concentric intervals out to 1000 μm from the user-defined

interface. Fluorescent intensities were then normalized to background signal, which was

defined as approximately 600 μm from the implant site for each labeled antigen and the area

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

statistical comparisons between conditions. Here, the data is reported as normalized

fluorescent intensity as a function of distance from the implant.

2.7.2. Assessment of neuronal densities—Neuronal densities surrounding the

implant was analyzed using a custom MATLAB code (NERD, Neurons Encompassed

aRound the Device) using protocols previously described [29,30]. Briefly, the implant

region was manually designated and the number of neurons in expanding concentric rings at

fixed radial distances from the implant was calculated through user-defined location of

neuronal cell bodies. Neuronal cell counts were then normalized to background counts from

non-surgical, aged-matched control animals. Here, the data is reported as a percentage of
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neuronal density normalized to non-surgical age-matched control animals as a function of

distance from the implant.

2.7.3. Characterization of infiltrating CFP+ cells—Infiltrating blood-derived cells

were characterized by assessing CFP+ immunoreactivity in the brain tissue of chimera mice

at each of the pre-determined time points following microelectrode implantation.

Normalized fluorescent intensity profiles for CFP+ cells were calculated at two, four, eight

and sixteen weeks post implantation as described in Section 2.7.1. Additionally, the area

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

statistical comparisons between time points. Here, data is reported as the normalized

fluorescent intensity as a function of distance from the implant.

In addition to quantifying populations of infiltrating blood-derived cells (CFP+

immunoreactivity), we also used co-localization analysis to quantify the percentage of

macrophages within the following thee populations: infiltrating blood-derived cell

population, total IBA1+ population and total CD68+ population. Following acquisition, co-

localized images of IBA1+, CFP+ and CD68+ were analyzed using a custom MATLAB

code (U-CLOSE, Understanding Cells Located On Small Electrodes). Within the graphic

user interface of the MATALB program, the implant region was manually designated. Next,

a background region was manually designated for each stain and the average background

intensity, within the user-defined background region, was calculated for each stain within

the code. The code was then designed to draw concentric rings at fixed radial distances from

the user-defined implant region. The location of each pixel within each binned interval with

an intensity greater than background was calculated within the code. Percent co-localization

was then calculated within each of the binned intervals. For example, co-localization of

IBA1+ and CFP+ immunoreactivity was assessed within the total population of CFP+

immunoreactivity to quantify the percentage of infiltrating population that were comprised

of blood-borne macrophages (Equation (1)).

(1)

Similarly, co-localization of IBA1+ and CFP+ immunoreactivity was assessed within the

total population of IBA1+ population to quantify the percentage of the total IBA1+

population that were comprised of blood-borne macrophages (Equation (2)).

(2)

Additionally, co-localization of CD68+ and CFP+ immunoreactivity was assessed within the

total population of CD68+ population to quantify the percentage of the total CD68+

population that were comprised of activated blood-borne macrophages (Equation (3)).
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(3)

Co-localization percentages (Equation (1)–3) were then multiplied by their respective

intensity profile curves (CFP+, Equation (1); IBA1+, Equation (2), and CD68+, Equation

(3)) to generate intensity profile curves of individual populations of macrophages, blood-

derived cells excluding macrophages, and microglia surrounding the implant, over time. For

visual clarity, the total intensity profile, as well as both individual populations, are reported

for all three equations as a function of both distance and time post implantation.

2.8. Statistical analysis

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

general linear one-way analysis of variance (ANOVA) model. To account for dependencies

between slices from the same animal, all statistical comparisons were then performed using

independent animal averages (n = 4–7 animals for each cohort). Significance was considered

as p < 0.05.

3. Results

3.1. Verification of transplant efficiency

Transplant efficiency of bone marrow chimeras was verified using complete blood count

(CBC) analysis as well as FACS analysis at two, four, eight and sixteen weeks post

microelectrode implantation. Table 1 shows CBC analysis of chimeras, wildtype and CFP+

mice. All of the cell populations analyzed were within normal limits for mice [32]. Further,

CBC analysis of blood samples showed no significant difference between chimeras,

wildtype or CFP+ mice, at any of the time points analyzed. Our results verified that bone

marrow and blood cell populations were not affected by the chimera generation procedure.

