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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a painful and debilitating side effect of 

cancer chemotherapy with an unclear pathogenesis. Consequently, the available therapies for this 

neuropathic pain syndrome are inadequate, leading to a significantly reduced quality of life in 

many patients. Complement, a key component of the innate immune system, has been associated 

with neuro-inflammation, a potentially important trigger of some types of neuropathic pain. 

However, the role of complement in CIPN remains unclear. To address this issue, we developed a 

complement C3 knockout (KO) rat model and induced CIPN in these KO rats and wild-type (WT) 

littermates via the intraperitoneal administration of paclitaxel, a chemotherapeutic agent associated 

with CIPN. We then compared the severity of mechanical allodynia, complement activation, and 

intradermal nerve fiber loss between the groups. We found that 1) intraperitoneal paclitaxel 

administration activated complement in WT rats, 2) paclitaxel-induced mechanical allodynia was 

significantly reduced in C3 KO rats, and 3) the paclitaxel-induced loss of intradermal nerve fibers 

was markedly attenuated in C3 KO rats. In in vitro studies, we found that paclitaxel-treated rat 

neuronal cells activated complement, leading to cellular injury. Our findings demonstrate a 

previously unknown but pivotal role of complement in CIPN, and suggest that complement may be 

a new target for the development of novel therapeutics to manage this painful disease.
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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is the most common neurological 

complication of cancer chemotherapy, which often limits the effectiveness of cancer 

treatment(1). Current management of CIPN is far from satisfactory largely due to an 

inadequate understanding of the pathophysiology underlying CIPN. Emerging evidence 

suggests that the immune system and immune-mediated neuro-inflammation are important 

in the development of CIPN (2–4). The conventional understanding of paclitaxel-induced 

CIPN is that paclitaxel binds to microtubule, leading to structural and functional disruption 

of neurons, resulting in peripheral neuropathy(5).

Complement is an important part of the innate immune system, which plays a primary role 

in protecting the host from infections(6). Once activated by one of the three main pathways 

(i.e., the classical, lectin, or alternative pathway), C3, the central component of the 

complement system, is cleaved by C3 convertases to release C3a and to deposit C3b on the 

surface of the complement activation site. The deposited C3b facilitates phagocytosis 

(opsonization) of the target cells and the formation of C5 convertase, which activates C5 into 

C5a and C5b. The generation of C5b initiates the terminal pathway of complement 

activation to assemble the membrane attack complex (MAC, a.k.a., C5b-9) that inserts 

“holes” in cells, causing direct cellular injury or lysis. An increasing body of evidence has 

suggested that complement is integrally involved in certain types of neuropathic pain (7–9), 

but whether complement plays any role in the pathogenesis of CIPN including paclitaxel-

induced CIPN remains unclear. An earlier study (10) reported that Cremophor EL, the 

commonly-used solvent for paclitaxel, but not the paclitaxel itself, activates complement in 
vitro after incubating with serum. However, whether complement is activated in vivo after 

paclitaxel administration is unknown. This issue is especially intriguing, because paclitaxel 

is known to induce cell apoptosis(11) and apoptotic cells are potent activators of 

complement(12, 13).

In addition, most of the experiments relating complement to neuropathic pain were 

performed in mice(9), on the other hand, rats are physiologically closer than mice to humans 

in many aspects, including their complement system (14). In addition, modeling of human 

disease, especially in physiological monitoring and behavioral studies, is superior in 

rats(15). Using our newly developed C3 KO rats and rat neuronal cells, we found that 

complement is important in the development of peripheral neuropathy associated with 

paclitaxel administration, and that MAC-mediated neuronal damage could be an underlying 

mechanism.
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Methods

Animals

Wild-type (WT) and C3 knockout (KO) rats were maintained under pathogen-free 

conditions in the animal facility of Lerner Research Institute, Cleveland Clinic. All 

procedures involving the rats were approved by the Institutional Animal Care and Use 

Committee of both the University of Michigan and Cleveland Clinic, and all were done in 

accordance with the U.S. Department of Health and Human Services Guide for the Care and 

Use of Laboratory Animals and institutional guidelines.

