1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pain. Author manuscript; available in PMC 2020 March 01.

-, HHS Public Access
«

Published in final edited form as:
Pain. 2019 March ; 160(3): 702-711. doi:10.1097/j.pain.0000000000001449.

Mechanisms underlying mechanical sensitization induced by
complement C5a: the roles of macrophages, TRPV1 and CGRP
receptors

Charles A. Warwick®?, Leonid P. Shutovl, Andrew J. Shepherd?, Durga P. Mohapatra?, and
Yuriy M. Usachevl”

1Department of Pharmacology and lowa Neuroscience Institute, University of lowa, lowa City, 1A
52242

2Department of Anesthesiology, Washington University Pain Center, Washington University
School of Medicine, St. Louis, MO 63110

# These authors contributed equally to this work.

Abstract

The complement system significantly contributes to the development of inflammatory and
neuropathic pain, but the underlying mechanisms are poorly understood. Recently, we identified
the signaling pathway responsible for thermal hypersensitivity induced by the complement system
component C5a. Here, we examine the mechanisms of another important action of C5a, induction
of mechanical hypersensitivity. We found that intraplantar injection of C5a produced a dose-
dependent mechanical sensitization, and that this effect was blocked by chemogenetic ablation of
macrophages in both male and female mice. Knockout (KO) of TRPV1 or pretreatment with the
TRPV1 antagonists, AMG9810 or 5’-iodoresiniferatoxin (5’-IRTX), significantly reduced C5a-
induced mechanical sensitization. Notably, local administration of 5’-IRTX 90 minutes after C5a
injection resulted in a slow, but complete, reversal of mechanical sensitization, indicating that
TRPV1 activity was required for maintaining C5a-induced mechanical hypersensitivity. This slow
reversal suggests that neurogenic inflammation and neuropeptide release may be involved. Indeed,
pretreatment with a calcitonin gene related peptide (CGRP) receptor antagonist (but not an
antagonist of the neurokinin 1 receptor), prevented C5a-induced mechanical sensitization.
Furthermore, intraplantar injection of CGRP produced significant mechanical sensitization in both
wild-type (WT) and TRPV1 KO mice. Taken together, these findings suggest that C5a produces
mechanical sensitization by initiating macrophage-to-sensory-neuron signaling cascade that
involves activation of TRPV1 and CGRP receptor as critical steps in this process.
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The complement system component C5a produces mechanical hypersensitivity by initiating
macrophage-to-nociceptor signaling cascade that involves activation of TRPV1 and CGRP
receptor as critical steps in this process.

1. Introduction

The complement system is a central arm of innate immunity and includes >30 soluble and
membrane-bound proteins that collectively act as a first line of defense against infection and
tissue damage-associated conditions. Activated components of the complement system
participate in host defenses through a range of mechanisms including recruitment and
activation of immune cells, opsonization of pathogens or necrotic cells and killing of cells
[24; 52; 75]. Recent studies found that complement activity modulates pain sensitivity in
experimental models of inflammatory pain including osteoarthritis [78], rheumatoid arthritis
[22; 44], ankylosing spondylitis [82], post-surgical pain [11; 27; 37] and more generic
models of inflammatory pain [44; 69]. Additionally, meta-analysis of microarray data
revealed that genes from the complement system are among those most frequently and
strongly altered after induction of neuropathic or inflammatory pain [32], with several
studies specifically highlighting upregulation of complement activity after peripheral nerve
injury [17; 23; 32; 34; 67; 73]. However, which signaling pathways trigger pain
hypersensitivity as a result of complement activity is not well understood.

The complement component C5a is a highly potent pro-inflammatory and pronociceptive
product of complement system activation that is rapidly generated in response to injury or
infection. This 74 amino acid polypeptide acts primarily through a canonical G-protein
coupled receptor, C5aR1 (also called C5aR or CD88) [2; 52]. Numerous studies have shown
that the C5a/C5aR1 levels are elevated in various pain states. For example in humans, C5a/
C5aR1 was found to be elevated in patients with rheumatoid arthritis [22; 28; 78] and acute
pancreatitis [54]. Similarly, in murine models of postsurgical, neuropathic, and inflammatory
pain, C5a and C5aR1 are significantly upregulated [11; 27; 57; 63]. Furthermore, direct
administration of C5a elicits mechanical and thermal hypersensitivity in rodents [26; 27; 35;
44; 63; 69]. Consistent with the sensitizing action of C5a, both genetic deletion and
pharmacologic antagonism of C5aR1 produce analgesia in murine models of inflammatory,
arthritic, post-surgical and neuropathic pain [11; 23; 27; 37; 44; 63].

