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Abstract

Intracranial implants elicit neurodegeneration via the foreign body response (FBR) that includes

BBB leakage, macrophage/microglia accumulation, and reactive astrogliosis, in addition to

neuronal degradation that limit their useful lifespan. Previously, monocyte chemoattractant protein

1 (MCP-1, also CCL2), which plays an important role in monocyte recruitment and propagation of

inflammation, was shown to be critical for various aspects of the FBR in a tissue-specific manner.

However, participation of MCP-1 in the brain FBR has not been evaluated. Here we examined the

FBR to intracortical silicon implants in MCP-1 KO mice at 1, 2, and 8 weeks after implantation.

MCP-1 KO mice had a diminished FBR compared to WT mice, characterized by reductions in

BBB leakage, macrophage/microglia accumulation, and astrogliosis, and an increased neuronal

density. Moreover, pharmacological inhibition of MCP-1 in implant-bearing WT mice maintained

the increased neuronal density. To elucidate the relative contribution of microglia and

macrophages, bone marrow chimeras were generated between MCP-1 KO and WT mice.

Increased neuronal density was observed only in MCP-1 knockout mice transplanted with MCP-1

knockout marrow, which indicates that resident cells in the brain are major contributors. We

hypothesized that these improvements are the result of a phenotypic switch of the macrophages/

microglia polarization state, which we confirmed using PCR for common activation markers. Our

observations suggest that MCP-1 influences neuronal loss, which is integral to the progression of
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neurological disorders like Alzheimer’s and Parkinson disease, via BBB leakage and macrophage

polarization.
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1. Introduction

Neuronal loss or neurodegeneration occurs as a part of the inflammatory response to both

age-related disease and acute injury and can result in either gradual decline of function as

seen in Alzheimer’s disease, Parkinson’s disease, and ALS or the sudden and traumatic loss

of function observed in stroke and traumatic brain injury [1, 2]. Intracranial implants elicit a

foreign body response (FBR) that involves both short term neuronal damage from the

trauma associated with implantation, and prolonged neuroinflammation from the presence of

an implant [3]. Therefore, it is a unique model to examine the influence of inflammation on

neuronal loss.

Typically, the brain FBR involves the implantation of intracranial stimulating or recording

electrodes. The latter are designed to record signals from local neurons and create an

interface between the brain and an external computer [4, 5]. This technology is currently

used for cochlear implants [4, 6], visual prosthetics [7], motor control [8], and prosthetic

limbs [9–11]. However, the FBR, which is distinct from the injury-induced inflammatory

response that occurs during the implantation of the electrode, is a barrier to achieving a long

implant lifetime [3, 12]. In the brain the FBR involves disruption of the blood-brain barrier

(BBB), recruitment and activation of macrophages and local microglia, hypertrophy and

hyperproliferation of reactive astrocytes to form the glial scar, and local neurodegeneration

[12–15]. Glial scar formation serves as a barrier between the implant and the tissue,

decreasing signal strength [16]. FBR-induced BBB disruption, with gaps as large as 500 nm,

allows serum proteins to enter into the tissue and contributes to prolonged

neuroinflammation [14, 15].

Advances in implant design and drug delivery have been used to ameliorate the FBR and

prolong implant life. Decreasing implant stiffness, or method of tethering, can reduce the

micromotion caused by the difference in stiffness between the brain and the implant.

Decreasing micromotion decreased neuroinflammation and has been shown to decrease the

FBR [3, 17–19]. Beyond physical consideration, implant surface and functionality can be

altered. Traditional implants are machined from silicon, the use of alternate materials

including parylene or bulk metallic glasses can alter the tissue response [20, 21]. One

method of altering electrodes is the incorporation of a polyethylene glycol (PEG) coating.

PEG coatings bind water to increase the biocompatibility of implants, in the brain these

coatings can reduce glial scarring [22]. As an alternative, implants, and implant coatings,

have also been used to deliver anti-inflammatory drugs to reduce local neuroinflammation

[23–26]. In addition, limiting BBB breach can also improve the FBR [27, 28].
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A decrease in the severity of the tissue response during the FBR, as determined

histologically via inflammatory cell presence, reactive gliosis, BBB leakage and neuronal

loss, results in an improved implant lifetime [29–31]. One possible mechanism is that

neuronal loss from the near-implant tissue impairs the recording and signaling capabilities of

the electrodes. Factors including the influx of neuronotoxic molecules from the serum due to

BBB breach and the production of pro-inflammatory cytokines from local reactive

astrocytes, microglia, and macrophages are thought to contribute to neurodegeneration [28].

