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Abstract

Certain types of pain are major unmet medical needs that affect more than 8 percent of the 

population. Neuropathic pain can be caused by many pathogenic processes including injury, 

autoimmune disease, neurological disease, endocrine dysfunction, infection, toxin exposure, and 

substance abuse and is frequently resistant to available pain therapies. The same can be said of 

postsurgical pain, which can arise from uncontrolled inflammation around the wound site. The 

complement system is part of the innate immune system and can both initiate and sustain acute 

and chronic inflammatory pain. Here we review the complement system and original 

investigations that identify potential drug targets within this system. Drugs that act to inhibit the 

complement system could fill major gaps in our current standard of care for neuropathic pain 

states.
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INTRODUCTION

Neuropathic pain affects more than 8 percent of the population [1]. Many disparate sources 

can cause neuropathic pain, such as diabetes, herpes varicella, multiple sclerosis, cancer, 

surgery, and spinal cord injury. Neuropathic pain states represent a major unmet medical 

need because they are frequently resistant to the available pain therapies. Although some 

relief can be afforded by tricyclic antidepressants, serotonin/norepinephrine reuptake 

inhibitors, or anti-epileptics [2] no current therapy provides more than 50% relief in the 

clinic. Inflammation is a key driver of neuropathic and postoperative pain. The complement 

cascade initiates the inflammatory response, but it has been largely neglected in the 

development of treatments for inflammatory pain. Considerable scientific evidence, 

however, supports a major role of the complement system in pain. The paucity of original 

investigations in the literature suggests that complement inhibition has been for the most part 

This is an open access article licensed under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International Public 
License (CC BY-NC 4.0) (https://creativecommons.org/licenses/by-nc/4.0/legalcode), which permits unrestricted, non-commercial 
use, distribution and reproduction in any medium, provided the work is properly cited.
*Address correspondence to this author at Cascade Biotechnology, 9 Deer Park Drive, Monmouth Junction, New Jersey, USA; Tel/Fax: 
9087830338; DB@CENOXsys.com. 

CONFLICT OF INTEREST
The authors confirm that this article content has no conflict of interest.

Declared none.

HHS Public Access
Author manuscript
Open Pain J. Author manuscript; available in PMC 2017 January 31.

Published in final edited form as:
Open Pain J. 2016 ; 9: 26–37. doi:10.2174/1876386301609010026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc/4.0/legalcode


overlooked and thus could be a first in class opportunity for severe pain, and could fill major 

gaps in the current standard of care. Here we briefly review the complement system and then 

summarize experimental data on its role in neuropathic pain.

THE MAMMALIAN COMPLEMENT SYSTEM

The complement system is an important part of the innate immune system, which helps to 

protect the host against infection and provides a connection between the innate and adaptive 

immune systems. Complement consists of more than 30 proteins, found both in the fluid 

phase and on cell surfaces. It is activated through a series of proteolytic cleavages, which 

activate proteins in the next step of the complement cascade (Fig. 1). There are three 

complement activation pathways, the Classical, activated by the presence of antibodies on a 

cell surface, the Lectin pathway, activated by the recognition of certain carbohydrates on cell 

surfaces, and the Alternative pathway, which is constantly being activated by a slow, 

spontaneous conformational change in the most abundant complement protein, C3. All three 

activation pathways come together with activation of C3 on a cell surface. This, in turn, 

allows for the activation of another complement protein, C5, that initiates the terminal 

complement pathway that forms the macromolecular Membrane Attack Complex (MAC), 

which is able to destroy invading pathogens by punching holes in their cellular membrane [3 

– 8].