FACS analysis was used to further evaluate transplant efficiency by determining the

percentage of CFP+ blood cells Table 2. Our results show that at all analyzed time points,

over 88% of blood-derived cells from collected blood samples were CFP+ in both chimera

and CFP+ mice. In control wildtype mice, less than 3% of blood-derived cells were CFP+,

indicating a low background auto-fluorescence at the CFP wavelength. In addition, no

significant differences were observed in CFP+ blood cell populations between chimera and

CFP+ donor mice (Table 2). FACS analysis of spleen, bone marrow and lymph nodes at

sixteen weeks were consistent and not significantly different from analysis of blood samples

(data not shown). Overall, average transplant efficiency at 16 weeks post implantation was

96.2%. Together, CBC and FACS analysis validate successful, stable bone marrow

transplant of CFP+ blood-derived cells into irradiated wildtype mice.

3.2. Assessment of endogenous cell expression

Bone marrow transplant of CFP+ cells into irradiated wildtype mice produced chimera mice,

where CFP+ cells were present in only blood-derived cell populations (See Section 3.1).

First, to confirm that irradiation and bone marrow transplant did not affect the endogenous

expression of resident cells, we analyzed tissue sections from non-surgical wildtype and
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chimera animals (that did not receive a microelectrode implant). Fig. 2 shows no apparent

differences in endogenous cellular expression of neurons (Fig. 2A/ B), microglia (Fig. 2C/D)

or astrocytes (Fig. 2E/F) between wildtype and chimera mice. Further, we evaluated the

level of microglia activation and IgG+ immunoreactivity in wildtype and chimera mice and

found that both cohorts demonstrated minimal CD68+ immunoreactivity (Fig. 2G/H) and

IgG+ immunoreactivity (Fig. 2I/ J), suggesting that there was minimal microglia activation

and blood–brain barrier disruption in non-surgical animals. Finally, to confirm that no CFP+

cells were present in the cortical tissue prior to implantation, we analyzed tissue sections

from chimera mice that did not receive a microelectrode implant. Chimera mice that did not

receive a microelectrode implant, did not demonstrate any CFP+ cells within cortical tissue

(Fig. 2K/L), confirming that CFP+ cells were not present in the brain prior to microelectrode

implantation.

3.3. Assessment of neuroinflammation

Next, we tracked the neuroinflammatory response following microelectrode implantation to

confirm that irradiation and bone marrow transplantation did not have an effect on neuro-

inflammation following microelectrode implantation. To date, most approaches evaluating

the neuroinflammatory response have focused on analyzing neuronal densities, total

population of microglia/macrophage (IBA1+ immunoreactivity), activated population of

microglia/macrophage (CD68+ immunoreactivity), astrocyte population (GFAP+

immunoreactivity), and blood–brain barrier integrity (IgG+ immunoreactivity) [29,30,33–

37]. To this end, we assessed neuroinflammation for wildtype and chimera mice following

microelectrode implantation using traditionally utilized cellular markers commonly used in

the field.

3.3.1. Neuronal densities—The proximity of neuronal cell bodies to intracortical micro-

electrodes is critical in order to record high-quality neural activity over time. It has been

suggested that neuronal cell bodies must be within 140 μm from the microelectrode-tissue

interface in order to obtain reliable recordings [38]. Therefore, we first assessed neuronal

densities surrounding intracortical microelectrodes following implantation into wildtype and

chimera mice.

Using a mouse anti-NeuN (clone 60) monoclonal antibody to stain neuronal cell bodies in

cortical tissue. Fig. 3A–D shows quantitative assessment of neuronal densities surrounding

implanted intracortical microelectrodes at two, four, eight and sixteen weeks post

implantation for wildtype and chimera mice. Our results demonstrate no significant

difference in neuronal densities between wildtype and chimera mice at any of the binned

intervals, for any of the time points assessed post implantation. These results suggest that

irradiation and bone marrow transplant did not affect the localization of neuronal

populations around microelectrode implantation.