Moreover, the activation state of, and cytokine production by, macrophages and microglia

are key mediators in the propagation of neuroinflammation and neurodegenerative diseases

[32, 33]. When microglia are activated they secrete a variety of inflammatory signals,

including TNF-α and IL-1β, these and other cytotoxic factors can then induce neuronal

death [33].

Upon activation, macrophages and microglia can be induced towards different phenotypes

including M1 or classically activated and M2 or alternatively activated [34, 35]. M1 cells are

primarily phagocytic and pro-inflammatory whereas M2 cells are associated with tissue

repair. M2 cells are divided further into M2a, M2b, M2c, and M2d (tumor associated) based

on gene expression profiles and specialized functions. Each activation state induces varying

degrees of neuronotoxicity, with M2a inducing the least neurodegeneration [36]. In the

brain, the inflammatory response is mediate by both resident microglia and recruited

macrophages. In adult mice the relative contributions from these two cell populations can be

determined by generating bone marrow chimeras. For example, lethally irradiated WT mice

can be rescued with bone marrow from mice that constitutively express green fluorescent

protein resulting in monocytes and macrophages that fluoresce green, whereas the resident

microglia remain unchanged [37]. This method can be combined with genetic knockout

mice to compare the effect of inflammatory defects in either the microglial or macrophage

populations [38].

Examining the phenotypic changes in the FBR observed in knockout animal models

provides a basis for the rational design of therapeutic interventions. Previously we have used

mice that lack either the collagenase matrix metalloproteinase 9 (MMP-9), or the anti-

angiogenic matricellular protein thrombospondin 2 (TSP-2), to illustrate the role of the BBB

in the FBR [14, 39]. In both cases the leakage of serum protein was increased, which

correlated with a more severe FBR. In the current study we examined the role of monocyte

chemoattractant protein 1 (MCP-1, also known as CCL-2). MCP-1 is a chemokine whose

secretion is induced by inflammatory signals, creating a gradient that attracts monocytes to

sites of inflammation. While MCP-1 is expressed by a wide variety of cells, in the CNS

microglia and macrophages are the primary sources. More importantly, the response to

MCP-1 is regulated by the expression of its receptor, CCR2 [40, 41].

Primary roles of MCP-1 in the CNS include induction of cellular migration, BBB alteration,

and inflammation propagation [42]. When MCP-1 is either inhibited or deleted, the

compromised monocytes show reduced migration, recruitment, and altered cytokine

expression [43, 44]. Commensurate with its role in monocyte transmigration, MCP-1 has

been shown to alter BBB permeability by altering tight junction and adherens junction

proteins—claudins, cadherins, and zona occludens [45–47]. MCP-1 is also a key mediator in
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the inflammatory process, where MCP-1 signaling induces the production of numerous pro-

inflammatory cytokines.

In the present study we examined our hypothesis that the absence of MCP-1 would reduce

neuroinflammation as a consequence of the FBR via a clinically relevant model implant in

MCP-1 knockout mice. A single probe from a Michigan implant was placed in the cortex for

up to 8 weeks and the tissue was examined for histological markers of FBR induced

neuroinflammation. Additionally, the phenotype of the near-implant macrophages/microglia

was examined to identify changes in polarization due to MCP-1 loss. Furthermore, bone

marrow chimeric mice were able to identify whether these changes could be attributed to

local or circulating inflammatory cells. Finally, pharmacological inhibition of CCR2 for two

weeks was used to recapitulate the response of the knockout mouse and show a method of

pharmacological intervention that can reduce FBR-induced neuroinflammation, which could

increase the lifespan of intracranial implants.

2. Materials and Methods

2.1 Animal models

All animal experiments were performed according to protocols approved by the Yale

Institutional Animal Care and Use Committee (IACUC). 12 week old C57Bl6 and MCP-1

KO mice were purchased from Jackson Labs. Model neural implants were implanted into

the cortex of anesthetized mice according to a previously described procedure [15, 39].