In the Classical activation pathway of complement [9], the C1 complex, containing one C1q 

and two molecules each of the serine proteases C1s and C1r, recognizes an antibody bound 

to a cell surface. Once the C1 complex is bound to the cell surface, the proteases are 

activated and are able to cleave another complement protein, C4 into the anaphylatoxin C4a 

and C4b. This cleavage causes a large conformational change in C4b, allowing it to 

covalently bind to cell surfaces and bind another complement protein, C2. C2 is then cleaved 

into the activation peptide, C2b, and the protease containing C2a. The complex of C4b and 

C2a (C4b2a) is a serine protease that specifically cleaves C3 into the anaphylatoxin C3a and 

the active form of C3, C3b, which is then able to covalently bind to the cell surfaces.

The Lectin pathway [10] is similar to the Classical pathway in that it is activated by the 

binding of a protein to cell surfaces, in this case, mannose binding lectin (MBL) onto 

mannose residues that are often found on the cell surface of bacteria. Similar to the Classical 

pathway, the binding of MBL to mannose on cell surfaces activates three proteases bound to 

MBL, MASP1, MASP2, and MASP3. Like C1r and C1s, the MASPs are serine proteases 

that are able to activate C4 and C2, which are then able to activate C3.

The Alternative pathway [11] acts somewhat differently, in that its activation is caused by 

the constant, slow activation of C3 in the fluid phase. C3 activation is caused by the breaking 

of a high energy intramolecular bond called the thioester linkage. The breaking of the 

thioester linkage allows a large conformational change in C3 that exposes several protein 

binding sites on the protein surface and allows the product of this spontaneous activation, 

C3(H2O) to covalently bind to cell surfaces. The product of the spontaneous activation of C3 

is called C3(H2O). C3(H2O) is able to bind another complement protein, factor B, which is 

then cleaved by factor D, resulting in an enzyme, C3 convertase, that is able to activate other 
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C3 proteins by clipping off the 77 amino acid anaphylatoxin, C3a, from the active form of 

C3, C3b. C3b can covalently bind to the cell surface (through the now broken thioester 

linkage) and is then able to act in an identical manner as C3(H2O), binding factor B, which 

is then cleaved by factor D to form the C3 convertase, C3bBb.

All the activation pathways result in active C3b on the cell surface, and allows the formation 

of a patch of active C3 convertases. Eventually, some of the convertases will bind an 

additional C3b, which allows them to cleave C5, into the anaphylatoxin C5a and C5b. C5b 

can then bind other complement proteins, C6, C7, C8 and multiple copies of C9, forming the 

MAC. C5a (and to a lesser extent, C3a and C4a) is a powerful anaphylatoxin that is able to 

increase vascular permeability, cause smooth muscle contraction, histamine release, and 

mediate chemotaxis and inflammation [7, 12]. The pathways of complement activation are 

shown in Fig. (1).

Since complement is continuously being activated, there needs to be a way to control 

complement activation. This is done by a number of other complement proteins. For 

example, in the fluid phase, factor H can bind to C3b, preventing the formation of the C3 

convertase. Once bound to see C3b, factor H serves as a co-factor, allowing another 

compliment protein, factor I, to cleave C3b, thus inactivating it. There are also a number of 

cell bound proteins that are able to regulate complement activation.

The complement system is ancient, and portions of it, namely C3-like proteins and their 

activators, are found in animals as primitive as Cephalochordata, Urochordatra, 

Echinochordata, and Cnardarian anghrozoans [13, 14]. The presence of C3-like proteins in 

these organisms suggests that the Alternative pathway may be the most ancient. It is likely 

that the lectin pathway evolved more recently, and the classical pathway evolved in more 

advanced vertebrates (bony fish, etc.), where the adaptive immune system is present [15].

THE COMPLEMENT SYSTEM AND PAIN (SUMMARIZED IN TABLE 1)

A correlation of complement activation with pain was first seen by Naish et al. (1975) [16] 

who noticed that C3 (most likely C3b) deposition was seen in the kidneys of patients 

suffering from loin pain and haematuria. There was no difference in the amount of C3 in the 

blood between normal and patients with loin pain, and no deposition of other complement 

components, including C1q, C4, C5 and Bb was seen.