In addition, we also compared neuronal densities around the microelectrode of wildtype and

chimera mice to background neuronal densities from non-surgical age matched controls

within each cohort. At two weeks, neuronal densities remained significantly lower than

background densities across all binned intervals assessed for both wildtype and chimera
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mice Fig. 3A. At four and sixteen weeks, neuronal densities remained lower than

background densities within the first 200 μm from the implant for both wildtype and

chimera mice Fig. 3B/D. In contrast, at eight weeks, neuronal densities return to background

densities for both wild-type and chimera mice beyond 50 μm from the interface Fig. 3C.

3.3.2. Microglia/macrophages—Microglia are responsible for maintaining homeostasis

in cortical tissue and have been shown to respond to foreign invaders, cellular injury as well

as infiltrating serum proteins following vascular injury [39–41]. When activated, microglia/

macrophages release several neurotoxic pro-inflammatory molecules that have been shown

to propagate neuroinflammatory events following microelectrode implantation [42–45]. To

this end, several studies have focused on evaluating both total microglia/macrophages

populations as well as activated microglia/macrophage populations at the microelectrode-

tissue interface [18,21,46,47].

Here, we used IBA1+, which is a marker for ionized calcium binding adapter molecule, to

label the total population of microglia/ macrophages (both resting and activated) [48]. Fig.

4A–D shows quantitative assessment of IBA1+ immunoreactivity in wildtype and chimera.

Here, we observed no significant difference in the total population of microglia/

macrophages (IBA1+ immunoreactivity) between wildtype and chimera mice, at any of the

time points we assessed, regardless of the distance from the implant (Fig. 4A–D).

Activated microglia/macrophage population was evaluated using a CD68+ antibody.

Specifically, we used Rat anti-CD68 (FA-11) clone monoclonal antibody that is specific to

marosialinin, a sialogylcoprotein confined to activated, murine mononuclear phagocytes

[49]. Evaluation of CD68+ immunoreactivity (Fig. 5A–D) showed no significant difference

between wildtype and chimera mice at any of the assessed time points, across all distances

from the implant. Our results show that radiation did not have a significant effect on the

activated microglial/macrophage populations at the investigated time points post

microelectrode implantation.

3.3.3. Astrocytes—Astrocytes also play an important role in tissue repair following CNS

injury [50]. Upon insertion of a microelectrode into the cortical tissue, astrocytes become

activated and form a glial scar encapsulating the electrode [51–53]. Therefore, we used glial

fibril acidic protein (GFAP) as a marker to label immature/mature resting and activated

astrocytes [54]. Fig. 6A–D shows quantitative assessment of GFAP+ immunoreactivity at

the microelectrode-tissue interface for wildtype and chimera mice. No significant difference

in GFAP+ immunoreactivity were seen between wildtype and chimera mice at any of the

time points we assessed, regardless of the distance from the implant. Again, irradiation and

bone marrow transplantation did not have a significant effect on the investigated cell at the

investigated time points post microelectrode implantation.

3.3.4. Blood–brain barrier integrity—Extravasated serum proteins resulting from

blood–brain barrier disruption has been shown to serve as persistent microglia and

macrophage stimuli that can create a self-perpetuating cycle of neuroinflammatory events

leading to neurodegeneration (neuronal dieback as well as impaired neuronal viability) [21].

Therefore, we also evaluated blood–brain barrier disruption using a marker for IgG. IgG is a
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blood protein normally not found in native brain tissue. Quantitative assessment of blood–

brain barrier permeability though IgG+ reactivity (Fig. 7A–D) shows no significant

difference in either intensity or distribution between wildtype and chimera mice at any of the

time points assessed. Our results indicate that radiation and bone marrow transplant did not

significantly affect BBB permeability at the investigated time points post microelectrode

implantation.

3.4. Characterization of blood-derived cells

3.4.1. Temporal infiltration of blood-derived cells—Next, we investigated the

temporal infiltration of blood-derived cells (CFP+ cells) following microelectrode

implantation. Fig. 8A–E shows quantitative assessment of infiltrating blood-derived cells

following microelectrode implantation in chimera mice. Specifically, within the first 100 μm

we found the highest populations of blood-derived cells at two weeks post implantation (Fig.