Briefly, under isofluorane anesthesia their scalps were shaved and subsequently sterilized

using alternating alcohol and betadine wipes. A midline incision was made along the scalp

and a burr hole was drilled in the skull at 1mm lateral to bregma using a high speed drill. A

single shank from a model Michigan-style electrode, made of silicon with a 100 × 15 μm

cross-section (NeuroNexus), was inserted through the burr hole and into the brain. The scalp

wound was sutured closed and the mouse was removed to a clean cage to recover with free

access to food and water. Six mice were used for each genotype at each time point.

After either 1, 2, or 8 weeks the mice were euthanized via transcardial perfusion and fixation

with 15 mL of PBS and 15 mL of 4% paraformaldehyde. The brain was removed and further

fixed overnight in 4% paraformaldehyde. After fixation the implant was removed and the

brain was prepared for histology.

An additional group of C57Bl6 mice were given a CCR2 inhibitor to block MCP-1 activity.

Implant-bearing mice (six per group) were given a daily intraperitoneal injection of RS

102895 (Santa Cruz Biotechnology) dissolved in DMSO at a concentration of 3.0 mg/kg or

DMSO only. These mice were euthanized at 2 weeks and their brains were prepared for

histology as described above.

Bone marrow transplants were used to generate chimeric mice and compare local and

circulating sources of MCP-1. BL6 and MCP-1 KO mice were given a lethal dose of 10Gy

using an x-ray irradiator (Marietta model PXR 014). After irradiation, the animals were

given a tail vein injection of 1×106 donor bone marrow cells isolated from the femurs of

either Bl6 or MCP-1 KO mice. Chimeric and syngeneic transplants were completed,
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resulting in four groups: WTWT, WTKO, KOWT, and KOKO, named so uppercase letter is the

background and the superscript letter indicate the bone marrow genotype. These animals

received brain implants 4 weeks after rescue. The implants were removed and the tissue was

analyzed 2 weeks after implantation. Four mice each were used for WTWT, WTKO, and

KOWT groups, six mice were used for KOKO group.

2.2 QPCR Analysis

Six C57Bl6 and six MCP-1 KO mice were given intracranial implants as described above.

After two weeks the brain was removed and the tissue surrounding the implant was isolated

using a 2mm biopsy punch. The tissue sample was immediately immersed in RNAlater

(Qiagen). RNA was extracted using an RNeasy Lipid tissue mini kit (Qiagen). 1 ug of RNA

was transcribed using the Quantitect reverse transcription kit (Qiagen). Levels of gene

expression were determined using SYBR green supermix and the CFX96 Real time PCR

from Bio-Rad. Gene expression was normalized to GAPDH. Mouse-specific forward and

reverse primer sequences are: CD 68 (5′-TGTCTGATCTTGCTAGGACCG-3′ and 5′-

GAGAGTAACGGCCTTTTTGTGA-3′), CCR7 (5′-TGTACGAGTCGGTGTGCTTC-3′

and 5′-GGTAGGTATCCGTCATGGTCTTG-3′), CD 80 (5′-

GCAGGATACACCACTCCTCAA-3′ and 5′-AAAGACGAATCAGCAGCACAA-3′), CD

163 (5′-CTGGCCTCTGAGTTTAGGGTC-3′ and 5′-CCCTTGGTGTCGAACCAGC-3′),

CD 206 (5′-GGCAGGATCTGGCAACCTAGTA-3′ and 5′-

GTTTGGATCGGCACACAAAGTC-3′), and Arg1 (5′-TTGGGTGGATGCTCACACTG-3′

and 5′-TTGCCCATGCAGATTCCC-3′).

2.3 Histology

Transverse paraffin sections of fixed brain tissue were prepared by the Yale Research

Histology service. H&E stain was used to observe general histology. Immunohistochemical

stains were completed using antibodies against NeuN, GFAP, Mac-3, and mouse serum

albumin (MSA) at dilutions of 1:100, 1:2500, 1:50, and 1:1000 respectively. Tissues stained

for MSA were visualized using an Alexa 488 conjugated secondary antibody (Life

Technologies), mounted using Vectashield with DAPI (Vector Labs), and imaged using a

Zeiss Axiovert 200M fluorescent microscope with Volocity software (Perkin Elmer). All

other antibodies were incubated with appropriate biotinylated secondary antibodies, and

stained using the ABC peroxidase standard and DAB kits from Vector Labs. Endogenous

peroxidase activity was blocked with a solution of 3% hydrogen peroxide and 0.1% sodium

azide in methanol. Nonspecific binding was blocked using 1% BSA for all antibodies.

