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Full-length Article 

Depletion of complement factor 3 delays the neuroinflammatory response 
to intracortical microelectrodes 

Sydney S. Song a,b, Lindsey N. Druschel a,b, Jacob H. Conard a, Jaime J. Wang a,b,  
Niveda M. Kasthuri a,b, E. Ricky Chan c, Jeffrey R. Capadona a,b,* 

a Department of Biomedical Engineering, Case Western Reserve University, Cleveland, OH 44106, United States 
b Advanced Platform Technology Center, Louis Stokes Cleveland Veterans Affairs Medical Center, Cleveland, OH 44106, United States 
c Cleveland Institute for Computational Biology, Case Western Reserve University, Cleveland, OH 44106, United States   

A R T I C L E  I N F O   
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A B S T R A C T   

The neuroinflammatory response to intracortical microelectrodes (IMEs) used with brain-machine interfacing 
(BMI) applications is regarded as the primary contributor to poor chronic performance. Recent developments in 
high-plex gene expression technologies have allowed for an evolution in the investigation of individual proteins 
or genes to be able to identify specific pathways of upregulated genes that may contribute to the neuro
inflammatory response. Several key pathways that are upregulated following IME implantation are involved with 
the complement system. The complement system is part of the innate immune system involved in recognizing 
and eliminating pathogens – a significant contributor to the foreign body response against biomaterials. Spe
cifically, we have identified Complement 3 (C3) as a gene of interest because it is the intersection of several key 
complement pathways. In this study, we investigated the role of C3 in the IME inflammatory response by 
comparing the neuroinflammatory gene expression at the microelectrode implant site between C3 knockout 
(C3–/-) and wild-type (WT) mice. We have found that, like in WT mice, implantation of intracortical micro
electrodes in C3–/- mice yields a dramatic increase in the neuroinflammatory gene expression at all post-surgery 
time points investigated. However, compared to WT mice, C3 depletion showed reduced expression of many 
neuroinflammatory genes pre-surgery and 4 weeks post-surgery. Conversely, depletion of C3 increased the 
expression of many neuroinflammatory genes at 8 weeks and 16 weeks post-surgery, compared to WT mice. Our 
results suggest that C3 depletion may be a promising therapeutic target for acute, but not chronic, relief of the 
neuroinflammatory response to IME implantation. Additional compensatory targets may also be required for 
comprehensive long-term reduction of the neuroinflammatory response for improved intracortical microelec
trode performance.   

1. Introduction 

Intracortical microelectrodes (IMEs) implanted in the cortex of the 
brain have been widely used to develop brain-machine interfaces (BMIs) 
because of their ability to record high-resolution neural activity (Hubel, 
1957). For example, the recorded neural activity can restore lost func
tion in paralyzed and injured individuals (Fatima et al., 2020; Irwin, 
2017; Pandarinath, 2017; Paulk, 2022; Rapeaux and Constandinou, 
2021; Simeral, 2011; Willett, 2021). Currently, many neuroscience 
research studies and clinical applications are under consideration and 
development in this field (Obien, 2014; Hubel and Wiesel, 1959; Muller, 

2015; Stett, 2003; Proix, 2019; Heelan, 2019; Ajiboye, 2017; Jar
osiewicz, 2015; Hochberg, 2006; Hochberg and Donoghue, 2006; 
Khorasani, 2016; Park, 2020; Schroeder and Chestek, 2016). Unfortu
nately, implantation of IMEs into the brain breaches the blood–brain 
barrier, damages brain tissue, and initiates a neuroinflammatory 
cascade (Kozai, 2015; Nolta, 2015; Potter, 2012; Saxena, 2013). The 
neuroinflammatory response to IMEs persists as long as the device is 
implanted and is believed to be a major contributing factor to the decline 
in the quantity and quality of signals obtained (Heelan, 2019). 

Many studies have sought to prolong the lifespan of intracortical 
microelectrodes by targeting these neuroinflammatory pathways. Such 
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approaches include reducing factors that initiate the inflammatory 
pathways, which includes minimizing the initial trauma associated with 
device implantation (Shoffstall, 2018; Bjornsson, 2006) and minimizing 
the chronic mechanical damage caused by device/tissue stiffness 
mismatch resulting in continuous neuroinflammation (Money, 2020; 
Bedell, 2018; Nguyen, 2016; Sridharan, 2015; Nguyen, 2014; Harris, 
2011; Simon, 2017; Ware, 2012; Welle, 2020). Broadly targeting the 
inflammatory response with either glucocorticoids such as dexametha
sone, anti-inflammatory antibiotics such as minocycline, or antioxidants 
such as MnTBAP, Dimethyl Fumarate, or resveratrol (Hernandez-Rey
noso, 2023; Potter, 2013; Potter-Baker, 2015; Haley, 2020; Kim, 2021; 
Hoeferlin and T.B., H. Olivares, J. Zhang, L.N. Druschel, B. Sturgill, M. 
Sobota, P. Boucher, J. Duncan, A.G. Hernandez-Reynoso, S.F. Cogan, J. 
J. Pancrazio, J.R., 2023) and specific targeting by altering the quantity 
or function of specific molecules such as laminin, melatonin, flavopir
idol, and caspase-1 (Spataro, 2005; Rennaker, 2007; Hermann, 2018; 
Zhong and Bellamkonda, 2007; He et al., 2006; Golabchi, 2018; Purcell, 
2009; Kozai, 2014) have shown promise. Application of extracellular 
matrix (ECM)-derived compounds that stimulate neuronal growth has 
also reduced the inflammatory response to microelectrodes (Oakes, 
2018; Golabchi, 2020). While these approaches, including broadly 
immunomodulatory agents, have shown improvements in chronic re
cordings, long-term application of broad immunomodulatory agents has 
led to unwanted side effects (Curran, 2022; Heianza, 2020; Kaki, 2011; 
Buchman, 2001). Immune checkpoint inhibitors such as tislelizumab 
(which targets the PD-1/PD-L1 complex on T-cells) are used to slow 
tumor progression but have been shown to cause thyroid dysfunction, 
pneumonitis, and hyperglycemia (Daei Sorkhabi, 2023; Zhang, 2022). 
Dexamethazone delivery has been linked to viremia, cardiovascular 
events, glaucoma, and other adverse side effects throughout the body 
(Mattos-Silva, 2020; Noreen et al., 2021). Broad immune targeting is 
also not clinically applicable to patients already susceptible to infection, 
such as those with spinal cord injuries (Brommer, 2016; Riegger, 2009; 
Rodgers, 2022; Zhang, 2013). Thus, attenuating the neuroinflammatory 
pathway through specific molecular targets rather than broad immu
nomodulation has been explored (Hermann, 2018) with the goal of 
reducing or circumventing some of the side effects of non-specific 
therapy. This inspires further investigation into understanding the 
dynamically changing neuroinflammatory gene expression at the tissue- 
microelectrode interface in search of targets with minimal off-target 
effects and maximal immunomodulatory effects. 