Development of C3 KO mosaic rats by CRISPR/Cas9 technology

CRISPR/Cas9 technology(16) was used to generate a genetically modified rat strain with a 

complement C3 gene knockout. The insertion of a premature termination codon in exon 2 is 

predicted to result in loss of protein expression due to nonsense-mediated decay of 

mRNA(17). Two single guide RNA (sgRNA) targets and protospacer adjacent motifs (PAM) 

were identified in rat complement C3 exon 2 (ENSRNOE00000506722) with the algorithm 

described by Doench et al.(18). The sgRNA targets were cloned into plasmid pX330 

(Addgene.org plasmid #42230, a kind gift of Feng Zhang) as described(19). The guide 

targets were C40G1: 5’ TCATTACTCCCAATGTCCTG 3’ PAM: CGG with an algorithm 

score of 0.87 and C40G2: 5’ CTAGAGGCCCATGATGCTCA 3’ PAM: GGG with an 

algorithm score of 0.38. Predicted cut sites were in codons 35 and 51, respectively. Circular 

pX330 plasmids constructs were co-electroporated into rat embryonic fibroblasts with a 

PGKpuro plasmid(20). Genomic DNA was prepared from the cells after transient selection 

with puromycin. A 341 bp DNA fragment spanning the expected Cas9 cut sites was PCR 

amplified with forward primer 5’ GTCTGCTCTGGCAGGTGTC 3’ and reverse primer 5’ 

GAAGGGGCTATGGCTGACTA 3’. Amplicons were subjected to T7 endonuclease 

digestion essentially as described(21). Briefly, DNA fragments were amplified, melted and 

annealed, then subjected to T7EI digestion. The resulting digests are separated by agarose 

gel electrophoresis. The gel was stained with Sybr Gold (Invitrogen S11494) instead of 

ethidium bromide to achieve greater sensitivity in the detection of insertion/deletion 

mutations (indels) in the amplicons. The presence of indels produced by non-homologous 

end joining repair of Cas9 induced double-strand breaks resulted in the presence of lower 

molecular weight DNA fragments following T7 endonuclease I digestion for both sgRNA 

targets. Rat zygote microinjection was carried out at described(22).

Characterization of C3 KO rats at both DNA and protein levels

C3 mosaic rats were bred to WT rats and germline transmission was identified by PCR 

followed by sequencing to identify the Indel events. The identified heterozygous C3 KO rats 

(F344/Sprague-Dawley mixed background) were bred to each other, and the pups were 

genotyped as described above to identify the WT and C3 KO littermates. To confirm the 

deficiency of the C3 protein in the C3 KO rats, C3 levels were measured in sera collected 

from both WT and KO rats using a commercially available rat C3 ELISA kit (Innovative 

Research, Novi, MI) following the manufacturer’s protocol. In addition, C3 deposition 

assays were performed by incubating sera from WT and C3 KO rats with Zymosan, 

followed by flow cytometric analysis of deposited C3 on the surface of Zymosan following a 
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previously established protocol (23) using a mouse anti-human/mouse C3 mAb that cross-

reacts with rat C3 (Cedarlane, clone 10C7) (Suppl. Fig. 1).

Paclitaxel-induced peripheral neuropathy model

CIPN was induced in rats by daily intraperitoneal (IP) injection of 1.0 mg/kg paclitaxel 

(Tocris, Bristol, UK) dissolved in dimethyl sulfoxide (DMSO, Sigma) (as suggested by the 

manufacturer) for 4 consecutive days for a final cumulative dose of 4 mg/kg; the injection 

volume was 1 mL/kg (24, 25). As cremophor EL, the commonly-used solvent for paclitaxel 

has been reported to activate complement in vitro after incubating with serum(10), we used 

DMSO as the vehicle for our complement studies. Previous studies by others demonstrated 

that DMSO administration does not interfere with mechanical allodynia studies (26–28). 

Baseline responses to mechanical stimulation of the hind paw were established one day (day 

0) before the first paclitaxel injection (day 1).

Pain behavioral testing

Rats were placed in a compartment with a wire mesh bottom and allowed to acclimate for 30 

minutes before testing. Sensory thresholds for the development of allodynia to mechanical 

stimuli were assessed. Mechanical sensitivity was assessed by using a series of von Frey 

filaments with logarithmic incremental stiffness (Stoelting Co., Wood Dale, IL), as 

previously described(29) and 50% probability paw withdrawal thresholds were calculated by 

the up-down method. In brief, filaments were applied to the plantar surface of a hind paw for 

approximately 6 seconds in an ascending or descending order after a negative or positive 

withdrawal response, respectively. Six consecutive responses after the first change in 

response were used to calculate the paw withdrawal threshold (in grams). When response 

thresholds occurred outside the range of detection, the paw withdrawal threshold was 

assigned at 15.00 g for continuous negative responses and at 0.25 g for continuous positive 

responses. The behavioral testing was performed blindly with respect to drug administration.