Peroxidase stained tissues were imaged using a Axioimager A1 microscope and Axiocam

mHRC camera with Axiovision software (Carl Zeiss). The amount of stain in each field was

quantified using Metamorph software (Molecular Devices). Statistical analysis was

conducted using Prizm (GraphPad).

3. Results

3.1 Reduced neuroinflammation and neurodegeneration in MCP-1 KO mice

Model silicon implants were used in this study to induce a typical FBR in the cortex. Silicon

implant arrays are used extensively both clinically and in brain-computer interface research
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[10, 29]. Tissue sections from implant bearing mice were stained with H&E to reveal

general tissue histology. MCP-1 KO mice showed reduced signs of inflammation at 1, 2, and

8 weeks after implantation (Figure 1). WT mice showed signs of matrix degradation and

vacuoles in the tissue. Hemosiderin laden macrophages were also clearly visible, the intense

brown color caused by the breakdown of erythrocytes that indicate local hemorrhage (Figure

1H).

Degenerating neurons were visible in the vicinity of the implants in WT tissue sections.

These neurons show pyknotic nuclei and eosinophillic cytoplasm, and were located near the

implant cavity [48]. Their physical characteristics, location, and lack of corkscrew dendrites

distinguish them from the “dark neurons” that are a common histological artifact [49]. In

contrast, sections of MCP-1 KO mice contained abundant healthy neurons at 8 weeks.

Sections were stained for NeuN to show neuronal nuclei near the implant (Figure 2). At 1

week, when the FBR was likely dominated by the trauma from implant insertion, there was

no difference in neuronal density between WT and MCP1-KO mice. However, an increased

amount of neurons in the near implant tissue was observed in MCP1-KO mice, when

compared to WT mice, at both 2 and 8 weeks. These neurons appeared healthy under

histological examination, and in many cases were within 25 μm of the implant surface.

Successive elliptical areas were defined around the implant cavity to determine the neuronal

density at specified distances from the implant surface. While there was no difference

between KO and WT within 25 μm of the implant, after that distance the neuron positive

area was increased in the KO mice (Figure 2J, K).

3.2 Reduced Inflammation in MCP-1 KO mice

Immunohistochemical staining was conducted to assess the traditional markers of the FBR.

Reactive astrocytes increased in size and number to form a glial scar around the implant as

part of the foreign body response (Figure 2). GFAP staining revealed the glial scar, which

was visible along the implant cavity at all time points. Intense staining also appeared around

near-implant blood vessels, highlighting the role of astrocytes in maintaining the BBB.

Reactive gliosis was most pronounced at 1 and 2 weeks after implantation, and was

decreased at eight weeks in the MCP-1 KO mice (Figure 2B, F, and L).

BBB compromise has been recognized as a complication to the brain FBR [14, 39, 50].

Immunohistochemical staining for mouse serum albumin, which is excluded by an intact

BBB, was conducted to indicate the presence of BBB compromise (Figure 2C, G, M). BBB

leakage was greatest initially after implantation and resolved over time. After eight weeks

MCP-1 KO mice showed significantly less leakage than WT, indicating a better functioning

BBB. When taken together with the decrease in astrogliosis and the improved neuronal

density, these factors indicate reduced neuroinflammation in the MCP-1 KO mice.