Utilizing highly parallel gene expression techniques, several labs 
have investigated the gene expression at the tissue-microelectrode 
interface (Ereifej, 2018; Bedell, 2020; Song, 2022; Falcone, 2018; 
Thompson, 2021; Pfluger, 2019; Bennett, 2021), including ours. In past 
studies, we have investigated the expression of ~ 800 genes in the 
neuroinflammatory pathway in WT mice and Cd14 knockout (Cd14-/-) 
mice at acute and chronic time points (Bedell, 2020; Song, 2022; Song, 
2023). Hundreds of genes were found to be upregulated at various time 
points post-surgery, including members of the complement system. At 
the center of the complement system is C3, which several labs have 
identified as a potentially important and therapeutic target (Bedell, 
2020; Song, 2022; Thompson, 2021; Pfluger, 2019; Bennett, 2021), 
suggesting the need for a detailed investigation into the role of C3 in 
microelectrode-induced neuroinflammation. 

The complement system is an evolutionarily conserved protein sys
tem in innate immunity that helps the host eliminate pathogens and 
cellular debris (Lubbers, 2017; Nonaka and Yoshizaki, 2004). The 
complement system forms an activation cascade with three initiating 
pathways: classical, alternative, and mannose-binding lectin. All initi
ating paths converge at the level of C3 amplification. Complement 
activation results in initiation of the inflammatory process, recruitment 
of immune cells, lysis of pathogens via the Membrane-Attack Complex 
(MAC), and opsonization of pathogens to facilitate macrophage phago
cytosis (Lubbers, 2017). Unwanted complement system activation 
significantly contributes to several auto-immune diseases (e.g., 

hereditary angioedema, paroxysmal nocturnal dyspnea), organ trans
plant rejection, and foreign body response against biomaterials 
(Tichaczek-Goska, 2012; Vignesh, 2017; Trouw et al., 2017; Orsini, 
2014; Carpanini et al., 2019; Morgan, 2018; Grafals and Thurman, 2019; 
Mathern and Heeger, 2015; Nilsson, 2007; Ekdahl, 2011). 

In this study, we are the first to report the effect of C3 depletion on 
the neuroinflammatory response to intracortical microelectrode im
plantation using C3–/- mice. Here, we examine the expression of 826 
neuroinflammatory genes isolated from the tissue-microelectrode 
interface and surveyed the changes in expression at 4 weeks (4WK), 8 
weeks (8WK), and 16 weeks (16WK) post-surgery compared to C3–/- 

naïve control mice. Additionally, we compare the expression of each of 
the 826 genes in C3–/- vs WT naïve control, 4WK, 8WK, and 16WK post- 
surgery time points. Our goal is to evaluate the potential of C3 as a 
therapeutic target to reduce microelectrode-induced neuroinflammation 
and identify genes in the inflammatory pathway that may be targeted 
synergistically or sequentially with C3 inhibition. 

2. Materials and methods 

The materials and methods used in this paper have been routinely 
performed in our lab, please refer to (Bedell, 2020); (Song, 2022), and 
(Song, 2023) for more details. Briefly: 

Animals and surgical procedures: A total of 20 male C57BL/6J 
C3–/- (Jackson Laboratory Strain #003641) mice and 20 male C57BL/6J 
WT mice (Jackson Laboratory Strain #000664) were used in this study. 
Both WT and C57BL/6J C3–/- mice were randomly divided into 4 groups 
of 5 animals each: naïve control, and 4 weeks, 8 weeks, and 16 weeks 
post-surgery. Animals were implanted with “dummy probes” in the 
shape of Michigan-style silicon microelectrodes. Probes were 2 mm long, 
123 µm wide at the widest portion of the shank, and 15 µm thick. These 
probes were graciously provided by the Pancrazio Lab at the University 
of Texas at Dallas. A total of 4 probes were implanted 1.5 mm both left 
and right lateral of midline and 1.0 mm both anterior/posterior to the 
bregma for each mouse. For a comprehensive description of surgical 
protocols, see (Song, 2023; Ereifej, 2018; Ravikumar, 2014; Ravikumar, 
2014). Prior to implantation, dummy probes were washed by soaking in 
95 % ethanol solution three times for 5 min each and sterilized with cold 
ethylene oxide gas following established protocols. All animal care and 
handling were performed in compliance with a protocol approved by the 
Institutional Animal Care and Use Committee (IACUC) at Case Western 
Reserve University. 

Tissue Extraction: At predefined end time points, anesthetized mice 
(100 mg/kg ketamine and 10 mg/kg xylazine) were euthanized via 
cardiac perfusions with ~ 50–100 mL cold 1X phosphate-buffered saline 
(PBS). Mouse brains were immediately extracted to prevent excessive 
RNA degradation. Probes were removed prior to the brains undergoing 
flash freezing in optimal cutting temperature compound (OCT), and 
storage at −80 ◦C until cryosection. Three to four 150 μm slices were 
obtained for bulk gene expression analysis, and approximately twenty- 
five 5 μm slices were obtained for use in another project. The top 
50–100 μm of the brain was excluded to ensure slices were taken from 
the same depth of the cortex for all four implants, this accounts for any 
slight variations in the angle of the brain in the OCT. The remaining 
depth of 700–900 μm of cortical tissue was sliced. From the 150 μm 
slices, tissue within a 500 μm radius of the implantation site was excised 
with a biopsy punch (1 mm diameter). 

RNA Isolation: Brain tissue biopsies were homogenized with the 
Bead Bug Homogenizer (Benchmark Scientific D1030) and RNA was 
extracted and purified with RNeasy® Plus Universal Mini Kit (Qiagen 
73404) at the Gene Expression and Genotyping Facility at Case Western 
Reserve University (Bedell, 2020; Song, 2023). 

Gene Expression Assay: Full details can be found in our earlier 
publications (Song, 2023; Song and H.W.B., B.J. Regan, E.S. Ereifej, R. 
Chan, J.R. Capadona, 2022). RNA was processed according to manu
facturer protocols (Neuroinflammatory Panel, NanoString Technologies, 
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Seattle, WA) and read via nCounter® Max Analyzer at 280 Field-of-View 
per sample. Here, we used a codeset containing 826 genes: 773 were 
from the nCounter® Mouse Neuroinflammation Panel (shown in black), 
which included 13 housekeeping genes (shown in blue with dark gray 
shading), and 53 custom genes of interest (shown in red with light gray 
shading) (Table 1). Custom genes included oxidative stress markers, 
additional complement genes, and other pathways for neuro
inflammation. Additionally, both positive and negative controls were 
spiked in as quality control for all experiments. 