In vivo complement activation assay by C3 western blotting

WT and C3 KO rats were intraperitoneally (i.p.) administered with paclitaxel or DMSO 

vehicle for 4 consecutive days (day 1 to 4), and serum samples were collected at day 5 when 

the behavioral tests confirmed the development of mechanical allodynia. Animals were 

deeply anesthetized with 2–4% isoflurane in 100% oxygen. Blood (10 ml) was collected 

from each rat by cardiac puncture. Serum was diluted 1:1000 with NP40 buffer and then 

mixed with an equal volume of 2× sample buffer (125 mM Tris-HCl pH 6.8; 20% glycerol; 

4% SDS; 5% β-mercaptoethanol; 0.02% bromophenol blue). The samples were separated by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a PVDF 

membrane and probed with a polyclonal goat anti-mouse C3 antibody, which cross-reacts 

with rat C3 (1:500 dilution; MP Biomedicals, Solon, Ohio) (Suppl. Fig. 1).

In vitro rat neuronal cell C3b/iC3b deposition assay

Rat neuronal PC-12 cells(30, 31) (~ 0.5×106) were first cultured in the presence of 50 nM of 

paclitaxel or DMSO for 12, 24 and 48 hr. Then the cells were harvested, washed and 

incubated at 37°C with 20% of WT or C3 KO Rat serum in 100 µL GVB++ buffer (0.1 % 
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gelatin, 5 mM Veronal, 0.15 mM CaCl2 and 0.5 mM MgCl2, 145 mM NaCl, pH 7.3). After 

30 min, cells were washed again with PBS plus 0.5% BSA, then stained with 5 µg/mL of 

FITC-labeled mouse anti-human/mouse C3 IgG that cross-reacts with Rat C3 (clone 10C7, 

Suppl. Fig. 1) to detect cell surface C3b/iC3b deposition using a flow cytometer.

In vitro complement-mediated rat neuronal cell cytotoxicity assay

An established fluorescence dye BCECF leakage-based cell cytotoxicity assay (32–34) was 

used to assess the extent of the complement-mediated rat neuronal cell injury after paclitaxel 

treatment. In brief, 2×105 PC-12 cells were first cultured in the presence of 50 nM of 

paclitaxel or DMSO for 12, 24 and 48 hr, then labeled with 5µM of BCECF-AM (Thermo 

Fisher Scientific, CA) for 30 minutes at 37°C. After washing (2×), the labeled cells were 

incubated with 20% WT or C3 KO Rat serum in 100 µL of GVB++ buffer for another 30 

minutes at 37°C before supernatants were harvested, and the levels of leaked BCECF were 

measured by a fluorescence microtiter plate reader (PerkinElmer, MA) with excitation and 

emission wavelengths of 485 nm and 530 nm. To calculate the percentage of BCECF release 

(complement-mediated injury), the following formula was used: The percentage of BCECF 

release = [(A−B)/(C−B)] ×100%; where A represents the mean experimental BCECF 

release, B represents the mean spontaneous BCECF release, and C represents the mean 

maximum BCECF released that was induced by incubating cells with 0.1% Triton X-100.

Immunofluorescence staining for intra-epidermal nerve fibers

Immunostaining of the intra-epidermal nerve fibers was performed to assess their density as 

previously described (35, 36). In brief, after 4-day i.p. administration of paclitaxel and 

development of mechanical allodynia, animals were deeply anesthetized with 60 mg/kg 

sodium pentobarbital i.p. and perfused transcardially with 200 ml heparinized normal saline 

followed by 200 ml of 4% formaldehyde solubilized in 0.1 M phosphate buffered saline 

(PBS). The glabrous skin of the hind paw was excised and post-fixed in 4% formaldehyde 

overnight, then cryopreserved in 30% sucrose in PBS at 4°C for 24h. The whole-thickness of 

the paw skin was then cut to 16 µm thickness and collected free-floating in 0.01 M PBS. 

Tissue sections were washed with 0.1% Triton-X 100 in PBS and blocked with donkey 

serum followed by washing with PBS. A rabbit polyclonal anti-protein gene product 9.5 

primary antibody (RB-9202, 1:200, ThermoScientific, Rockford, IL, USA) was used as the 

primary antibody and incubated for 2 hours at room temperature and then overnight at 4°C. 