3.3 Macrophage/microglia response

The presence of macrophages/microglia was generally reduced in the MCP-1 KO mice, with

the exception of the 2 week timepoint where there was a significant increase in

inflammatory cells (Figure 2D, H, N). Macrophages and microglia are an important part of

both the propagation and resolution of neuroinflammation; however, increased inflammatory
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cell presence is generally indicative of increased inflammation. In this case, MCP-1 KO

macrophages/microglia may exhibit phenotypic differences that alter their behavior as part

of the FBR. Therefore, in addition quantification of macrophages/microglia, we used

quantitative real-time PCR to measure the levels of M1 (CCR7, CD 80) and M2 (CD 163,

CD 206, and Arg-1) activation markers (Figure 3). M1 markers were either unchanged

(CCR7) or increased (CD80) when comparing MCP-1 KO to WT samples. In contrast, all

M2 markers (CD 163, CD 206, and Arg-1) were increased in MCP-1 KO mice. While the

tissue sample contained a diverse population of cells, the markers we analyzed are all

primarily expressed on cells of monocyte/macrophage lineage. Therefore, we speculate that

the increased levels of M2-associated markers indicate a phenotypic shift in the MCP-1 KO

macrophages towards a decreased inflammatory state.

3.4 Inhibition of CCR2

In order to recapitulate the FBR of the MCP-1 KO mice, implant-bearing animals were

given a daily IP injection of RS 102895 for two weeks. RS 102895 is a CCR2 antagonist

that blocks the activity of MCP-1 [51, 52]. A dose of either 3.0 mg/kg RS 102895 or DMSO

(vehicle) was given to separate cohorts of six mice to inhibit the function of CCR2. The dose

was selected based on its efficacy in previously published studies [53, 54].

Mice that received the vehicle injections elicited a FBR similar to that of WT mice.

Specifically, BBB leakage, macrophage/microglia accumulation and reactive astrogliosis

were similar between WT and vehicle-injected mice. However, there was a decrease in

neuronal density in vehicle-injected mice, which could indicate some degree of DMSO

toxicity.

Similar to the MCP-1 KO mice, pharmacological inhibition of CCR2 yielded a significant

increase neuronal density in the peri-implant tissue (Figure 4C). Additional markers of

inflammation were also improved with CCR2 inhibition including reactive astrogliosis, BBB

leakage, and inflammatory cell accumulation (Figure 4D, E, and F). Taken together, these

observations suggest that administration of the CCR2 inhibitor reduced neuroinflammation.

3.5 Bone marrow MCP-1 chimeras

In order to determine whether MCP-1 in the FBR is produced by resident or recruited cells,

bone marrow chimeras were generated using MCP-1 KO and WT mice. Lethally irradiated

recipients were rescued with bone marrow from either KO or WT mice. Four weeks after

transplantation each mouse received one intracortical implant. Two weeks later the animals

were euthanized and the brain tissue was prepared for histology.

Analysis of NeuN deposition by immunohistochemistry showed that KOKO mice (MCP-1

KO mice rescued with MCP-1 KO bone marrow) maintained an increased neuronal density

when compared to WTWT mice (Bl6 mice rescued with Bl6 bone marrow) (Figure 5).

Rescuing BL6 mice with KO bone marrow (WTKO) restricted MCP-1 expression to resident

cells, and resulted in a small increase in neuronal density. A similar increase in neuronal

density was observed in KOWT mice, where the major source of MCP-1 is from circulating

cells. The inflammatory cell increase observed in the KO mouse was also observed in the

KOKO group, which also saw a small decrease in reactive astrogliosis. BBB leakage also
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appeared to decrease in both KOWT and KOKO mice, suggesting that the response is

dominated by the host cells.

4. Discussion

In the present study we examined the role of MCP-1 in the brain FBR. In order to induce the

FBR, a single shank from an electrode made of clinically relevant material was used to elicit

BBB leakage, activation and recruitment of macrophages/microglia, reactive astrogliosis,

and neuronal degeneration: traditional aspects of the FBR that we quantified. Analysis

showed that there was no difference between MCP-1 KO and WT mice at 1 week, at a time

when the FBR is dominated by the acute trauma of implantation. However, during the

chronic phase of the FBR, measured at 8 weeks, MCP-1 KO mice showed an improved

tissue reaction, evidenced by reduced astrogliosis, decreased inflammatory cell presence,

improved BBB function, and greater neuronal density.

MCP-1 is a primary inflammatory messenger and chemoattractant. For example, when brain

cells are exposed to serum albumin, possibly due to BBB compromise, MCP-1 production is

rapidly upregulated [55]. MCP-1 signaling is also increased when there is neuronal damage

and astrogliosis independent of BBB compromise [56]. In neurodegenerative disease,

MCP-1 is a reliable marker and a key mediator for chronic neuroinflammation observed in

Alzheimer’s disease, Huntington’s disease, ALS, and MS [57]. In addition, MCP-1 signaling

is involved in brain injury and the FBR in the body, making it a likely mediator in the brain

FBR [58–60].