8A–E, Table 3). The CFP+ population at four weeks post implantation was significantly

lower than the CFP+ population at two weeks (Fig. 8A–E, Table 3). In contrast, we found

the lowest populations of blood-derived cells at eight weeks post implantation (Fig. 8A–E,

Table 3). Interestingly, we found that the CFP+ population at sixteen weeks was

significantly higher than the CFP+ population at eight weeks and comparable to the CFP+

population at four weeks.

3.4.2. Quantification of macrophages from infiltrating CFP+ population—To

decouple the cell populations within the total CFP+ population, we first sought to

characterize the percentage of infiltrating cells that were comprised of blood-borne

macrophages. Fig. 8F/G shows a quantitative assessment of both the relative macrophage

population and the remaining blood-derived cell populations within the total CFP+

population. Surprisingly, we observed that regardless of the specific time point, over 60% of

the CFP+ population are comprised of macrophages (Equation (1); Fig. 8F/G).

3.5. Quantification of microglia versus macrophages

3.5.1. Resting versus activated macrophages from IBA1+ population—Due to

the fact that we observed a predominant role of infiltrating macrophages from the total CFP

+ cells, we next investigated the relative contribution of microglia versus macrophages

within the total IBA1+ population. Here, we saw the highest levels of IBA1+

immunoreactivity within the first 100 μm at two and sixteen weeks post implantation, with

significantly lower levels at eight weeks post implantation (Fig. 9A–E). We also observed

significantly more macrophages present at two and sixteen weeks post micro-electrode

implantation within the first 100 μm compared to eight weeks post microelectrode

implantation. (Fig. 9F, Table 4). Within the total IBA1+ population, we saw that only 20%

of the total IBA1+ population (Equation (2)) was comprised of microglia at two weeks post

implantation (Fig. 9G). Additionally, at chronic time points (four, eight and sixteen weeks),

we observed that less than 40% of the total IBA1+ population (Equation (2)) was comprised

of microglia (Fig. 9G). On the other hand, no significant differences were observed in

microglia populations over time (Fig. 9G, Table 4). Together, our results suggest a

predominant role of infiltrating macrophages surrounding implanted microelectrodes over

time.
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3.5.2. Activated macrophages from CD68+ population—In addition, we also

quantified the percentage of activated microglia and activated macrophages within the total

CD68+ population following microelectrode implantation (Fig. 10A–E). We observed the

highest levels of CD68+ immunoreactivity at two weeks post implantation, with

significantly lower CD68+ immunoreactivity at chronic time points (four, eight, and sixteen

weeks) (Fig. 10A–E). In evaluating the co-localized CFP+ and CD68+ population within the

total CD68+ population, we observed that at all time points, ~70% of the CD68+ population

(Equation (3)) were comprised of macrophages (Fig. 10F), while ~30% of the total CD68+

population (Equation (3)) were comprised of microglia cells (Fig. 10G). Interestingly, we

observed significantly more activated macrophages and activated microglia within the first

100 μm at two weeks post implantation compared to any other time point (Fig. 10F/G, Table

5). No significant differences were observed in either activated microglia or activated

macrophages populations across time points beyond four weeks (Fig. 10F/G, Table 5).

4. Discussion

Several other groups have attempted to separate resident microglia and infiltrating

macrophages using in utero transplantation models [55], busulfan chimeras [56], as well as

depletion of macrophages using clodronate liposomes [57]. However, separating microglia

and macrophages within cortical tissue remains challenging since alterations to animals may

result in irreversible changes to CNS cell populations. For example, Bosco et al. showed that

irradiation can reduce microglia activation in the retina [58]. On the other hand, while

busulfan chimeras do not use radiation, busulfan is a chemotherapeutic drug, which may

have harmful side effects. Further, Kierdorf et al. suggested that busulfan chimeras resulted

in reduced infiltration of myeloid cells into the cortical tissue [56]. Further, clodronate

liposomes have been shown to increase inflammation in animals resulting in complications

[59]. Resident microglia cells are resistant to irradiation and further, the number of

infiltrating blood-derived cells into the CNS following irradiation is minimal [60].