There have been several later studies showing that complement activation, in general, can be 

associated with pain. Reynolds and collaborators [17] used injection of vaccinia complement 

control (VCP) protein to examine the effect of complement activation on animals with spinal 

cord injuries (SCI). VCP blocks all the complement activation pathways early in the 

cascade, and prevents the activation of C3, C4, and C5, thus preventing formation of the 

anaphylatoxins C3a, C4a, and C5a [18]. Their results showed that compared to untreated 

animals subjected to spinal cord injury, VCP+ animals showed less macrophage migration to 

the site of the injury 14 days after the injury, though the animals treated with VCP did show 

more macrophages at the site of the injury after 7 days. They also found that VCP-treated 

animals had better motor function than untreated animals in an open-field locomotion study, 
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though the difference was not significant. Using a grid-walking test (measuring how many 

times one of the rear paws fell through the grid), VCP-treated animals showed significantly 

better motor function. Their explanation for the discrepancy in results of two different motor 

function tests was that the grid-walking test is more quantitative, and the field-locomotion 

test is more subjective and harder to score accurately. While this study did not specifically 

discuss the contribution of complement activation to pain, it does show that blocking the 

complement cascade does decrease the number of macrophages at the site of SCI after 14 

days. Since macrophage infiltration has been associated with pain [19], these data are 

consistent with a role for complement in pain.

Dailey and coworkers [20] were also able to show the role of complement activation in 

recruiting macrophages. In their study, they used cobra venom factor (CVF) [21] to deplete 

the animals of complement. CVF, an analog of C3b, is able to form a stable C3 convertase, 

which is also resistant to complement control proteins like factors H and I. The CVF-

containing convertase continuously activates C3 by cleaving C3 into two parts, the 

anaphylatoxin C3a and the active form of C3, C3b. C3b is able to form a C3 convertase, 

which is subject to regulation by complement control proteins, which are able to inactivate 

C3b, thereby blocking all three activation pathways at the C3b formation step [22]. They 

showed that fewer macrophages were recruited to the site of the injury, and that the injury 

was slower to heal, as measured by staining for neurofilament regeneration seen after 4 and 

7 days post injury, thus demonstrating that complement activation plays a role in 

macrophage recruitment and regeneration of nerve damage following sciatic nerve crush. In 

addition, since it has been shown that inflammation and macrophage recruitment both play a 

role in neuropathic pain [19], these data also are consistent with complement activation 

playing a role in neuropathic pain.

Soluble Complement Receptor 1 (sCR1) inhibits the complement activation cascades by 

binding both C3b and C4b. Twining and coworkers [23] have shown that intrathecal 

injection (into the spinal cord) of sCR1 reduces mechanical allodynia in three different 

models of enhanced nociception of the spinal cord. These include sciatic inflammatory 

neuropathy, partial sciatic nerve injury (chronic constriction injury) and injection with HIV 

gp120. Intrathecal sCR1 had no effect on the behavioral responses of control mice, but 

mechanical allodynia induced by sciatic nerve injury, chronic constrictive nerve injury or 

HIV1 protein GP120 injection were completely abolished. Since the enhanced nociception 

was prevented or reversed in all three situations, it is suggested that complement is broadly 

involved in spinally-mediated pain enhancement.

A study of episodic and chronic pain in patients with sickle cell anemia by Mold and 

coworkers [24] provides more evidence that complement activation can lead to pain. Levels 

of complement “split products” (Bb, C4d, C3a, and C3b/C3d bound to erythrocytes) were 

measured in patients with episodic sickle cell crisis, both as outpatients, when pain levels 

were low, and as inpatients, when pain levels were high. Increased levels of the complement 

components listed above were seen for episodic patients during crisis. In patients with 

chronic pain from sickle cell anemia, complement levels were high, but did not significantly 

change between their being inpatients and outpatients. Since increased complement activity 
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was seen in patients suffering pain, increased complement activation was correlated with 

pain in these patients.