Decreased neurodegeneration in MCP-1 KO mice was striking. Specifically, abundant

healthy neurons were observed in close proximity to the implant cavity at both 2 and 8

weeks. Increased neuronal density is important because maintaining healthy neurons near

the electrode is critical for preserving implant performance [61]. In attempting to decrease

neurodegeneration, earlier research has focused on delivery of neurotrophic factors, steroids,

or implant coatings to induce neuron ingrowth [61–63]. As presented here, phenotypic

changes induced by genetic knockout of MCP-1 can provide improvements in neuronal

density, while decreasing additional markers of neuroinflammation and the FBR, suggesting

an alternate avenue for neuroprotective therapies.

Because MCP-1 expression is associated with macrophage activation, we asked whether the

improved FBR in MCP-1 KO mice was due to a dysfunction in the macrophages and local

microglia. Therefore, we determined the expression of common macrophage/microglia

activation markers in the FBR of WT and MCP-1 KO mice. Our results indicated that the

macrophages/microglia were skewed towards an alternatively activated repair and

regeneration phenotype at 2 weeks. Previous research has shown that this phenotype is

associated with decreased neuronal loss, which may account for the decreased

neurodegeneration observed in the MCP-1 KO mice [36]. Biasing the phenotype of the

macrophages/microglia presents an attractive therapeutic strategy, which can alter tissue

responses without necessarily influencing the number of local inflammatory cells [64–66].

We have also shown that the pharmacological inhibition of MCP-1 also ameliorates the

FBR. The drug RS 1028985 is known antagonist of CCR2, with the ability to block MCP-1
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binding and reduce the migration of macrophages [52]. When implant-bearing WT mice

were given a daily IP dose of RS 102895 they showed increased neuronal density, reduced

astrogliosis, improved BBB function, and reduced inflammatory cell presence when

compared to mice administered the vehicle. Our observations suggest that the improved

FBR observed in the MCP-1 KO mouse can be duplicated therapeutically in WT mice.

It should be noted that there are some important distinctions between genetic knockouts and

the pharmacological inhibition presented in this study. In global KO models, additional

pathways can be engaged as adoptive responses to the loss of a single gene. The effect of

MCP-1 deletion proceeds in a tissue specific manner. For example, when MCP-1 KO mice

receive an intraperitoneal injection of thioglycolate, which causes inflammation, they show

decreased macrophage accumulation when compared to WT mice [43]. In contrast,

macrophage recruitment was not reduced in MCP-1 KO mice in skin wound, subcutaneous

implant, and intraperitoneal implant models [59, 60, 67]. In this study we observed an

increased macrophage/microglia accumulation at two weeks in both MCP-1 KO and KOKO

mice. A compensatory mechanism, or alterations in BBB permeability affecting monocyte

migration, could explain the increased inflammatory cell presence.

In contrast to the MCP-1 KO and KOKO mice, the administration of the CCR2 antagonist

significantly decreased inflammatory cell presence at 2 weeks. However, the increase in

neuronal density persisted. Without increasing the total amount of inflammatory cells,

pharmacological inhibition could alter the amount of macrophages present in the CNS

relative to the amount of microglia. Macrophages and microglia respond in different ways to

identical stimuli, and alterations to the macrophage/microglia ratio could alter the outcome

of the FBR [68].

5. Conclusions

We have shown that both genetic knockout and pharmacological inhibition of MCP-1

improve the FBR in the brain. A primary benefit in both models is the preservation of

neurons near the implant that are critical for implant function. These results indicate that

inhibition of MCP-1 could be a promising therapy for improving the lifetime of chronically

implanted neural electrodes.
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Figure 1.
Neuroinflammation was reduced in MCP-1 KO mice. WT (A, C, E) and MCP-1 KO (B, D,