Sections were then washed with PBS and incubated with Cy3 (goat anti-rabbit, 

111-165-144, 1:200) conjugated secondary antibodies (Jackson Immuno Laboratories, West 

Grove, PA, USA) for 2 h at room temperature. Sections were then rinsed with wash buffer 

and mounted with Slow Fade anti-fade reagents (Invitrogen, Carlsbad, CA, USA). The 

omission of primary or secondary antibodies resulted in no immunostaining. Five sections 

per animal were chosen randomly to quantify the intra-epidermal nerve fiber density using a 

confocal microscope by an investigator, who was blind to the origin of the tissue being 

examined. All nerve fibers crossing into the epidermis were counted. Nerve fibers that 

branched within the epidermis were counted as one fiber. The number of intra-epidermal 

nerve fibers per viewing field was counted.
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Statistical analyses

Data are presented as group mean ± standard error of the means (SEM) and analyzed using 

GraphPad Prism 6 software (GraphPad Inc., La Jolla, CA). Behavioral data were analyzed 

with two-way ANOVA (treatment × time) followed by Bonferroni post hoc multiple 

comparison tests. Immunofluorescence data were analyzed with one-way ANOVA 

(treatment) followed by post hoc Student-Newman-Keuls tests. p<0.05 was considered 

statistically significant.

Results

Design and validation of the rat C3 targeted CRISPR/CAS9

Based on the available rat genome sequence information, we designed two CRISPR/Cas9 

constructs that targeted rat C3 exon 2 (C40) so that a premature termination codon was 

introduced into the C3 mRNA transcribed from exon 2, leading to nonsense-mediated 

mRNA decay and a null allele (Fig. 1A). Construct C40G1 targets the sequence 5'-TCA TTA 

CTC CCA ATG TCC TG - 3' followed by the protospacer adjacent motif (PAM) CGG, 

while construct C40G2 targets the sequence 5'- CTA GAG GCC CAT GAT GCT CA - 3' 

followed by the PAM GGG.

To validate the designed constructs and their ability to induce Indels in exon 2 of the rat C3 

gene, we electroporated constructs C40G1 or C40G2 into rat embryonic fibroblast cells and 

prepared DNA from the transfected cells. Following an established protocol, we PCR-

amplified the DNA fragments spanning the expected Cas9-cut sites and digested them with 

T7 endonuclease. The presence of Indel mutations produced by non-homologous end joining 

repair of Cas9-induced double-strand breaks result in the presence of lower molecular 

weight DNA fragments. We found that both constructs introduced Indels (arrows) in rat 

cells, with construct C40G2 appearing to be more effective than construct C40G1 (Fig. 1B).

Development and characterization of the C3 KO rats

We microinjected fertilized rat eggs with the validated CRISPR/Cas 9 construct C40G2 

according to previously published protocols, and genotyped the resultant pups by PCR 

amplification of the targeted region followed by sequencing. We identified 3 founder rats 

that carried Indel in the targeted region, in which TGCT was changed to CGTCC, resulting 

in a frame-shift mutation in the C3 transcript (Fig. 2). This mutation should lead to its 

degradation and, therefore, deficiency of C3 protein. After breeding the mosaic rats carrying 

the C3 Indels with WT rats, we identified germline-transmitted rats by sequencing. We then 

bred the C3 heterologous rats with each other and genotyped the resultant pups as described 

above. As shown in Fig. 2B, while the WT rats had the normal TGCT sequence, the 

heterozygous rats showed both the WT TGCT sequence and the KO CGTCC sequence, and 

the homozygous KO rats only had the KO CGTCC sequences, demonstrating successful C3 

exon 2 editing.

To confirm that the resultant frame-shift mutation caused by our CRISPR/Cas9 leads to C3 

deficiency in the C3 KO rats, we measured C3 protein levels in the rat sera by ELISA. We 

detected approximately 0.8–0.9 mg/ml C3 protein in the WT rats, and no detectable C3 
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protein in the C3 KO rats (Fig. 3A). In addition, we incubated zymosan with 20% WT or C3 

KO serum and then measured the level of C3b deposition on the cell/particle surface by flow 

cytometric analysis using a polyclonal anti-mouse C3 IgG that cross-reacts with rat C3. We 

found that while C3b/iC3b were readily detected on zymosan after incubation with WT rat 

serum, no C3/iC3b deposits were detectable after incubation with C3 KO serum (Fig. 3B). 