In spite of a growing body of literature supporting a role of C5a as an important modulator
of pain processing, the mechanisms underlying C5a-induced sensitization are still unclear,
particularly those that apply to mechanical hypersensitivity. In this study, we examine the
cellular and molecular mechanisms underlying C5a-induced mechanical sensitization. By
utilizing chemogenetic depletion, we identify macrophages as key intercellular mediators
between complement activity and primary afferent neuron sensitization. Furthermore, we
find that the activity of TRPV1 is essential for both the development and maintenance of
C5a-induced mechanical hypersensitivity in mice. Finally, our data indicate that activation of
the CGRP receptor is also required for the development of C5a-evoked mechanical
hypersensitivity.
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2. Methods

2.1. Animals

All experiments involving mice and the procedures used therein were approved by the
University of lowa Institutional Animal Care and Use Committee and were carried out in
strict accordance with the NIH Guide for the Care and Use of Laboratory Animals. Every
effort was made to minimize the number of mice used and their suffering. Mice (6-10 weeks
of age) were housed with food and water ad /ibitum under a 12-hr light/dark cycle.
C57BL/6J, TRPV1 KO (Jackson Labs #003770; C57BL/6J), TRPAL KO (Jackson Labs
#006401; mixed B6;129) and MAFIA (Jackson Labs #005070; C57BL/6J) mice were
obtained from The Jackson Laboratory (Farmington, CT).

2.2. Chemogenetic depletion of macrophages

For designer drug-inducible macrophage depletion experiments we used transgenic
macrophage Fas-induced apoptosis (MAFIA) mice [3]. In these mice, a drug-inducible
suicide gene is expressed under the control of the macrophage/monocyte-specific colony-
stimulating factor (CSF) 1 receptor (c-fims) promoter; its activation by the dimerizing
compound AP20187 (Clontech Cat #635069) triggers Fas-induced apoptosis in macrophages
and dendritic cells [3]. MAFIA mice do not seem to be depleted of microglia following
systemic administration of AP20187, most likely due to its poor penetration through the
blood brain barrier [3; 77]. Male or female MAFIA mice were administered either 2 mg/kg
of AP20187 dissolved in vehicle (10% PEG-400 and 1.7% Tween-80 in PBS) or vehicle
alone daily via intraperitoneal injection for 5 days as previously described [63]. Behavioral
testing was performed 6 days after the first injection of AP20187 or vehicle by an
investigator blinded to treatment conditions.

2.3. Drug administration

Pharmacological agents were injected into the plantar surface of the hindpaw using a 33-
gauge needle coupled to a Hamilton syringe. Injections included: 500 ng recombinant mouse
C5a in 10 uL PBS (unless otherwise stated), 5 ug of CGRP in 10 uL of PBS, or 10 ng NGF
in 10 pL PBS. NGF neutralizing antibody (1 pg in 10 uL PBS) or IgG (control; 1 pg in 10
pL PBS) was administered into the plantar skin of the hindpaw 30 min prior to injection of
Cb5a. For delivery of the TRPV1 antagonist, 67 ng of AMG9810 was mixed with 500 ng of
C5a, and this mixture was injected in a total volume of 10 uL PBS. 5’-IRTX (10 pL of 50
nM) was injected into the plantar surface of the hindpaw either 30 min before or 90 min
after C5a was injected. The neurokinin 1 (NK1) receptor antagonist SR140333 was
delivered at either 1 nmol subcutaneously (SC) or 1 mg/kg intraperitoneally (i.p.), 30 min
prior to C5a injection. The CGRP receptor antagonist BIBN4096 was delivered i.p. at 10
mg/kg, 30 min prior to C5a injection.

2.4. Testing of evoked pain behavior

Mechanical and thermal sensitivity of mouse hindpaws were measured using the von Frey
filament threshold calculation and Hargreaves test, respectively, by an investigator blinded to
treatment conditions as previously described [26; 38; 43; 58]. Mice were acclimatized to the
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behavioral testing chambers for 2 h per day beginning 3 days before testing. Mice were
placed inside a clear acrylic box (100 X 100 X 150 mm) on an elevated wire mesh platform
(holes in mesh are ~5X5mm). Mechanical sensitivity was assayed by calculating the 50%
response threshold to 5 presentations each of 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4 and 2 g von
Frey filaments (Stoelting, Wood Dale, IL). Filaments were presented in order of the lowest
strength (0.04 g) to the highest strength (2.0 g).

Thermal sensitivity was measured using an IITC Plantar Analgesia Meter (I1TC Life
Sciences; CA) with the glass table-top heated to a thermo-neutral temperature (30°C).
Nociceptive thermal sensitivity was measured by focusing a beam of light on the plantar
surface of the hindpaw to generate heat. The time required for the stimulus to elicit
withdrawal of the hindpaw (paw withdrawal latency) was recorded using the programmable
digital timer of the IITC Plantar Analgesia Meter. Baseline latency was determined shortly
(15-30 min) before drug administration, by averaging the results of three tests separated by
a 5-min interval.