Li and coworkers [25] demonstrated that partial sciatic nerve ligation activated complement. 

After ligation, C3 deposition was seen at the injury site, as well as in areas near the injury 

site, while no deposition was seen on sham-operated animals (no partial ligation). Increased 

heat-related hyperalgesia and mechanical allodynia was also seen on the on nerve-injured 

side. Injection of IgG, which also activates complement, into the paws of rats caused 

neuropathic pain symptoms. Activation of complement also increased the influx of 

macrophages. To further test the role of complement activation in pain, rats were injected IP 

with sCR1 15 minutes prior to partial ligation surgery, and then tested for heat and 

mechanical sensitivity. Rats injected with sCR1 showed significantly higher pain thresholds 

than those that were sham injected. These rats also showed less C3 deposition and 

macrophage influx. From these results, they suggested that increased hyperalgesia and 

allodynia may be associated with local complement activation, and the resulting 

macrophages present in damaged tissue.

A somewhat different approach was taken by Levin et al. [26], who used expression 

screening to determine which genes were up and down regulated in a spinal ligation model 

of neuropathic pain. A genome-wide screen showed that several complement-related genes 

were significantly up regulated, including C1q, C1Inh, C1r, C1s, C3, C4, C5, properdin, and 

factors B and D, while Decay Activating Factor (DAF, a cell surface complement regulatory 

protein) was down regulated. They also were able to show that complement is activated both 

in the peripheral nerves and the CNS during neuropathic pain. Immuohistochemical and in 
situ hybridization data from the dorsal root ganglia showed increased C3 mRNA and C3b 

protein, and deceased DAF mRNA and protein. Decreases in DAF were associated with the 

neurons, while increases in C3 mRNA were in satellite cells that appeared to be microglia or 

macrophage-like. C3b protein was increased around select satellite cells, and on the surface 

of the neurons, suggesting that C3 was released from the satellite cells and then activated 

and bound to the neuronal membranes. Depletion of complement by ip injection of CVF not 

only reduced serum complement levels, but also decreased neuropathic pain, as measured in 

a paw-withdrawal assay. The CVF produced analgesia starting on day 3, reached 

significance on days 5 and 6. After day 8 following spinal ligation, the CVF had no effect, 

which is not surprising considering that CVF residence time in animals is only about 5 to 6 

days. This loss of efficacy could be explained by immunogenicity, but was not further 

addressed.

The role of complement C3a in pain was investigated by Jinsmaa and colleagues [27, 28]. 

Administration of complement C3a into the cerebral ventricles of mice inhibited analgesia 

induced by morphine. The kappa opioid agonist U-50488H produced analgesia in the 

hotplate and the tail pinch tests after systemic injection (30 mg/kg subcutaneous). The 

analgesic effect of U-50488H was completely reversed by the intracerebroventricular (ICV) 

administration of C3a at 10, but not 3 pmoles. Drugs acting at the delta opioid receptor 

produce robust analgesic effects [29]. Analgesia was observed by Jinsmaa and colleagues 

when mice were injected with 3 pmoles (ICV) of the selective delta receptor agonist peptide 

DTLET (Tyr-D-Thr-Gly-Phe-Leu-Thr), but this effect was not antagonized by C3a at doses 
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up to 10 pmoles ICV. The selectivity for mu (morphine) and kappa (U-50488H) over delta 

(DTLET) receptors demonstrates that the effect of C3a was specific. It was later 

demonstrated [28] that a C3a fragment (YPLPR) could bind to the mu opioid in addition to 

the C3a receptor. The tyrosine variant of this peptide (WPLPR), however, could still reverse 

opioid analgesic effects despite its complete absence of affinity for the opioid receptor. This 

suggests a direct effect of theC3a receptor to block endogenous analgesic activity, and that a 

selective C3a antagonist might have novel and useful analgesic properties.