These data confirmed that C3 KO rats are deficient in C3 protein as the result of CRISPR/

Cas9 editing of exon 2 of the rat gene.

Complement C3 is activated in rats treated with paclitaxel

Whether complement is activated in vivo after paclitaxel administration is unknown. To 

investigate this, we collected blood from WT and C3 KO rats following treatment with either 

paclitaxel or DMSO (vehicle) for 4 days, and analyzed the sera for complement activation 

products of iC3b by western blot. These assays showed that while sera from DMSO-treated 

rats had typically strong α and β bands of the C3 protein and a weak band for α2 chain of 

iC3b that was probably a result of baseline complement activation, sera from paclitaxel-

treated rats displayed a significantly reduced α band of C3 and a markedly increased amount 

of the α2 chain of iC3b (Fig. 4), demonstrating that complement was strongly activated in 

the paclitaxel-treated rats. Not surprisingly, no C3 band was detected in the sera from 

DMSO or paclitaxel-injected C3 KO rats (Fig. 4A).

C3 KO rats demonstrate reduced mechanical allodynia

Mechanical allodynia is commonly used to measure pain in CIPN and can be quantitated by 

paw withdrawal threshold (PWT) assays. To explore the potential role of complement in 

CIPN, we first measured the PWT in naïve WT and C3 KO rats and then in the same WT 

and C3 KO rats on days 3 and 7 following administration of paclitaxel by i.p. injection. 

These assays showed that while WT rats had PWTs of 5.2±0.4 grams and 5.4±0.5 grams on 

day 3 and day 7, C3 KO rats had significantly higher PWTs (11.0±0.4 grams and 10.5±0.5 

grams, respectively), indicating less mechanical allodynia development in C3 KO rats in 

CIPN (Fig 4B).

C3 KO rats have reduced intradermal nerve fibers loss after paclitaxel treatment

The loss of the intra-epidermal nerve fibers has been implicated in a host of chronic painful 

neuropathic conditions(37), including CIPN(38). To explore this as a possible mechanism by 

which C3 KO rats are protected from pain in CIPN, we investigated whether loss of the 

intra-epidermal nerve fibers was alleviated in C3 KO rats 4 days after paclitaxel treatment by 

quantitating the nerve fibers by immunofluorescence staining for PGP9.5, a pan-neuronal 

marker(39). We found that in WT and C3 KO rats without paclitaxel injection, intra-

epidermal nerve fibers had normal morphology, originating from the cutaneous layer and 

extending into the intra-epidermis as long nerve fibers (Fig. 5). However, 4 days after 

paclitaxel administration, we found a significant decrease in PGP9.5 staining in the WT rats, 

but not in the C3 KO rats, indicating that while intra-epidermal nerve fiber loss was largely 

preserved in C3 KO rats in CIPN.
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Paclitaxel-treated Rat neuronal cells activate complement that leads to cell damage

To demonstrate that rat neuronal cells activate complement after paclitaxel treatment, and 

are directly injured by the activated complement, we exposed rat neuronal PC12 cells with 

50 nM of paclitaxel or DMSO for 12, 24, and 48 hours first, then incubated them with 20% 

WT or C3 KO rat serum. We then assessed complement activation by detecting the 

deposition of complement activation products C3b/iC3b on the PC12 cells using flow 

cytometric analysis. As shown in Fig. 6A, we found modest C3b/iC3b deposition on PC12 

cells treated with paclitaxel or DMSO for 12h after their incubation with WT but not C3 KO 

rat serum. However, at 24 and 48 hr time points, there was significantly higher deposition of 

C3b/iC3b on the cells treated with paclitaxel than those treated with DMSO, clearly 

demonstrating that the rat neuronal cells activate complement after paclitaxel treatment. In 

addition, we loaded some of the paclitaxel-treated cells with BCECF, incubated them with 

WT or C3KO rat serum, then assessed MAC-mediated cellular damage by quantitating 

levels of BCECF leaked into the culture supernatants. These experiments showed that these 

paclitaxel-treated rat neuronal cells had significantly higher levels of leaked BCECF after 

incubating with WT rat serum than those with C3 KO serum (Fig. 6B), suggesting that the 

rat neuronal cells are directly damaged by the activated complement MAC after paclitaxel 

treatment.