3. Data visualization and statistical analysis 

Exclusion, normalization, and statistical analyses were all performed 
in nSolver 4.0 and Advanced Analysis 4.0 (NanoString Technologies, 
Seattle, WA). 

Exclusion criteria: Genes with counts below 25 in 85 % of the total 
samples, and housekeeping genes (HK) with average raw counts below 
75. 

Normalization: Raw counts for each sample were normalized to the 
geometric mean of spiked-in positive controls and to the geometric mean 
of HK controls. 

Statistical Significance: An unpaired T-test with a Benjamini-Hochberg 
False-Discovery-Rate Correction was used to calculate adjusted p-values 
(padj) and significance was set at padj < 0.05 (Bedell, 2020). 

Data Visualization: Gene expression is summarized for each com
parison using volcano plots created with GraphPad Prism 10. Volcano 
plots have one point for every gene measured in that experiment, with 
log2(fold change) on the x-axis, and –log10(padj) on the y-axis. Fold 
change is equal to the average expression of the experimental group 
divided by the average expression of the control (or baseline) group. If 
the experimental group has higher expression of a particular gene, then 
the ratio of experimental expression to control expression will be greater 
than 1, making the log base 2 of that ratio positive. This means the point 
for that specific gene will lie in the right side of the y-axis. In the C3–/- 

implanted vs. un-implanted C3–/- comparison, the control group will 
always be naïve control C3–/- mice with no implant. In the implanted WT 
vs. implanted C3–/- comparisons, the control group is the implanted WT 
mice, meaning all points to the left of the y-axis represent genes that are 
higher expressed in WT mice compared to C3–/- mice. On the y-axis, the 
significance cutoff of padj = 0.05 corresponds to points above –log10 
(padj) = 1.30, and the higher the point is located on the plot, the smaller 
the P-value. (Bedell, 2020). 

Gene and Pathway Analysis: Advaita iPathwayGuide was used to help 
understand the different roles specific genes play in the body (Draghici, 
2007; Donato, 2013). Gene name, Log2FoldChange, and padj were input 
into the software, which generates a detailed analysis report. We utilized 
3 specific functions focusing on pathways, biological processes, and 
molecular components. The pathway analysis searches all known Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways involved in the 
differentially expressed genes and allows us to see possible downstream 
effects for genes that were differentially expressed (Kanehisa and Goto, 
2000; Kanehisa, 2019; Kanehisa, 2023). Diagrams from the KEGG 
database are included for each of the pathways discussed, though 
several are in supplementary. The biological processes and molecular 
components functions allow us to see what processes and structures that 
the genes will impact, even if the specific pathways aren’t fully known or 
understood. These functions use gene ontology (GO) terms to group 
specific processes and components (Ashburner, 2000; Gene Ontology, 
2023). We examined the results from these 3 features to discern how 
these genes contribute to the inflammatory response of IME 
implantation. 

4. Results 

Neuroinflammatory gene expression following IME implanta
tion in C3–/- mice compared to C3–/- Naïve Control 

We first examined the gene expression of 826 genes in the neuro
inflammatory pathway within 500 µm of the microelectrode-tissue 
interface in C3–/- mice at 4WK, 8WK, and 16WK post-surgery. All gene 
expression in surgical C3–/- mice were compared to naïve, non-surgical 
control C3–/- mice to evaluate how the expression of genes in C3–/- 

neuroinflammatory pathways change following microelectrode im
plantation. Of the 826 genes measured, 529 were found to be signifi
cantly differentially expressed in at least 1 comparison (Fig. 1). The 
remaining 297 quantified genes that we included showed no changes in 
expression level above padj threshold < 0.05 in any comparison. Fig. 1A 
displays a Venn diagram indicating the number of differentially 
expressed genes post-surgery in C3–/- implaned mice compared to C3–/- 

naïve control mice for each of the three time points we examined. Genes 
were included if padj < 0.05. Overlapping spaces in the diagram indicate 
that the same genes demonstrated differential expression across multiple 
timepoints. Supplementary Table S1 lists the genes that were signifi
cantly upregulated or downregulated at each time point post-surgery. 

At 4WK post-surgery, a total of 41 genes showed changes in 
expression with statistical significance (padj < 0.05) (Fig. 1A, 1B, and 
Table S1). Four of these genes: Dcx, Ptgs2, Nlrp2, and Npnt showed 
downregulation, while the remaining 37 genes all showed upregulation. 
Dcx, which codes for the doublecortin protein, is a cytoplasmic neuronal 
protein that contributes to microtubule networks. Ptgs2 is a gene that 
codes for the cyclooxygenase 2 protein, which is involved in both syn
aptic activity and enzymatic synthesis of pro-inflammatory factors (L., 
m., 2004; Rawat and S.K., U. Ranjan Dahiya, R. Kukreti, 2019). Nlrp2, or 
NLR family, pyrin domain containing 2, is a gene expressed in astrocytic 
inflammasomes (Minkiewicz and J.P.d.R.V., Robert W. Keane, 2013). 
Nephronectin, encoded by the gene Npnt, is an extracellular matrix 
protein that is involved in cell–cell adhesion. Dcx, Ptgs2, and Npnt are 
likely downregulated because they all have roles in maintaining the 
structure of neural cells, which is disrupted following IME implantation. 
Nlrp2, however, is an interesting gene to be downregulated, as its 
downregulation suggests that this type of astrocytic inflammasome is 
not being utilized to respond to the implantation of the electrode. 
Rather, other lysosomes and phagosomes are overtaking that role, which 
was evident in the pathway analysis. The pathways found to be upre
gulated in the 4WK implanted animals are associated mainly with the 
brain’s foreign body response, including phagosome formation (Clec7a, 
Cd36, Fcgr2b, Fcgr3, Tclrg1, KEGG:04145), antigen processing and pre
sentation (Cd74, Ctss, Ifi30, KEGG:04612), and lysosome formation 
(Ctss, Cd68, Tclrg1, KEGG:04142) (Fig. 2). 