Complement depletion with CVF was also used to examine the role of complement in pain 

caused by a modified chronic constriction injury (mCCI) model of neuropathic pain from 

nerve injury [30]. The authors noted that mCCI caused an increase in both C3 protein and 

mRNA levels in the spinal cord of mCCI rats. Injection of CVF into mCCI rats raised the 

thresholds of thermalglesia and hyperalgesia, again demonstrating the role of complement 

activation in pain. Most notably, a single CVF injection on day 4 (in rats that had previously 

not been injected with CVF) showed a temporary decrease in pain sensitivity, lasting for 

several days (Fig. 2).

ROLE OF C5a IN INFLAMATION AND PAIN

The papers described above demonstrate that complement activation plays a major role in 

pain. However, they do not attempt to determine which complement components may be 

responsible. It has been shown that pain can result from inflammation [19], and that the 

influx of neutrophils and other inflammatory cells plays a role in inflammation [8]. In the 

complement system, the strongest attractant for neutrophils is the anaphylatoxin C5a [31]. 

For these reasons, there have been a number of studies where the role of C5a, and its 

receptor C5aR have been studied to look into their role in pain that results from complement 

activation. This topic was also extensively covered in a recent review by Quadros and Cunha 

[32].

The first observation of a relationship of C5a and pain in animals was by Levine and 

coworkers [33]. In this study, the authors noted that injecting C5a into the hind paws of rats 

lowered their threshold of pain by more than 20%.They also noted that injecting 

hydroxyurea, which greatly reduces polymorphic lymphocyte migration [34] raised the pain 

threshold of rats whose hind paws had been injected with C5a.

Following hindpaw incision in the mouse, C5a receptor mRNA increased 15-fold in the 

surrounding skin [35] and a multiplexed assay showed increases in 8 of 18 cytokines 

measured. Daily injection with a C5a receptor antagonist AcF-[POdChaWR] [36] prevented 

the increase in 7 of the 8 cytokines that responded, suggesting that complement inhibition or 

depletion could be useful to reduce the pain and swelling of surgical incisions. Injection of 

AcF-[POdChaWR] into the animals reduced the nociceptive pain threshold to baseline after 

24 hours, while the threshold didn’t return to baseline until 96 hours in untreated animals. 

Treated animals also showed less edema than untreated. In another study of postsurgical 

pain, Liang et al. [37] used C5a receptor knockout mice to study heat hyperalgesia, 

mechanical allodynia, and edema in a hindpaw incision model. Responses to painful stimuli 

were measured for 4 days after the incision. They found that heat hyperalgesia was 
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significantly reduced throughout the post-incision period, but mechanical sensitization was 

only reduced at the later time points. Interestingly, edema developed after the incision in the 

wild-type mice, but only slightly and transiently in the C5aR knockout mice. These findings 

support the contention that the complement system is a novel and valid target for the control 

of pain and inflammation after surgery.

A study by Griffin and coworkers [38] used microarrays to study gene regulation in three 

models of neuropathic pain after peripheral nerve damage, the spared nerve injury model 

[39], the chronic constriction injury model [40], and the spinal nerve ligation model [41]. 

They found the expression of 54 genes increased in all three models, including the 

complement related genes C1q, C3, C4 in the dorsal horn after nerve injury. This increase in 

expression was found only in microglial cells. They also found increased expression of C5 

and C5aR after spared nerve injury in the microglia. The authors also used the C5aR 

antagonist AcF-[OPdChaWR] to examine the role of C5a in pain, and found that mice 

injected with both C5a and AcF-[OPdChaWR] showed less cold allodynia than mice 

injected with C5a and PBS. Finally, to see if MAC formation played a role in neuropathic 

pain after spared nerve injury, they performed the procedure on C6 deficient rats, and saw no 

difference in pain sensitivity compared to normal rats. Since C6 is required for the formation 

of the MAC, these data suggest that MAC formation does not play a role in pain, at least in 

this model.