Discussion

In this study, we developed a C3 KO rat using CRISPR/Cas9 technology (Figs.1,2&3) and 

confirmed the deficiency of C3 protein (Fig 3) in the resultant C3 KO rats. Using this novel 

C3 KO rat model, we demonstrated that paclitaxel-induced mechanical allodynia was much 

less severe in C3 KO than in WT rats (Fig 4B). In mechanistic studies, we found that 

complement was activated in the WT rats after paclitaxel treatment (Fig 4A) and that 

paclitaxel-induced loss of intradermal nerve fibers was less severe in C3 KO than in WT rats 

(Fig 5). In addition, in vitro experiments using PC12 cells showed that rat neuronal cells 

activate complement after paclitaxel treatment, and suffered direct MAC-mediated cell 

damage (Fig. 6). These findings, to be best of our knowledge, are the first to indicate a 

mechanistic link between complement and the development of paclitaxel-induced CIPN.

Initially, rats were the first choice as an experimental animal for biomedical research 

because they are physiologically closer than mice to humans in many aspects. More 

importantly, it has long been recognized in the field that mouse complement is significantly 

different from human complement(40). For example, (i) >80% of C4-deficient and >95% of 

C1q-deficient patients develop severe lupus(41), but very few C4 or C1q KO mice 

spontaneously develop lupus(42, 43); and (ii) while human complement lyses antibody-

sensitized sheep erythrocytes in in vitro assays even at greater than 100-fold dilutions, 

mouse complement is very poor at lysing any cells. In contrast, both human and rat 

complement lyse antibody-sensitized sheep erythrocytes with great efficiency, and native 

human complement regulators such as CD59 efficiently regulate rat complement and vice 

versa(14). Aside from these similarities between the human and rat complement systems, the 

larger size of rats and their more consistent responses in behavioral studies make them better 

models than mice in these studies. Thus, complement KO rats should be superior to 
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complement KO mice for studying the role of complement in human pathological 

conditions, especially studies involving behavior experiments. However, until recently, the 

technology required to precisely edit the rat genome and generate gene-engineered rats was 

complicated, and hitherto only one strain of rat with spontaneous deficiency of a 

complement component, C6, is known(44). Despite its apparent limitations, the mouse 

became the primary animal model for studying human diseases, mainly because of the 

availability of various gene-engineered strains and relevant reagents. However, with the 

development of CRISPR technology(45), the rat genome can now be manipulated without 

much difficulty, and gene KO rats can be generated at a reasonable cost and with excellent 

efficiency. The development of the C3 KO rat model and its use in the CIPN studies provide 

an example of using non-mouse complement KO animals to study the precise role of 

complement in human pathological conditions.

CIPN is a common devastating neuropathic pain syndrome related to cancer 

chemotherapy(46), which can be the dose-limiting factor in cancer therapy(1). The current 

clinical therapies for CIPN are not effective(46). Therefore, there is an urgent need to 

understand the mechanisms underlying CIPN to guide identification of novel therapies. 

Studies have suggested a critical role of inflammation and neuroimmune activation in CIPN, 

especially in paclitaxel-induced CIPN(47, 48). Paclitaxel recruits neutrophils(49), 

macrophages(50), monocytes(49), and CD8+ T cells(2) into dorsal root ganglion (DRG), 

induces expression of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and suppresses 

the expression of anti-inflammatory cytokines (IL-10 and IL-4) in the lumbar DRG and 

spinal cord(3, 4). These pro-inflammatory cytokines may subsequently sensitize primary 

nociceptive nerves(51) to cause pain. Consequently, administration of exogenous anti-

inflammatory cytokines, such as IL-10, has been found effective in attenuating paclitaxel-

induced allodynia(2, 3). However, whether paclitaxel administration could activate 

complement in vivo or not was not clear. Even though paclitaxel itself does not directly 

activate complement(10), we found that complement is significantly activated in paclitaxel-

treated rats (Fig. 4A) and rat neuronal cells (Fig. 6A). These results suggest that complement 

is activated indirectly through apoptotic and dead cells resulting from paclitaxel 

administration.