Of the 37 genes that were differentially upregulated at the 4WK time 
point, 36 were found to remain upregulated through 8WK post-surgery 
time point (Fig. 1A, C, and Table S1). One gene, Anxa1, was upregulated 
in the 4WK and 16WK time points, but was not differentially expressed 
at the 8WK time point. Anxa1 is a gene that has an anti-inflammatory 
role in the peripheral nervous system and promotes BBB integrity in 
the central nervous system (McArthur, 2016). The phagosome, antigen 
processing, and lysosome associated pathways upregulated in the 4WK 
timepoint remain activated into the 8WK time point. However, at 8WK 
post-surgery, another 323 genes were upregulated in the implanted 
animals (Fig. 1A, C, and Table S1). No genes are downregulated in the 
8WK time point. At 8WK, we see the onset of several key inflammatory 
signaling pathways, including NOD-like receptor (KEGG:04621, Sup
plemental Fig. S2A), MAPK (KEGG:04010, Supplemental Fig. S2B), toll- 
like receptor (KEGG:04620, Supplemental Fig. S2C), and p53 
(KEGG:04115, Supplemental Fig. S2D). These pathways often activate 
one another and are highly intertwined. For instance, toll-like receptor 
pathway genes (Myd88, Irak4, Irf3, Traf6, Irak1) activate NOD-like or 
MAPK receptor pathways (Supplemental Fig. S2A-C). Certain NOD-like 
receptor signaling pathway genes (Xiap, Traf, Ripk2) activate pro- 
inflammatory cascades in the MAPK signaling pathways, and MAPK 
genes (Mapk14, Map3k1, Map2k4) activate p53 signaling (Supplemental 
Fig. S2B). The common effects of these pathways include the release of 
pro-inflammatory cytokines and chemokines as well as apoptosis. Many 
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Table 1 
Complete list of neuroinflammatory genes of interest utilized in this study. Here we list the 826 genes examined in the current study. Genes from the nCounter® Mouse 
Neuroinflammation Panel (shown in black), the 53 custom genes of interest are in (light gray shading), and 13 housekeeping genes are in (dark gray shading).  

(continued on next page) 
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genes in the mouse apoptosis pathway (Supplemental Fig. S3, 26 total, 
including Lmna, Parp1, and Bcl2) are upregulated at the 8WK timepoint, 
demonstrating that these inflammatory pathways are inducing down
stream effects and killing local cells. 

By the 16WK post-surgery time point, there is the largest upregula
tion of inflammatory genes. Thirty-five of the genes upregulated at both 
4WK and 8WK maintained upregulation through 16WK post-surgery 
(Fig. 1A). These genes include mainly the phagosome (Supplemental 
Fig. S4A), antigen processing (Supplemental Fig. S4B), and lysosome 
pathways (Supplemental Fig. S4C), which have continuously been 
upregulated since the acute 4WK timepoint (Fig. 2). Additionally, 349 of 
the 359 genes showing upregulation at 8WK post-surgery remained 
upregulated at 16WK post-surgery (Fig. 1A, 1C, 1D and Table S1). One 
gene, Ccl5, was upregulated in the 4WK and 8WK timepoints but 
returned to baseline by 16WK. Ccl5 is expressed by microglia and 

astrocytes and acts as a chemoattractant for immune cells to cross the 
BBB (Bayly-Jones, 2020). At 16WK post-surgery, 515 genes showed 
upregulation with statistical significance (padj < 0.05), including 165 
newly upregulated genes (Figs. 1, 1D and Table S1). Of these 165, 30 
were associated with neurodegeneration and apoptosis (Supplemental 
Fig. S5), and 41 were involved in the signaling pathways discussed 
previously in the 8WK section (Supplemental Fig. S2): NOD-like recep
tor (Supplemental Fig. S6A), MAPK (Supplemental Fig. S6B), toll-like 
receptor (Supplemental Fig. S6C), and p53 (Supplemental Fig. S6D). 
We also see an increase in the following pathways: axon guidance 
(KEGG:04360, Supplemental Fig. S7A; 15 genes), Ras signaling 
(KEGG:04014, Supplemental Fig. S7B; 41 genes), Rap1 signaling 
(KEGG:04015, Supplemental Fig. S7C; 27 genes), and ErbB signaling 
(KEGG:04012, Supplemental Fig. S7D; 21 genes), all of which are 
involved with cell adhesion, extension, or remodeling. All these 

Table 1 (continued ) 
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pathways had some significant genes at the 8WK time point, but to a 
much lesser extent. The majority of new differentially expressed genes 
are involved in pathways that were initiated in the 8WK time point, 
rather than adding entirely new pathways. 

A total of 35 genes were upregulated in all three measured time 
points (Fig. 1A, Table S1). Five of the 35 overlapping genes are involved 
in lymphocyte activation (Cd74, Irf8, Ptprc, Tgfb1, Plcg2) (GO:0002285). 
Nine universally upregulated genes are associated with 
immunoglobulin-mediated immunity (C1qa, Fcgr2b, Fcgr3, Ptpn6, Cd74, 
Ptprc, Tgfb1, Tcirg1, Trem2) (GO:0016064). Other listed genes are 
expressed by B- or T-cells (Blnk, Cd84, Tyrobp) (Li, 2022; Fu, 1998; 
Zheng, 2022); macrophages or microglia (Cd68, Spp1,Irf8, Mmp12, 
Mpeg1) (Bayly-Jones, 2020; Masuda, 2012; Wells, 2003; Yeo, 2019; De 
Schepper, 2023), and astrocytes (Gfap, Vim) (Wilhelmsson, 2019). 
Several common biological functions such as antigen processing and 
presentation (Ifi30, Cd74, Ctss) (GO:0019882), phagocytosis (Ctss, Cd36, 
Fcgr2b, Clec7a) (GO:0006909), and complement activation (C1qa, 
C3ar1, C4a) (GO:006956) were found to be upregulated in all three time 
points. Overall, genes upregulated in the 4WK, 8WK, and 16WK time 
points are associated with general immune activation, which persists 
into chronic time points. 

Taken together, in C3–/- mice, gene expression results in Fig. 1 sug
gest there is a trend toward upregulation of more genes with each suc
cessive measurement: i.e., from 4WK to 8WK to 16WK post-surgery. At 

4WK post-surgery, the volcano plot is relatively symmetrical, with many 
genes showing increased and decreased Log2FoldChange below statis
tical and scientific significance. At 8WK post-surgery, the volcano plot 
skews toward the right, and at 16WK post-surgery, the volcano plot 
skews further right, with all genes showing upregulation. However, this 
is mainly in genes that have lower differential expression (Log2Fold
Change of 0–1). In genes showing a high degree of upregulation starting 
at 4WK post-surgery, including Mmp12, Lcn2, C4a, Lilrb4a, Clec7a, Spp1, 
Cd74, Gfap, Vim, and Bcl2a1, the expression level remains stable over the 
4-16WK post-surgical period. The more stable differentially upregulated 
genes includes the genes in the extracellular matrix system: Mmp12, 
Spp1; complement system: C4a; neutrophil degranulation system: Lcn2; 
and astrocyte structural proteins: Gfap and Vim, and are the same set of 
genes that show stable upregulation in WT mice at chronic timepoint 
(Song, 2023). In contrast, WT mice typically used for immunohisto
chemical analysis of the neuroinflammatory response generally 
demonstrate a stabilization of the neuroinflammatory response to 
intracortical microelectrodes over time (Jorfi, 2015; Usoro, 2021). 
Additionally, our own investigation of WT mice using identical methods 
found nearly stable gene expression from 4WK to 16WK post-surgery 
(Song, 2023). 