Therefore, we used a bone marrow chimera model with CFP+ bone marrow progenitor cells

in order to study the temporal role of blood-derived cells in mediating neuroinflammatory

events following microelectrode implantation. Here, using our described methods, we did

not observe any changes in pre-implantation cell populations (Fig. 2, Table 1, Table 2) or

the inflammatory response following microelectrode implantation between wildtype and

chimera animals (Figs. 3–7) suggesting that irradiation and bone marrow transplant did not

significantly alter CNS cell populations within our model.

Since the proximity of neuronal cell bodies to the electrode contact is most critical to

maintain high-quality signals over time [38], we first evaluated neuronal densities

surrounding intra-cortical microelectrodes over time. Neuronal densities fluctuated in a

multi-phasic response following implantation of intracortical microelectrodes. The lowest

percentages of neuronal densities closest to the implant site were observed at two and

sixteen weeks post implantation (Fig. 3A/D), consistent with several other reports in the

field [18,29,30,34,36].

No correlation was seen between total (IBA1+) or activated (CD68+) microglia/

macrophages populations and neuronal dieback beyond four weeks post microelectrode
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implantation (Fig. 11A). However, we observed chronic blood–brain barrier (BBB)

disruption throughout the time course following microelectrode implantation. Specifically,

we observed elevated levels of IgG + immunoreactivity that remained comparable across all

evaluated time points (Fig. 7A–D, Fig. 11A). Although we did not see a correlation between

IgG+ immunoreactivity and neurodegeneration (Fig. 11A), disruption of the BBB alone has

been shown to facilitate neurodegeneration and adversely affect recording performance

[18,21,45]. It is likely that beyond accumulation of serum proteins at the microelectrode-

tissue interface, cell trafficking between blood-derived cells and native brain tissue results in

a persistent inflammatory stimulus and continued BBB disruption [61].

Astrocytes have been shown to play an active role in the integrity of the BBB and the

facilitation of cell trafficking across the BBB [62]. When comparing GFAP+

immunoreactivity and neuronal densities, a correlation was observed between a more

widespread astroglial scar and neuronal dieback over time (Fig. 11A). Specifically,

significantly more GFAP+ immunoreactivity was observed within the first 100 μm at two

and sixteen weeks (Fig. 6A/D) compared to four and eight weeks (Fig. 6B/C) post

microelectrode implantation. Interestingly, fluctuations in GFAP+ immunoreactivity

correlated well with neuronal density and CFP+ immunoreactivty, suggesting a possible role

of astrocytes in facilitating trafficking of blood-derived cells.

Therefore, we next investigated the temporal contribution of blood-derived cells in

mediating neurodegeneration by quantifying CFP+ immunoreactivity over time. We

observed a direct correlation between populations of infiltrating blood-derived cells (CFP+

cells) and neuronal dieback over time (Fig. 11B). Specifically, the highest populations of

blood-derived cells were observed at two and sixteen weeks post implantation (Figs. 11B

and 4). At the same time points, the lowest percentages of neuronal densities were observed

(Figs. 11B and 3). Collectively, the data suggests that infiltration of systemic macrophages

may mediate the loss of surrounding neurons. This bimodal influx occurs independently of

passive BBB integrity, suggesting the role of macrophage-specific signaling/ trafficking

mechanisms that are decoupled from microglia activating signals.

Microglia cells arrive into the CNS from the primitive myeloid progenitors, which originate

from the yolk sac in early embryonic development [63]. In normal cortical tissue, microglia

cells are responsible for continually surveying the brain environment and maintaining

homeostasis. Maintenance and proliferation of microglia cells within the brain has been

shown to be entirely self-renewing with minimal recruitment from blood-derived cells [60].