A different C5aR antagonist, PMX53 [42] was used by Ting and coworkers [43] to examine 

the role of C5a in inflammatory hypernociception. In the Randall-Selitto test (the paw 

pressure test) [44], rats were injected in the hindpaw with known complement activators, 

zymosan; carrageenan, or lipopolysaccharide. Then nociception was measured after pressure 

was applied using an electronic pressure meter. They found that injection of PMX53, either 

before or after injection of zymosan, reduced hypernociception. PMX53 injection also 

lowered hypernociception caused by ovalbumin injection into the hind paw. They noted that 

PMX53 injection inhibited neutrophil migration caused by zymosan, but not that caused by 

carrageen or LPS. Treatment of the rats with the immunosuppressant anticancer microtubule 

disruptor vinblastine before injection of C5a, zymosan, or carrageen both blocked neutrophil 

migration and reduced hypernociception. Finally, they noted that treatment with PMX53 did 

not affect the levels of TNF-α or IL-1β. From this, they concluded that the role of C5a in 

inflammatory hypernociception does not involve the production of hypernociceptive 

cytokines, but does require the presence of neutrophils.

Complement fragments C5a and C3a were injected into the rat hindpaw to evaluate their role 

in pain [45]. Intraplantar injection of C5a or C3a elicited heat hyperalgesia, and sensitized 

C-nociceptors as evidenced by an increase in the proportion of heat-sensitive fibers. A-

nociceptors were also activated by complement. Interestingly, in the absence of incision or 

inflammatory stimulus, the complement fragments sensitized responses to heat, but not to 

mechanical stimulation. The same group reports finding C5a receptor mRNA in the dorsal 

root ganglia (DRG), and found that both C5a and C3a facilitated capsaicin-induced 

intracellular calcium mobilization in DRG neurons. These findings add to the evidence that 

the complement system activated and sensitizes cutaneous nociceptors. In 2011, Jang et al. 
[46] extended this research using incisional edema to model post-surgical pain. They 
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measured C5a receptor (C5aR) mRNA in the skin, DRG, and spinal cord, and C5a protein 

levels in the skin surrounding the incision. They found that the C5aR mRNA and protein 

were increased in the DRG and wound site for at least 72 hours following the incision. This 

evidence supports their conclusion that high local concentrations of C5a produced in wounds 

contribute to postoperative pain. In this report, Jang and coworkers also used the C5aR 

antagonist PMX53 to study the role of C5a in incisional pain. They noted that mice treated 

with PMX53 had less heat hyperalgesia between 2 and 72 hours after the incision, while the 

PMX treated mice only had reduced mechanical allodynia between 48 and 72 hours. 

Intraplantar injection of C5a also caused increased heat hyperalgesia and mechanical 

allodynia, which was reduced by injection of PMX53 30 minutes prior to the C5a injection. 

They found that, following incision, C5, C5aR, and C5aR mRNA showed a dramatic 

increase, though no increases in protein or mRNA levels were seen in either the DRG or the 

spinal cord. Little stimulation by C5a was seen in vitro in skin nerve fibers, and no effect of 

PMX53 was seen. The authors explanation was that indirect, e.g. the C5a-directed release of 

other factors that may be more directly responsible for the nociceptive pain seen in this 

study. Finally they observed that both C3a and C5a facilitated capsaicin dependent changes 

in Ca+2 concentration.

Sorkin and coworkers [47] described two monoclonal antibodies against the GD2 

ganglioside, where one (ch14.18) was able to fix complement, and the second 

(hu14.18K322A), with a single point mutation, was not. Comparing the activities of these 

antibodies, they noted that Ch14.18 induced allodynia, while hu14.18K322A did so to a far 

lesser extent. In addition, they found that the mechanical allodynia induced by 

hu14.18K322A was much shorter-lived than that induced by ch14.18. They demonstrated 

that C5a production is important in their model by pretreating rats with the C5aR antagonist 