Although complement has been implicated in other pain models, the potential role of 

complement in CIPN was not clear. It has been reported that depletion of complement by 

Cobra venom factor (CVF) alleviates neuropathic pain in the spinal nerve ligation (SNL) 

rat(52), and activation of complement in spinal microglia leads to C5a-mediated pain 

hypersensitivity in peripheral nerve injury models of neuropathic pain(53). Indeed, C5aR 

antagonist suppressed heat hyperalgesia and mechanical allodynia induced by intra-plantar 

C5a injection or hind paw incision(7, 8, 54). Intrathecal infusion of C5aR antagonist 

significantly reduced cold allodynia in the SNL rats(53). We herein demonstrated that 

paclitaxel-induced mechanical allodynia was decreased in C3 KO compared to WT rats (Fig 

4), and that MAC is integrally involved in the damage of neuronal cells (Fig. 6B). These data 

suggest that complement may be a novel target for the treatment of CIPN, however, since the 

deficiency of C3 will almost abolish the production of C5a in addition to MAC, a potential 

role of C5a-mediated signaling in this CIPN model warrants further studies.
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Loss of intra-epidermal nerve fibers in plantar hind paw skin has been implicated as one of 

the mechanisms of mechanical allodynia induced by the chemotherapy agents such as 

vincristine and paclitaxel(38, 55). We previously reported that loss of intra-epidermal nerve 

fibers also occurred in a hind limb ischemia-induced neuropathic pain model(36). A loss of 

intra-epidermal nerve fibers seems to be a common feature of nearly every chronic 

neuropathic pain syndrome(56). In the current study, we found that paclitaxel-induced loss 

of intra-epidermal nerve fibers was less severe in C3 KO than in WT rats (Fig 5). These 

results suggest that activated complement contributes significantly to the loss of intra-

epidermal nerve fibers in this model. As a key component of the innate immune system, 

complement is well-known to form MACs to damage cells and tissues after activation. 

Paclitaxel treatment induces cell apoptosis and death(11), apoptotic/dead cells activate 

complement through the classical pathway of complement activation by binding to C1q, or 

directly activate complement through the alternative pathway of complement activation(12, 

13). Once complement is activated, MACs are assembled that could directly damage the 

epidermal nerve. Using flow cytometric assays and the BCECF leakage studies, we 

demonstrated C3b/iC3b deposition on rat neuronal PC12 cells after paclitaxel treatment and 

these neuronal cells were directly damaged by activated complement (MACs) as evidenced 

by the increased BCECF leakage (Fig 6). We also detected some complement activation on 

the PC12 cells treated with DMSO, which could be background complement activation as a 

result of the presence of serum antibodies against rat allogenic antigens and/or xenogenic 

antigens on the PC12 cells that were cultured in media containing FBS.

In summary, we have generated the first complement gene engineered rat. We found that 

paclitaxel administration activates complement in vivo and that paclitaxel-induced 

mechanical allodynia is less severe in C3KO rats, in association of reduced loss of intra-

epidermal nerve fibers. We also showed that rat neuronal cells activate complement and 

suffer direct complement-mediated cellular damage. These findings demonstrate a critical 

role of complement in the development of CIPN, and suggest that targeting complement 

may be useful in the prevention and treatment of complications in patients with CIPN.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KO Knockout

WT Wild-type

C3aR Complement 3a receptor

C5aR Complement 5a receptor

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

ELISA Enzyme-linked immunosorbent assay

i.p. Intraperitoneal

DMSO Dimethyl sulfoxide

SDS Sodium dodecyl sulfate

PVDF Polyvinylidene difluoride

PBS Phosphate buffered saline

ANOVA Analysis of variance

PWT Paw withdrawal threshold

DRG Dorsal root ganglion

SNL Spinal nerve ligation

CVF Cobra venom factor

MAC Membrane attack complex

TNF Tumor necrosis factor

IL Interleukins
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Figure. 1. 
Design and validation of the CRISPR/Cas9 construct to introduce Indel into the exon 2 of 

the rat C3 gene. A. Map of the rat C3 gene; B. Validation of the C40G1 (G1) and C40G2 

(G2) constructs in vitro. Activity of sgRNA C40G1 and C40G2 in cultured rat fibroblasts. A 

DNA fragment spanning the expected Cas9 cut site was PCR amplified and treated with T7 

endonuclease I. Both C40G1 and C40G2 produced indel mutations in fibroblasts as shown 

by the presence of low molecular weight product in Lanes 5 and 7 (arrows). Lane 1: 100 bp 

ladder. Lanes 2 and 3: wild-type rat fibroblast PCR amplicon untreated (−) and treated with 