Fig. 1. Differential expression of neuroinflammatory genes in C3–/- post-surgery compared to C3–/- naïve control mice: A) Venn diagram indicating the number of 
differentially expressed genes. Gene expression levels for C3–/- mice surgically implanted with dummy probes were compared to C3–/- naïve control for each of the 
three time points we examined. Genes were included in the Venn diagram if padj < 0.05. Overlapping spaces in the diagram indicate the same genes demonstrating 
differential expression across multiple time points. The Venn diagram does not differentiate between up or down regulation. B-D) Volcano plots of all measured 
genes. All grey points represent insignificant genes and colored points represent genes found to be significant (padj < 0.05). The dashed red line represents the 
significance threshold and the dashed grey lines mark Log2FoldChange 1, −1, and 2 for reference. Due to space constraints, not all significant genes are labeled on the 
plots. Only genes with a Log2FoldChange > 1 or < -1 are labeled. For a complete list of differentially expressed genes, refer to Table 2 below. Each time point is 
plotted on a separate volcano plot. B) 4WK, C) 8WK, D) 16WK. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 2. Several key pathways upregulated in C3–/- 4WK mice compared to C3–/- naïve control mice. These figures were adapted from the full KEGG pathways, which 
are shown in Supplemental Fig. S3. A) Phagosome (KEGG:04145), B) Antigen processing and presentation (KEGG:04612), and C) Lysosome (KEGG:04142). Red 
indicates upregulation in the 4WK mice compared to naïve control, and blue indicates downregulation in 4WK mice compared to naïve control. No genes were 
downregulated in the 4WK mice. White indicates that the gene was not measured, or it showed no significant differential expression. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5. Neuroinflammatory gene expression to IME implantation in 
C3–/- vs WT mice 

We also compared the expression of 826 genes in the neuro
inflammatory pathway between C3–/- and WT, both in naïve control 
mice, and within 500 µm of the microelectrode-tissue interface mice at 
4-, 8-, and 16-WK post-surgery. The naïve control C3–/- vs naïve control 
WT comparison informs us the state of the animal when they receive the 
implant, and the post-surgery time course comparisons illustrate how 

the temporal changes in neuroinflammation in mice lacking the C3 
pathway, compared to WT mice. 

Of the 826 genes measured, 423 were found to be differentially 
expressed between C3–/- and WT mice in at least 1 comparison. The 
remaining 403 genes were not differentially expressed between the two 
groups. Fig. 3A shows a Venn diagram of the gene expression profiles for 
each of the 4 comparisons. Overlapping regions illustrate differential 
expression in more than one comparison. Any gene found to be differ
entially expressed with padj < 0.05 was included. 

Fig. 3. Differential expression of neuroinflammatory genes in C3–/- post-surgery compared to WT mice: A) Venn diagram indicating the number of differentially 
expressed genes. Gene expression levels for C3–/- mice compared to WT mice for each of the four conditions we examined. Genes are included in the Venn diagram if 
padj < 0.05. Overlapping points on the diagram indicate the same genes demonstrating differential expression across multiple conditions. This figure does not 
differentiate between higher or lower expression. B-E) Volcano plots of all measured genes. All grey points represent insignificant genes and colored points represent 
genes found to be significant (padj < 0.05). The dashed red line represents the significance threshold and the dashed grey lines mark Log2FoldChange −2, −1, 1, and 
2 for reference. Due to space constraints, not all significant genes are labeled. For a complete list of differentially expressed genes, refer to Table S2 below. Each 
condition is plotted on a separate volcano plot. B = naïve control, C = 4WK, D = 8WK, E = 16WK. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 4. Signaling pathways in C3–/- 4WK mice compared to WT 4WK mice that were also found in the C3–/- implanted mice compared to C3–/- naïve control 
comparison (Supplemental Fig. S4,3A.6). A) NOD-like receptor signaling (KEGG:04621), B) MAPK signaling (KEGG:04010), C) toll-like receptor signaling 
(KEGG:04620). Red indicates higher expression in the C3–/- mice compared to WT, and blue indicates lower expression in C3–/- mice compared to WT. No genes 
showed higher expression in the C3–/- mice. White indicates that the gene was not measured, or it showed no significant differential expression. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S.S. Song et al.                                                                                                                                                                                                                                  



Brain Behavior and Immunity 118 (2024) 221–235

230

In naïve control animals, C3–/- mice showed overall decreased 
expression of neuroinflammatory genes compared to WT mice (Fig. 3A, 
4B, Table S2). In naïve control mice, 56 genes showed statistically sig
nificant lower expression, and only one gene showed significantly 
higher expression in C3–/- mice, Serpina3n (Fig. 3B, Table S2). Four of 
these genes exhibit Log2FoldChange > 1 or < -1 (greater than 2-fold 
change in either direction): Serpina3n, Lcn2, Fcrls, and Tnfrsf25. These 
four genes are all known markers of neuroinflammation in some form. 
Serpina3n codes for the protein serine peptidase inhibitor clade A 
member 3n (SERPINA3N), it has been shown to inhibit the proteolytic 
activity of Cathepsin G, leukocyte elastase, granzymeB, and matrix 
metalloprotease 9 (Grafals and Thurman, 2019). Serpina3n is often 
expressed in neurons and astrocytes after injury (Mathern and Heeger, 
2015). Serpina3n has been found to be both neuroprotective and neu
roinflammatory (Liu, 2023). Fcrls codes for Fc Receptor Like S and is 
considered a microglial marker (Ravikumar, 2014), although one study 
has suggested that during chronic CNS injury, infiltrating macrophages 
may also express microglial markers, such as Fcrls (Grassivaro, 2020). 
Lcn2, another gene upregulated in the WT naïve control animals, codes 
for the protein lipocalin-2. In the brain, Lcn2 is expressed by neurons and 
glial cells, and its expression can injure neurons directly and increase 
BBB permeability (Zhang, 2022). Tnfrsf25; which encodes for tumor 
necrosis factor receptor superfamily member 25, is also known as death 
domain receptor 3 (DR3). Tnfrsf25 initiates apoptotic pathways in 
neurons and is required for the maintenance of the brain with age 
(Twohig and M.I.R., Nuria Gavalda, Emma L. Rees-Taylor, Albert Giralt, 
Debbie Adams, Simon P. Brooks, Melanie J. Bull, Claudia J. Calder, 
Simone Cuff, Audrey A. Yong, Jordi Alberch, Alun Davies, Stephen B. 
Dunnett, Aviva M. Tolkovsky, and Eddie C. Y. Wang, 2010). However, 
overexpression of Tnfrsf25 could lead to excessive neuronal death. 
Additionally, six genes with lower expression: Atm, Casp9, Trp53, 
Cdkn1a, Gadd45g, and Bcl2 are involved in the p53 signaling pathway. 
The p53 signaling pathway is activated by unhealthy cellular conditions 
such as oxidative stress and DNA damage and leads to apoptosis, 
dysfunction in cell proliferation, and stalled cellular growth (Supple
mental Fig. S8A). The p53 signaling pathway seems to suggest that C3–/- 

naïve control mice are less susceptible to DNA damage and apoptosis, 
shown by higher Atm and Casp9 expression, but have potentially lower 
chances of cell cycle arrest, shown by higher Cdkn1a and Gadd45g 
expression. 