AcF-[OPdChaWR]. The pre-treated rats showed no response to injection with ch14.18, 

while control rats showed a significant lowering of the pain threshold. It is interesting that 

when they repeated the above experiment on rats that didn’t express C6, a vital component 

of the MAC, the C6− rats also showed no pain response to the injection of ch14.18, implying 

that the MAC plays a central role in complement mediated pain in this model. This is in 

contrast to the results obtained by Griffin, (2007) [38] who showed that C6-deficient rats had 

the same sensitivity to pain in their model. The authors explained this difference by noting 

that, in their model, maximum allodynia was seen 30 to 45 minutes, while Griffin and 

coworkers did their measurements after three days. In addition, they cited differences in their 

experimental protocols.

C5aR−/− (C5aR knockout mice) mice were used to examine the role C5a in incisional pain 

by Liang and coworkers [37]. They found that the mice without C5a receptors showed less 

heat hyperalgesia than normal mice, and that the C5aR null mice also showed less 

mechanical allodynia, though only after 48 hours post-incision. C5aR null mice had much 

less edema than normal mice following the incision, with the small amount of edema seen 

disappearing after 24 hours. C5aR null mice also showed no increase in IL-1β and NGF 

after incision, while increases were seen in normal mice. It has been shown these factors are 

important in nociceptive pain modulation after incisional injury [48]. They concluded that 

C5a plays an important role in both heat hyperalgesia and mechanical allodynia, as well as 

in stimulating the migration of neutrophils into the epidermis and muscle around the wound.
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In a recent paper, Shutov and co-workers [49] were able to partially establish the connection 

between C5a production and neuropathic pain. Repeating experiments with C5aR−/− mice 

and mice treated with PMX53 (see above), they found that both heat and mechanical related 

hyperalgesia were reduced in C5aR knockout mice, and by wild type mice treated with the 

C5aR inhibitor PMX53. Then they found that the heat related hyperalgesia caused by C5a 

injection into mouse hind paws was significantly reduced in TRPV1 (transient receptor 

potentialcation channels vanilloid) knockout mice, and in mice treated with the TRPV1 

antagonist AMG9810. TRPV1 has been implicated in nociceptive pain [50]. They were able 

to show that in skin, C5aR was found almost entirely in macrophages. Using mice with a 

macrophage suicide gene, they were able to show that reducing the number of macrophages 

was able to significantly reduce nociceptive pain, and completely abolished C5a mediated 

heat hyperalgesia. Next, they studied the levels of cytokines in tissue injected with C5a. 

Since the NGF production profile matched the profile of increased heat related hyperalgesia, 

and because NGF is known to increase the expression of TRPV1 channels [51], the authors 

decided to study the connection between NGF production and heat related hyperalgesia. 

Using an anti-NGF antibody, they found that injection of the antibody reduced thermal 

hyperalgesia caused both by C5a and NGF, thus establishing the role of NGF in C5a induced 

thermal hyperalgesia.

In a slightly different study, Moriconi and coworkers [52] used rational drug design to make 

a small molecule C5aR inhibitor, DF2593A. While DF2593A does not prevent C5a binding 

to C5aR, it appears to restrict small conformational changes in C5aR that are necessary for 

its activity. It proved to be effective in reducing both thermal and mechanical hyperalgesia. 

DF2593A also proved effective in models of chronic inflammatory pain and inflammatory 

arthritic disease, but not in models of pain caused by epinephrine and PGE2, which are 

directly involved in the activation of nociceptive neurons.

JOINT INFLAMATION AND RHEUMATOID ARTHRITIS PAIN

It is clear that the anaphylatoxin C5a is a potent inducer of inflammatory edema by a 

neutrophil-dependent mechanism. Strikingly high numbers of neutrophils are present in the 

synovial fluid during the acute inflammatory phase of rheumatoid arthritis. A 

radioimmunoassay was used to measure C5a levels in the synovial fluid from the joints of 22 

rheumatoid arthritis patients [53]. It was found that C5a was present in a concentration of 

2.5 nM, sufficient to induce neutrophil accumulation and microvascular plasma protein 

leakage. C5a (20 ng/ml) and C3a (4 ug/ml) were present in the synovial fluid at levels four-

fold greater in rheumatoid arthritis patients, as compared to controls, but beneath the level of 

quantitation in the plasma from the same patients. These findings demonstrate that C3a and 

C5a may be important in joint swelling and pain in rheumatic joints.