T7EI (+). Lanes 3 and 4: C40G1 sgRNA treated rat fibroblast PCR amplicon untreated (−) 

and treated with T7EI (+). Lanes 6 and 7: C40G2 sgRNA treated rat fibroblast PCR 

amplicon untreated (−) and treated with T7EI (+). Lanes 8 and 9: PC (positive control) PCR 

amplicon untreated (−) and treated with T7EI (+) shows the expected pattern.
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Figure. 2. 
Identification of the founder mosaic and C3 KO rats by sequencing. The edited regions of 

exon 2 of the rat C3 gene were PCR amplified and sequenced; the data showed an in-frame 

reading in the WT rats (A and B, left panels) but not in the mosaic founder rat (A, right 

panel). The heterozygous (HET) rats (B, right panel) had both the WT allele (TGCT) and the 

KO allele (CGTCC), while the homozygous Rats (B, bottom panel) had only the KO allele 

(CGTCC).
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Figure. 3. 
Characterization of the C3 KO rats. A. Determination of serum C3 concentration. C3 levels 

in the sera from WT and C3 KO rats (n=5 in each group) were measured by ELISA 

following the manufacturer provided protocol; approximately 0.8 mg/ml C3 protein was 

detected in WT rats with no detectable C3 protein in the C3 KO rats. *p<0.05 B. C3 

deposition assay. Serum (20%) from WT (dotted line) or C3 KO rats (solid line) were 

incubated with zymosan for complement activation. Then the deposited C3b/iC3b was 

assessed by staining the zymosan with a polyclonal anti-mouse C3 IgG (cross-react with rat 

C3) followed by flow cytometric analysis (shaded area, isotype control, ctrl).
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Figure. 4. 
Complement is important in paclitaxel-induced mechanical allodynia in CIPN. A. 

Complement is activated after paclitaxel administration. WT or C3 KO rats were i.p. injected 

with DMSO (Vehicle) or 1 mg/kg paclitaxel (in DMSO according to the instructions of the 

manufacturer, Tocris, Bristol, UK) for 4 days (day 1 to 4), and then sera were collected on 

day 5 when the behavioral tests confirmed the development of mechanical allodynia and 

probed with an anti-C3 IgG to assess complement (C3) activation. There was a significant 

reduction of the α band (~130KDa) of C3 and an increased α2 chain of iC3b (~40 KDa) in 

the paclitaxel-treated WT rats. No C3 protein was detectable in sera from the C3 KO rats. B. 

C3 KO rats showed increased paw withdrawal threshold (PWT). WT and C3 KO rats (n=10/

group) were injected with paclitaxel for 4 days (day 1 to 4), PWT was assessed on days 0, 7 

and 11.; * p<0.05.
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Figure. 5. 
C3 KO rats have reduced paclitaxel-induced loss of intradermal nerve fibers. WT and C3 

KO rats were administered with i.p. paclitaxel for 4 consecutive days (day 1 to 4). Animals 

were perfused and glabrous skin of hind paws collected at day 5 when the behavioral tests 

confirmed the development of mechanical allodynia. A. intradermal nerve fibers in the 

glabrous hind paws of WT (upper panels) and C3 KO (lower panels) rats were identified by 

PGP 9.5 staining (red) before (left panels) and after (right panels) 4-day i.p. paclitaxel 

administration. DAPI (4',6-diamidino-2-phenylindole) staining (Blue) was used to for the 

nuclear counterstains. Pictures were taken at 20 × objectives with a fluorescent microscope. 

B. Quantification of surviving nerve fibers from 10 random slides taken from 3 animals/

group. *p<0.05
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Figure 6. 
Rat neuronal cells activate complement that leads to cell damage after paclitaxel treatment. 

A. PC12 rat neuronal cells were cultured in the presence of 50 nM of paclitaxel or DMSO 

for 12, 24 and 48 hr, then incubated with 20% WT or C3 KO rat serum. Complement 

activation was assessed by detecting C3b/iC3 deposition on the cells using flow cytometry. 

Dotted lines, isotype controls; Solid lines, cells treated with paclitaxel then incubated with 

C3 KO serum; shaded solid lines, cells treated with paclitaxel and incubated with WT 

serum; shaded dot lines: cells treated with DMSO then incubated with WT serum. B. PC12 

cells were cultured in the presence of 50 nM paclitaxel for 12, 24 and 48 hr, then loaded 

with BCECF-AM and incubated with 20% WT (WT) or C3 KO (C3 KO) serum. MAC-

mediated cell damage was assessed by measuring levels of leaked BCECF in the culture 

supernatants.
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