At 4WK post-surgery, C3–/- mice retained overall lower expression of 
neuroinflammatory genes compared to WT mice, with 300 genes 
showing lower expression and 3 genes showing higher expression 
(Fig. 3A, 3C and Table S2). Five genes showed statistically significant 
lower expression with Log2FoldChange < -1: Bdnf, Fcrls, Tmem114, 
Cdkn1a, and Cd6, and three genes showed significant higher expression 
with Log2FoldChange > -1: Serpina3n, Arf3, and Col3a in C3–/- mice 
compared to WT mice (Fig. 3C, Table S2). All of the neuroinflammary 
signaling (NOD-like receptor, MAPK, toll-like receptor, p53) and 
degenerative (apoptosis, neurodegeneration) pathways that were pre
viously discussed in the 8WK and 16WK C3–/- vs naïve control C3–/- 

comparisons (Supplemental Figs. S2, S3, S5, S6) are also differentially 
expressed between C3–/- vs WT mice at 4WK (Fig. 3C, 4, 5); suggesting 
that the pathways that are damaging to the C3–/- animals at chronic time 
points are affecting WT mice at acute time points. Of the genes showing 
lower expression in C3–/- mice at 4WK, we now see differential expres
sion of 13 genes associated with p53 signaling (Supplemental Fig. S8B), 
compared to 6 in the naïve control comparison (Supplemental Fig. S8A). 
From non-implanted animals to 4WK post sugery, the genes modulated 
by Trp53 show more downregulation in the C3–/- animals. This means 
that C3–/- animals have lower initial expression of markers for damage 
and apoptosis compared to WT. Specifically, we now see lower expres
sion of Atr in 4WK C3–/-, which is a marker for DNA damage, and Bid, 
which signals for mitochondrial breakdown (Fig. 3C, Table S2, Supple
mental Fig. S8B). Trp53 (p53) itself, which is at the center of the p53 
pathway, is no longer differentially expressed, despite the fact that genes 

Trp53 acts on are differentially expressed (Fig. 3C, Table S2, Supple
mental Fig. S8B). The other neuroinflammatory pathways previously 
discussed in the C3–/- implanted vs C3–/- naïve control comparison also 
have significant differential expression in the 4WK C3–/- vs 4WK WT 
comparison, with 18 NOD-like receptor pathway genes (Fig. 4A), 31 
MAPK signaling pathway genes (Fig. 4B), and 19 toll-like receptor 
pathway genes (Fig. 4C) showing lower expression in the 4WK C3–/- 

animals (Fig. 3C, Table S2) compared to 4WK WT. 4WK C3–/- mice, in 
turn, displayed the higher expression of genes associated with apoptosis 
(31 genes, Fig. 3C, 5A, Table S2), autophagy (29 genes, Fig. 3C,5B, 
Table S2), and neurodegeneration (43 genes, Fig. 3C,5C Table S2). 
Combined, our results indicate that C3–/- mice are experiencing less 
severe neuroinflammation and degeneration at the 4WK acute time 
point. However, the acute response in C3–/- mice may also indicate that 
the removal of C3 delays the neuroinflammatory response to IMEs, as 
the 8WK and 16WK results suggest. 

At 8WK post-surgery, the trend of neuroinflammatory gene expres
sion flips from showing higher differential expression in the WT mice to 
showing higher differential expression in the C3–/- mice. There were four 
genes showing significant differential expression: one showing higher 
expression, Frcls, and three showing lower expression, Lamb1, Slc2a1, 
and Serpina3n. (Fig. 3A, 3D, Table S2). Function of Frcls and Serpina3n 
have been described in previous sections. Lamb1 codes for laminin 
subunit beta 1, an intermediate filament protein part of the nuclear 
envelope. Duplicates of the human ortholog of the Lamb1 gene result in 
adult-onset autosomal-dominant leukodystrophy, a progressive fatal 
neurological disease (Burke and Stewart, 2014). Slc2al codes for solute 
carrier family 2/glucose transporter protein type 1 (GLUT1), which 
transports glucose across the blood–brain barrier and between glial cells 
(Devraj, 2011). In comparing C3–/- 8WK vs C3–/- naïve control, we found 
the 8WK to be the timepoint when many inflammatory signaling path
ways are activated in the implanted C3–/- mice (Table S1, Fig. 1C, 3). 
Since 4WK shows significant downregulation of neuroinflammatory 
genes in C3–/-, whereas 16WK shows significant upregulation, we 
consider 8WK to be the turning point, where few genes are differentially 
expressed because the C3–/- mice are no longer benefitting from the 
knockout, and inflammation is beginning to ramp up. 

At 16WK post-surgery, C3–/- mice showed overall higher expression 
of neuroinflammatory genes compared to WT mice (Table S2, Fig. 3E). A 
total of 247 genes showed statistically significant differential expression, 
of which 2 showed lower expression and 245 showed higher expression 
in C3–/- mice. Of these genes, one gene, Fcrls, showed lower expression 
with Log2FoldChange < -1. Fcrls has shown lower expression in all C3–/- 

mice compared to WT, regardless of the time point. Fcrls is the most 
highly expressed gene in murine microglia, and though its function is 
not entirely known, lower expression of this gene could suggest lower 
microglial concentration or decreased functionality and activation 
(Butovsky, 2014), or it could suggest that C3–/- microglial cells have a 
different protein composition and express the gene less. There were 49 
genes that showed higher expression with Log2FoldChange > 1 
(Table S2, Fig. 3E). Of the genes that showed higher expression, 132 are 
shared with the 4WK C3–/- vs 4WK WT comparison, but instead of 
showing higher expression like at 4WK, they are now showing lower 
expression at 16WK. This indicates that the same genes that were 
improving the response in the 4WK C3–/- mice are now contributing to 
the more robust inflammation at the 16WK time point. These 132 genes 
were not identified as clearly being part of specific signaling pathways 
but are associated with neuronal remodeling (GO:0030030), ATP hy
drolysis (GO:0016887), and nucleotide binding (GO:0000166). Nucle
otide binding and ATP hydrolysis are likely being activated due to high 
levels of transcription and translation as well as energy consumption 
from cell remodeling and healing. 