However, following CNS injury, two distinct immune populations of phagocytic immune

cells including resident microglia and infiltrating macrophages are found surrounding the

injury site [18]. Interestingly, several groups have suggested a neuroprotective role of

microglia cells, in which microglia cells switch to an activated phenotype in an attempt to

protect the brain from further injury [64,65]. On the other hand, infiltrating macrophages

enter the injury site in response to signals from injured tissue [27,57,66]. Therefore, it is

important to better understand the potential contrasting roles of microglia and macrophages

in response to implanted intracortical microelectrodes.
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Unfortunately, the distinction between resident microglia and infiltrating macrophages has

not been demonstrated due to a lack of discriminating cellular markers. Both microglia and

macrophages express many of the same markers including CD68 and IBA-1. Here,

investigating co-localization of IBA1+ and CFP+ immunoreactivity in chimera mice,

allowed us to differentiate between infiltrating macrophages and resident microglia within

the total IBA1+ population. Herein, we show that over 60% of the infiltration blood-derived

cells were comprised of macrophages, regardless of the time point following microelectrode

implantation (Fig. 8A/F, Fig. 9A/F).

To better understand the distinction between activated microglia and infiltrating

macrophages, we investigated the co-localization of CD68+ and CFP+ immunoreactivity in

chimera mice. Contrary to what has been suggested by many intracortical microelectrode

studies [34,36,45,67,68], a consistent connection was not found between activated

microglia/macrophages and neuron density in our chimera models (Fig. 11C). Specifically,

at two weeks, significantly higher populations of activated macrophages as well as activated

microglia at the interface within the CD68+ population was observed, correlating with

decreased neuronal densities (Fig. 11C). However, by sixteen weeks, although decreased

neuronal densities were observed, increased activated macrophage populations or activated

microglia populations within the total CD68 population was not observed (Fig. 11C). These

data suggest that cellular activation alone does not directly correlate with neuronal dieback.

Our data also demonstrated a correlation between the percentage of the total macrophage

population and neuronal dieback following microelectrode implantation (Fig. 11D).

However, there was no correlation observed between the total microglia population and

neuronal dieback following microelectrode implantation (Fig. 11D), supporting the idea that

microglia cells do not play a neurodegenerative role following cellular injury. Interestingly,

unlike resident microglia, infiltrating macrophages have been suggested to exert both

neuroprotective as well as neurotoxic functions on neurons depending on the specific

inflammatory cytokines that are secreted. For example, CCR2 and CX3CR1 have been

shown to play a role in secondary injury following spinal cord trauma [69]. In fact, Silver’s

group has previously demonstrated that macrophages, not microglia are responsible for

neuronal damage after spinal cord trauma in a similar chimeric model described here

[27,57]. Further, CCL7, IL-1 and TNF-β have been shown to induce infiltrating

macrophages to leave injured site [70]. Therefore, it may be possible that the mere presence

of blood-borne macrophages (Fig. 11D) within the cortical tissue can result in downstream

signaling effects including recruitment of inflammatory cells as well as the secretion of pro-

inflammatory molecules, which can be neurotoxic to the surrounding tissue.

Collectively, our data suggests an important role for blood-borne macrophages in mediating

neurodegeneration following micro-electrode implantation. Our results also show that

traditionally used markers for IBA1+ immunoreactivity or CD68+ immunore-activity may

not directly correlate to neuronal cell loss, but this does not necessarily indicate that

macrophages or microglia are not mediating the effect. Future studies using a bone marrow

chimera model with transgenic knock-out or knock-in mice may facilitate a better

understanding of the role of specific inflammatory pathways derived from specific cell types

and elucidate the temporal relationship between neuron death, macrophage infiltration and
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astrocytic scar. By understanding which cell type elicits specific factors that drive the

response, therapeutics can be developed to modify it.

5. Conclusions

In this study, we have characterized the role of blood-derived cells in mediating

neuroinflammatory events following micro-electrode implantation. Our results suggest an

important role for systemic myeloid cells in mediating neuronal dieback. We demonstrated

that over 60% of infiltrating the infiltrating blood-derived cell population was comprised of

macrophages across all time points investigated. Importantly, we showed a correlation

between the total infiltrating macrophage population (not the total microglia population) and

neurodegeneration following micro-electrode implantation that was independent of BBB

breakdown. Specifically, the total macrophage populations was greatest at two and sixteen

weeks post implantation, the same time points we observed the lowest densities of neuronal

survival closest to the implant. Our results suggest a dominant role for infiltrating

macrophages, and not resident microglia, in mediating neuro-degeneration following

microelectrode implantation. We suggest that future studies can utilize a chimera model to

study the role of specific receptor-mediated pathways on specific cell types in mediating

neuroinflammation and neurodegeneration. A better temporal understanding of key

mechanistic pathways may aid in the development of more targeted therapeutics as well as

help engineer the appropriate therapeutic approach to improve micro-electrode performance.
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Fig. 1.
Schematic illustration of chimera mouse generation. Mice were irradiated with 1000 rad of

Cs137 γ radiation. Bone marrow cells were isolated from the femur of a fluorescent protein

(CFP+) donor mouse and transplanted into the irradiated mice via tail vein injection.