F) tissue were stained with hematoxylin and eosin to reveal overall tissue health. WT tissue

showed signs of increased inflammation when compared to KO tissue at all time points,

including anoxic degrading neurons (indicated by arrows in G), and hemosiderin laden

macrophages (indicated by arrows in H) that indicate tissue hemorrhage. Healthy neurons

were increased in KO tissue, particularly at 8 wks (F). Scale is 100 μm in F and 50 μm in H.
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Figure 2.
Neuroinflammation was reduced in MCP-1 KO mice. Paraffin embedded brain sections

were stained for NeuN to reveal near-implant neurons. MCP-1 KO (E) tissue showed an

increased density of neurons when compared to WT (A) tissue. Quantification of NeuN

positive area (I) showed that there was a statistically significant increase in neuronal density

at 2 and 8 wks in the KO mice. Elliptical regions were used to quantify the amount of

positive stain at distances from the implant interface in WT (J) and KO mice (K). Neuronal

density was increased in the KO mice at all distances from the implant cavity (* in K

compare WT and KO at the same time and distance). Reactive astrocytes were visible

around the wound cavity 1, 2, and 8 wks in both WT (B) and KO (F) mice. The extent of

reactive gliosis was reduced in KO mice at 8 wks (L), when quantified using MetaMorph.

The presence of MSA was used to measure the extent of BBB leakage. Bright, punctuate

areas of fluorescence, visible in all sections but highlighted by white arrows in C, and G,

indicate unperfused vessels and were excluded from analysis. Both WT (C) and KO (G)

tissue showed extensive leakage at 1 wk which gradually resolved over time (M). At 8 wks,

the amount of BBB leakage in KO tissue was less than in WT tissue, which indicates greater

BBB integrity and an improved FBR. Tissue sections were stained with Mac-3 to show local

macrophage/microglia accumulation. WT mice showed consistent macrophage/microglia

presence in WT mice from 1 to 8 wks (D, H, N). Macrophage accumulation peaked at 2 wks
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after implantation in the KO mice. Scale is 100 μm in F and G, * indicates p < 0.05 using

Student’s t test, n is 6 for each point and data is presented ± SEM.
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Figure 3.
KO macrophages were shifted towards an M2 phenotype at 2 wks. Quantitative real-time

PCR was used to measure markers for macrophage polarization. WT and KO macrophages

showed similar levels of CD 68 (A, pan macrophage) and CCR7 (B, M1). The M1 marker

CD 80 (C) was elevated in KO mice. The M2 markers CD 163 (D), CD 206 (E), and

Arg-1(F) were all elevated in KO mice, which indicated a phenotype shift at two weeks. *

indicates p < 0.05 and ** indicates p < 0.01 using Student’s t test, n is 6 for each point and

data is presented ± SEM.
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Figure 4.
Delivery of the CCR2 agonist RS 102895 reduces neuroinflammation at 2 wks. Implant

bearing mice were given IP injections of RS 102895 every day for 2 wks at doses of 3.0 and

0 mg/kg. Immunohistochemical stain for NeuN (A, B, C) showed an increased neuronal

density in the KO mice (B) when compared to the WT mice (A) with treatment, which

agrees with the KO mouse phenotype. IHC stains for GFAP (D), MSA (E), and Mac-3 (F)

all showed reduced neuroinflammation with RS 102895 treatment. * indicates p < 0.05 using

Student’s t test, n is 6 for each point and data is presented ± SEM.
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Figure 5.
Bone marrow chimeras indicate that reduction of MCP-1 signaling reduces neuronal loss.

Lethally irradiated BL6 and MCP-1 KO mice were rescued with bone marrow from either

KO or BL6 mice, resulting in WTWT, WTKO, KOWT, and KOKO mice (where the capital

letter indicates the background of the recipient and the superscript letter indicates the

genotype of the donor). WTWT (A) and KOKO (B) mice maintained neuronal densities

similar to their background strain; however, WTKO and KOWT mice showed an intermediate

response to decreased or introduced MCP-1 exposure, respectively (C). The amount of

reactive astrocytes and inflammatory cells were similar to values observed during

phenotypic characterization (D and F). BBB leakage appeared to decrease in both KOWT

and KOKO mice, showing a host dominated response (E). * indicates p < 0.05 using

Student’s t test, n is 4 for WTWT, WTKO, and KOWT and 6 for KOKO, data is presented ±

SEM.
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