As previously stated in the 16WK C3–/- vs naïve control comparison, 
16WK C3–/- mice express several key pathways related to neural cell 
adhesion and remodeling. Those pathways are not found to be as acti
vated in WT mice. In the axon guidance pathway (Fig. 6A), 9 genes are 
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differentially upregulated in the 16WK C3–/- mice vs WT. Ras signaling 
has 22 upregulated genes (Fig. 6B), Rap1 signaling has 17 upregulated 
genes (Figure 8C), and ErbB signaling has 12 upregulated genes 
(Figure 8D). There is also upregulation of the following pathways: NOD- 
like receptor signaling (14 genes; Supplemental Fig. S9A), MAPK 
signaling (26 genes; Supplemental Fig. S9B), toll-like receptor signaling 
(13 genes; Supplemental Fig. S9C), and p53 signaling (7 genes; Sup
plemental Fig. S9D). This means that the 16WK C3–/- mice show upre
gulation for neuroinflammation and signaling pathways that result in 
apoptosis and neuronal death, but also show many differentially 
expressed genes associated with remodeling. 

Overall, we see that compared to WT animals, C3–/- mice demon
strate less inflammatory activity both before surgery and at 4WK post- 
surgery. At 8WK post-surgery, we see that C3–/- and WT animals 
exhibit very similar gene expression profiles. Finally, when we compare 
16WK C3–/- mice to 16WK WT mice, we see that the C3–/- mice present 
with a more robust neuroinflammatory response. In WT mice, gene 
expression analysis has shown relatively stable responses over chronic 
time points (Song, 2023), but in the C3–/- mice there are pathways that 
suggest that the wound is still healing and the neural cells are still 
adapting to the implant. In all C3–/- vs WT comparisons, only 2 genes 
showed consistent differential expression. Serpina3n consistently 
showed higher expression in the C3–/- mice, and Fcrls consistently 
showed lower expression in C3–/- mice. 

6. Discussion 

In this study, we investigated the role of C3 in the IME inflammatory 
response by comparing the neuroinflammatory gene expression at the 
microelectrode implant site between C3 knockout (C3–/-) and wild-type 
(WT) mice. We first investigated the changes in gene expression of C3–/- 

mice implanted with microelectrodes by comparing each post-surgical 
timepoint to naïve control. We found that in C3–/- mice, there are pro
gressively more genes in the neuroinflammatory pathway showing 

upregulation from 4WK to 16WK post-surgery compared to naïve con
trol (Fig. 1). Overall, these trends show that C3–/- leads to an initial 
reduction in neuroinflammatory process that transitions around 8WK 
post-surgery to an increase in neuroinflammatory process. Signaling 
pathways such as NOD-like, toll-like receptors, MAPK, and p53 show 
upregulation beginning at 8WK post-surgery (Fig. 1, Supplemental 
Fig. S2). Because of this, we believe that C3 may be a potential thera
peutic target acutely after microelectrode implantation. However, our 
results suggest that C3 should not be targeted into chronic time points. 
Future studies could illuminate and optimize C3-targeting therapeutic 
schedule. 

The genes stably showing upregulation after implantation – Mmp12, 
Lcn2, C4a, Lilrb4a, Clec7a, Spp1, Cd74, Gfap, Vim, and Bcl2a1 – may 
serve as independent therapeutic targets (Fig. 1). These genes demon
strate stable upregulation in both WT and in C3–/- mice, which indicates 
that they are important tissue response genes at chronic time points in 
both genotypes of mice. These ten genes can be targeted independently 
of C3 inhibition, with C3 inhibition for a synergistic effect, or targeted 
after an initial 4 week-long course of C3 inhibition. 

When comparing the neuroinflammatory response in C3–/- mice to 
WT mice (Fig. 3), we found that there is an initial lower expression in 
neuroinflammatory genes in naïve C3–/- mice and during 4WK post- 
surgery timepoint. C3–/- naïve control mice showed lower expression 
in several inflammatory genes compared to WT naïve control mice, 
which suggests that C3–/- mice could be in a more favorable state to 
receive the implant (Fig. 3B, C). Therapeutically, such results would 
suggest treating participants with anti-C3 therapies prior to implanta
tion could improve initial device performance. Once the implant is 
inserted, we see at the 4WK time point that NOD-like receptor, toll-like 
receptor, MAPK, and p53 signaling pathways are downregulated in C3–/- 

mice (Fig. 5). These pathways, along with many other genes down
regulated in the C3–/- group, have pro-inflammatory and cytotoxic ef
fects that the C3–/- mice are able to avoid. At 8WK post-surgery, we see 
the trend in differential gene expression start to shift towards C3–/- mice 

Fig. 5. Cell damage and death-related pathways in C3–/- 4WK mice compared to WT 4WK mice. A) apoptosis (KEGG:04210), B) autophagy (KEGG:04140), C) 
neurodegeneration (KEGG:05022). Red indicates higher expression in the C3–/- mice compared to WT, and blue indicates lower expression in C3–/- mice compared to 
WT. No genes showed higher expression in the C3–/- mice. White indicates that the gene was not measured, or it showed no significant differential expression. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

S.S. Song et al.                                                                                                                                                                                                                                  



Brain Behavior and Immunity 118 (2024) 221–235

232

experiencing increased inflammation, with the gene expression profile 
being very similar to the WT mice (Fig. 3D). Finally, by 16WK, the C3–/- 

mice show increased differential neuroinflammatory gene expression 
compared to WT mice (Fig. 3E). Our findings suggest that knocking out 
C3 essentially delays major components of the neuroinflammatory 
response, likely due to the absence of C3 in the initiation of the foreign 
body response. The high differential expression of NOD-like receptor, 
toll-like receptor, MAPK, and p53 signaling pathways (Supplemental 
Figs. S8, S9) in C3–/- mice may point to them as potential targets 
alongside C3. Specifically, the toll-like receptor pathway is known to 
activate NOD-like and MAPK signaling, and targeting the toll-like re
ceptor pathway has shown some success in IME applications (Bedell, 
2020). 

Additionally, at 16WK was when the C3–/- mice expressed many 
pathways associated with cell migration, extension, and adhesion 
(Fig. 6, Supplemental Fig. S7). The expression of these pathways sug
gests that in C3–/- mice, neural cells are still shifting around the implant 
site. This could be a result of the delayed neuroinflammatory response 
shown up to the 4WK time point, and it would be interesting to see if this 
effect lasts longer than 16WK post-surgery. 