Following transplantation, mice were fed normal food and acidic pH 3.0 water for a

fourteen-day recovery period.
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Fig. 2.
Endogenous cellular expression of inflammatory cell populations between wildtype and

chimera non-surgical controls. No apparent difference was observed in endogenous

expression of neurons (A/B), microglia (C/D), and astrocytes (E/F). In addition, minimal

levels of microglia activation (G/H), IgG extravasation (I/J) and CFP+ expression (K/L)

were seen in wildtype and chimera mice. No apparent differences were seen between

wildtype and chimera mice.
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Fig. 3.
Neuronal densities surrounding intracortical microelectrodes in wildtype and chimera mice

at two, four, eight and sixteen weeks. Comparable levels of neuronal densities were

calculated between chimera and wildtype mice across all time points, regardless of the

distance from the implant. *Indicates significance between wildtype and chimera

mice; #indicates significance between each cohort and background neuronal densities. scale

bar = 100 μm; significance p < 0.05; n = 4–7 per cohort.
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Fig. 4.
IBA1+ immunoreactivity surrounding intracortical microelectrodes in wildtype and chimera

mice at two, four, eight and sixteen weeks. Comparable levels of IBA1+ immunoreactivity

was found between chimera and wildtype mice across all time points, regardless of the

distance from the implant. scale bar = 100 μm; significance p < 0.05; n = 4–7 per cohort.
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Fig. 5.
CD68+ immunoreactivity surrounding intracortical microelectrodes in wildtype and chimera

mice at two, four, eight and sixteen. Comparable levels of CD68+ immunore-activity was

found between chimera and wildtype mice across all time points, regardless of the distance

from the implant. scale bar = 100 μm; significance p < 0.05; n = 4–7 per cohort.
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Fig. 6.
GFAP+ immunoreactivity surrounding intracortical microelectrodes in wild type and

chimera mice at two, four, eight and sixteen. Comparable levels of GFAP+

immunoreactivity was found between chimera and wildtype mice across all time points,

regardless of the distance from the implant. scale bar = 100 μm; significance p < 0.05; n =

4–7 per cohort.
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Fig. 7.
IgG+ immunoreactivity surrounding intracortical microelectrodes in wildtype and chimera

mice at two, four, eight and sixteen weeks. Comparable levels of IgG+ immunoreactivity

was found between chimera and wildtype mice across all time points, regardless of the

distance from the implant. scale bar = 100 μm; significance p < 0.05; n = 4–7 per cohort.
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Fig. 8.
Assessment of CFP+ immunoreactivity surrounding intracortical microelectrodes over time.

Highest levels of CFP+ immunoreactivity were observed at two and sixteen weeks post

implantation, with significantly lower CFP+ immunoreactivity observed at eight weeks post

implantation (A–E). Co-localization of CFP+ and IBA1+ immunoreactivity within the total

CFP+ population demonstrated that over 60% of the CFP+ population were comprised of

blood-borne macrophages across all time points (F). Quantification of the remaining blood-

derived CFP+ population over time (G). scale bar = 100 μm; significance p < 0.05; n = 4–7

per cohort.
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Fig. 9.
Assessment of total IBA1+ immunoreactivity surrounding intracortical microelectrodes over

time. Highest levels of IBA1+ immunoreactivity was observed at two and sixteen weeks

post implantation, with significantly lower IBA1+ immunoreactivity observed at eight

weeks post implantation (A–E). Co-localization of CFP+ and IBA1+ immunoreactivity

within the total IBA1+ population demonstrated that less than 20% of the IBA1+ population

were comprised of resident microglia at two weeks, while 40% of IBA1+ population was

comprised of resident microglia by sixteen weeks (F/G). scale bar = 100 μm; significance p