COMPLEMENT DEPLETION TO AMELIORATE PAIN

The studies listed above strongly suggest that local overproduction of complement 

anaphylatoxins (C3a and C5a) may be responsible for a substantial amount of the pain that 

occurs in the above mentioned conditions. There is also a substantial body of literature that 

shows that in animal models of pain, complement depletion by cobra venom factor is able to 
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greatly lessen the pain felt by the subject. For example, Levin et al. (2008) [26] 

demonstrated that complement depletion by CVF significantly attenuated pain in spinal 

nerve ligation rats, a rat model for chronic pain. In another study [30], it was shown that 

complement depletion by CVF essentially prevented the occurrence of hyperalgesia caused 

by peripheral nerve injury when injected 10 minutes prior to the surgery (and injected daily 

thereafter), and nearly reversed the hyperalgesia when injected four days after the surgery 

(Fig. 2).These studies show the potential of complement depletion as a treatment for pain.

CONCLUSION

The articles referenced in this review clearly show that complement activation is required for 

neuropathic and inflammatory pain. Complement activation results in the production of the 

anaphylatoxins C3a and C5a, which are directly involved in neuropathic pain. C5a, being the 

stronger anaphylatoxin, appears to be the direct link between complement activation and 

pain. Neuropathic and inflammatory pain are mainly caused by binding of C5a to its 

receptor, C5aR, which causes the release of cytokines that attract macrophages and 

neutrophils. Recent work has shown that the activation of TRPV1 ion channels by NGF 

plays an important role in neuropathic and inflammatory pain.

This elucidation of the complement-related pain pathways also reveals a number of potential 

drug targets that may be useful to ameliorate neuropathic and inflammatory pain. Two drugs 

that prevent the binding of C5a to its receptor (PMX53 and AcF-[POdChaWR]) showed 

promise in reducing pain in animal models. However, due to bioavailability and stability 

problems, these promising molecules have not made it into the clinic. Another group used 

rational drug design to design a small molecule that binds noncompetitively to C5aR, 

DF2593A. While this drug does not prevent C5a binding, it does stop C5aR from activating 

the pain pathways. Finally, the work of Nie and coworkers described here shows that 

complement depletion with CVF may prove to be another method for reducing complement 

mediated neuropathic and inflammatory pain.
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Fig. (1). 
Complement activation pathways, showing final activation products, such as C3b (or C3dg) 

on cell surfaces, the Membrane Attack Complex (MAC) and the anaphylatoxins produced 

during complement activation. The three activation pathways (blue) meet at the C3 

activation step (green), where the activated C3 is bound covalently on the target cell surface. 

Complement activation can cause pain in three ways (red). First, the MAC can lyse cells. 

Second, cells with bound C3b (or C3dg) are targeted for phagocytosis. Finally, the 

anaphylatoxins C3a and C5a can bind to their receptors (C3aR and C5aR, respectively), 

attracting macrophages which cause inflammation.
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Fig. (2). 
Effect of complement depletion by CVF on hyperalgesia in rats following sciatic nerve 

ligation. Sham treated rats (no nerve ligation) showed no increase in pain sensitivity. Sciatic 

nerve ligation followed by saline injections showed a significant increase in pain sensitivity 

through the course of the experiment. Pain sensitivity in rats treated with CVF before and 

after surgery was essentially identical to untreated rats, while injection of CVF into saline-

treated rats on day 4 showed a decrease in hyperalgesia lasting at least 3 days. (Data from: 

Nie et al., 2007 and printed with the permission of the author.)
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