The only two genes showing consistent differences in expression 
between C3–/- and WT mice were Serpina3n and Fcrls. Fcrls shows 
consistently lower expression in the C3–/- and likely contributes to the 
inflammatory response, however the gene does not have a known 
human ortholog and therefore may not be relevant to clinical translation 

of implanted neural interfacing devices. Serpina3n encodes for the pro
tein serine peptidase inhibitor clade A member 3n (SERPINA3N), and it 
is orthologous to a1-antichymotrypsin in humans. Serpina3n has been 
shown to inhibit the proteolytic activity of Cathepsin G, leukocyte 
elastase, granzyme B, and matrix metalloprotease 9 (Wang, 2020). It is 
often expressed in neurons and astrocytes after injury (Zamanian, 2012), 
and has been found overexpressed in mouse models of Alzheimer’s 
disease and prion disease (Zattoni, 2022). There are conflicting reports 
of the role of Serpina3n in neuroinflammation. Multiple studies have 
found it to be neuroprotective: higher Serpina3n expression is associated 
with attenuating neuropathic pain, reducing severity of Multiple Scle
rosis, and reducing tissue damage in ischemic stroke (Zhang, 2022). 
Thus, higher expression of Serpina3n in C3–/- mice compared to WT mice 
may be neuroprotective post-surgery. However, in one study of mice 
treated with neurotoxin; the neuro-protective effect of treatment was 
lost when associated with Serpina3n overexpression (Xi, 2019), and 
another found it to be pro-inflammatory in epileptic mice (Liu, 2023). A 
mechanistic understanding of Serpina3n may resolve these conflicting 
results. We have not yet found any direct studying linking the activity of 
protein SERPINA3n and complement factors, and it would be interesting 
to study the mechanism through which C3 regulates Serpina3n expres
sion, and how the protein products interact with each other. Because 
Serpina3n shows consistent higher expression in C3–/- mice compared to 
WT mice, although we do not know the exact interaction between C3 
and Serpina3n, Serpina3n expression could represent an alternative 

Fig. 6. Pathways in C3–/- 16WK mice compared to WT 16WK mice. A) axon guidance (KEGG:04360), B) Ras signaling (KEGG:04014), C) Rap1 signaling 
(KEGG:04015), and D) ErbB signaling (KEGG:04012). These can be compared to the same pathways found to be differentially expressed in the C3–/- 16WK mice 
compared to C3–/- naïve control comparison. Red indicates higher expression in the C3–/- mice compared to WT, and blue indicates lower expression in C3–/- mice 
compared to WT. White indicates that the gene was not measured or it showed no significant differential expression. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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pathway that leads to the increase in neuroinflammation in C3–/- mice at 
8WK–16WK post-surgery and could be explored as a potential co- 
therapeutic target. 

7. Conclusion 

In this study, we investigated the effects of C3 depletion on the 
neuroinflammatory process at the tissue-microelectrode interface by 1) 
investigating the changes in neuroinflammatory gene expression of C3–/- 

mice at 4––8-, and 16WK post-surgery compared to naïve control C3–/- 

mice, and 2) investigating neuroinflammatory gene expression of C3–/- 

mice at each pre- and post-surgical time point compared to time point- 
matched WT mice. 

We found that in C3–/- mice there is at lower expression of neuro
inflammatory genes prior to implantation, and at 4WK post-surgery 
compared to WT mice. There is a trend towards increasing expression 
of neuroinflammatory genes between 8 and 16WK post-surgery in C3–/- 

mice, and by 16WK post-surgery there is an increase in expression of 
neuroinflammatory genes compared to WT control. While neuro
inflammatory gene expression profiles suggest that C3 is a potential 
early therapeutic target for reducing neuroinflammation at the tissue- 
microelectrode interface, the duration, timing, and frequency of the 
therapy cycle must be investigated and optimized in future studies. 

Currently, gene therapy to mediate complement system activity has 
not been clinically approved. Genetic silencing of C5 has undergone 
phase 1 and 2 clinical trials, but no results from these studies have been 
published to date (https://clinicaltrials.gov/ct2/show/NCT03303313) 
(Garred et al., 2021). However, other methods of preventing full com
plement activation have been developed. Compstatin is a peptide that 
binds to C3 and blocks C3 cleavage and subsequent complement acti
vation, and has been FDA approved in the form of pegcetacoplan 
(Empaveli) (Mastellos, 2022). Eculizumab (Soliris™) is a C5 blocking 
antibody that is used to mediate complement-driven inflammation 
(Dmytrijuk, 2008). Targeting the complement system can be difficult 
due to both high concentration of complement proteins throughout the 
body and the body’s quick response to changes in complement expres
sion (Dreismann, 2023). Delivery methods would also need to be very 
precise to preserve healthy complement activation in uninjured/ 
inflamed regions. 

Genes showing high upregulation: Mmp12, Lcn2, C4a, Lilrb4a, 
Clec7a, Spp1, Cd74, Gfap, Vim, and Bcl2a1 show stable and consistent 
higher expression over the course of this study in C3–/- mice and in WT 
mice (Bedell, 2020; Song, 2023; Song and H.W.B., B.J. Regan, E.S. 
Ereifej, R. Chan, J.R. Capadona, 2022). There genes may represent un
derlying chronic neuroinflammatory response to microelectrodes and 
could be investigated as independent therapeutic targets, either alone or 
in combination with C3 inhibition to reduce inflammatory process at 
tissue-microelectrode interface. Serpina3n and Fcrls shows consistent 
higher and lower expression, respectively, in C3–/- mice compared to 
timepoint matched WT mice and could be a pathway through which C3 
regulations neuroinflammation. Increase in Serpina3n expression, espe
cially, could represent compensatory pathways through which C3 
depletion eventually leads to an increase in neuroinflammatory gene 
expression, and should be investigated as a potential co-therapeutic 
target. Genes such as Serpina3n, Mmp12, Lcn2, C4a, Lilrb4a, Clec7a, 
Spp1, Cd74, Gfap, Vim, and Bcl2a1 that have been identified in this study 
as potential targets for IME improvement could also be applied to other 
related fields, such as deep brain stimulating electrode implantation and 
general traumatic brain injury. 

One limitation of our study is that we looked only at time points 
weeks after implantation. Because in C3–/- mice there is a change in 
expression level over the course of 4 – 16WK post-surgery, we cannot 
extrapolate what the expression level may look like at acute timepoints 
of hours to 4WK post-surgery, where gene expression is even more dy
namic. Future studies should investigate neuroinflammatory expression 
in C3–/- mice at acute timepoints and compare to WT mice. Another 

limitation is the lack of spatial resolution. Gene expression at tissue- 
microelectrodes can vary greatly even at the micron scale, and higher 
spatial resolution would be more informative on the changes in gene 
expression closer to tissue microelectrode interface. A final limitation of 
our study is that we did not investigate the expression and activity of 
proteins. Although gene expression studies can help inform us on the 
cellular processes behind the neuroinflammatory response to micro
electrodes, ultimately, protein function drives cellular processes. Future 
works should study the correlation between gene expression and protein 
expression, modification, and activity. 
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