< 0.05; n = 4–7 per cohort.
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Fig. 10.
Assessment of total CD68+ immunoreactivity surrounding intracortical microelectrodes

over time. Highest levels of CD68+ immunoreactivity were observed at two weeks post

implantation, with significantly lower CD68+ immunoreactivity observed beyond two

weeks (A–E). Co-localization of CFP+ and CD68+ immunoreactivity within the total

CD68+ population demonstrated that approximately 70% of CD68+ cells at two weeks were

comprised of blood borne macrophages (F/G). scale bar = 100 μm; significance p < 0.05; n =

4–7 per cohort.
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Fig. 11.
Summary of immunohistochemical assessment following microelectrode implantation. (A)

Time course of neuroinflammatory markers and neurodegeneration following

microelectrode implantation demonstrates no correlation between IBA1+, CD68+ or IgG +

immunoreactivity and neuronal dieback. However, GFAP+ immunoreactivity was highest at

two and sixteen weeks, the same time points we observed neurodegeneration. (B) We

observed a temporal correlation between increased CFP+ immunoreactivity and

neurodegeneration following microelectrode implantation. (C) In evaluating co-localization

of activated macrophages and activated microglia within the CD68+ population, we did not

observe a correlation between either cell type (activated microglia or activated

macrophages) and neurodegeneration. (D) In evaluating the co-localized population of

macrophage versus microglia within the total IBA1+ population, we observed a correlation

between macrophages, but not microglia and neuronal dieback.
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Table 3

Statistical comparisons for total CFP+ population, macrophage population within the CFP+ population and

remaining blood-derived cell population within the CFP+ population over time from 0–100 μm; significance p

< 0.05; n = 4–7 per cohort.

4 weeks 8 weeks 16 weeks

2 weeks CFP+ population 0.009 <0.001 0.020

Macrophages in CFP+ population 0.005 <0.001 0.007

Remaining CFP+ population 0.021 <0.001 0.097

4 weeks CFP+ population X 0.041 0.9653

Macrophages in CFP+ population X 0.038 0.9987

Remaining CFP+ population X 0.043 0.8028

8 weeks CFP+ population X X 0.032

Macrophages in CFP+ population X X 0.049

Remaining CFP+ population X X 0.009

“Bold and italics” represent conditions in which the p value was <0.05, indicating statistical significance.
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Table 4

Statistical comparisons for total IBA1+ population, macrophage population within the IBA1+ population and

microglia population within the IBA1+ population over time from 0–100 μm; significance p < 0.05; n = 4–7

per cohort.

4 weeks 8 weeks 16 weeks

2 weeks IBA1+ population 0.042 0.003 0.047

Macrophages in IBA1+ population 0.049 0.002 0.048

Microglia in IBA1+ population 0.138 0.082 0.203

4 weeks IBA1+ population X 0.027 0.997

Macrophages in IBA1+ population X 0.049 0.988

Microglia in IBA1+ population X 0.676 0.994

8 weeks IBA1+ population X X 0.034

Macrophages in IBA1+ population X X 0.029

Microglia in IBA1+ population X X 0.531

“Bold and italics” represent conditions in which the p value was <0.05, indicating statistical significance.
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Table 5

Statistical comparisons for total CD68+ population, macrophage population within the CD68+ population and

microglia population within the CD68+ population over time from 0–100 μm; significance p < 0.05; n = 4–7

per cohort.

4 weeks 8 weeks 16 weeks

2 weeks CD68+ population <0.001 <0.001 <0.001

Macrophages in CD68+ population <0.001 <0.001 <0.001

Microglia in CD68+ population <0.001 <0.001 <0.001

4 weeks CD68+ population X 0.8737 0.5198

Macrophages in CD68+ population X 0.8389 0.6275

Microglia in CD68+ population X 0.9477 0.2773

8 weeks CD68+ population X X 0.9128

Macrophages in CD68+ population X X 0.9793

Microglia in CD68+ population X X 0.5432

“Bold and italics” represent conditions in which the p value was <0.05, indicating statistical significance.
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