2.5. Testing of spontaneous pain behavior

Mice were acclimatized to the test Hargreaves chambers for 2 hr per day beginning 3 days
before testing. Spontaneous pain behaviors were measured by video recording mice at
baseline (prior to injection) in the Hargreaves chamber. Then, capsaicin (1.6 pg in 10 uL)
was injected into the plantar surface of the hindpaw, and the mice were placed back in the
chamber, and continuously recorded for 20 min. After the experiment, the video was
replayed for a blinded observer and the time spent flinching or leaking each hindpaw was
recorded and collated for 5-min blocks of time. Thirty min prior to capsaicin injection WT
animals were pre-treated by intraplantar injection of either 10 pL of 50 nM 5’-IRTX or 10
uL of PBS. TRPV1 KO animals were naive prior to capsaicin injection.

2.6. Reagents

Recombinant mouse C5a, CGRP receptor antagonist BIBN4096 (Olcegepant), NK1 receptor
antagonist SR140333, and TRPV1 antagonists AMG9810 and 5’-IRTX, were purchased
from R&D Systems/Tocris. Recombinant rat calcitonin gene related peptide (a.-CGRP; Cat#
C0292) and capsaicin (cat# M2028) were purchased from Sigma. NGF was purchased from
AbD Serotec. NGF neutralizing antibody and IgG control were purchased from Exalpha
Biologicals (Cat# L148M and 0G11, respectively; Shirley, MA). AP20187 (B/B
homodimerizer Cat #635069) was from Takara/Clontech.

2.7. Statistical analysis

All data are expressed as mean + SEM. The data were analyzed using two-way repeated
measures ANOVA with Holm-Sidak post hoc test (time course with comparison of 2 or more
groups to all other groups at the same time point), or two-way repeated measures ANOVA
with Dunnett post hoc test (time course with comparison to respective baseline values). A
value of p<0.05 was considered statistically significant in all cases. Statistical analyses were
performed using the GraphPad Prism 7 software.

Pain. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Warwick et al. Page 5

3. Results

3.1. Cbhaproduces dose-dependent mechanical hypersensitivity

Previous reports have described a wide range of C5a doses for inducing thermal and
mechanical hypersensitivity in rodents. As amounts used for intraplantar injection ranged
from 10-40 ng/hindpaw at the low end [26; 69] to 200-500 ng/hindpaw at the high end [26;
27; 44], we first characterized the dependence of mechanical sensitivity on C5a dose in WT
mice (Fig. 1). Administration of 10, 100 and 500 ng C5a into the hindpaw produced
increasingly stronger and longer lasting mechanical hypersensitivity, which returned to
baseline levels 24 hours after the injection (Fig. 1A). Examination of behavioral responses to
individual filaments using a non-linear regression fit of the paw withdrawal frequency (Fig.
1B-D) revealed a distinct leftward shift in the 50% paw withdrawal frequency that depended
on the C5a dose and the post-injection time at which the measurements were taken. Based
on these data and the previous reports [26; 27; 44], 500 ng was chosen as the standard dose
for all subsequent experiments.

3.2. Macrophages are required for C5a-induced mechanical hypersensitivity in both male
and female mice

In the skin, C5aR1 is predominantly expressed in macrophages, and its activation induces
robust Ca2* mobilization in these cells [63]. We therefore examined the role of macrophages
in C5a-induced mechanical sensitization by utilizing the chemogenetic mouse model of
macrophage depletion known as macrophage FAS-induced apoptosis (MAFIA). The
transgenic MAFIA mice express a drug-inducible suicide gene under the control of the
macrophage/monocyte-specific colony-stimulating factor (CSF) 1 receptor (c-fms) promoter
[3]. Systemic administration of the designer drug AP20187 for 5 days, which significantly
depletes macrophage populations in mouse hindpaws [63], resulted in a significant reduction
of C5a-induced mechanical hypersensitivity (Fig. 2). In vehicle-treated MAFIA mice,
intraplantar injection of C5a induced a strong and long-lasting mechanical hypersensitivity,
which was similar to the effects observed in WT mice (Fig. 1A). Given that different
immune cells can mediate pain hypersensitivity in male and female mice [66], we also
examined the effects of C5a administration and macrophage depletion in female mice. As in
male mice, intraplantar injection of C5a produced significant mechanical hypersensitivity in
female mice, and this response was markedly attenuated by macrophage depletion (Fig. 2B).
Thus, macrophages are required for the induction of C5a-induced mechanical sensitization
in both male and female mice.

3.3. TRPVL1is required for the initiation and maintenance of C5a-induced mechanical
hypersensitivity
In order to identify an ion channel or receptor capable of mediating the pronociceptive
effects of Cbha, we tested a potential involvement of TRPA1, which has been implicated in
multiple forms of mechanical nociception [30; 31; 33; 48]. We found that TRPAL KO mice
did not differ from WT mice in terms of their response to C5a administration (Fig. 3A),
suggesting that TRPA1 does not contribute to C5a-induced mechanical sensitization.
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Recently, we reported that another TRP channel, TRPV1, mediates C5a-induced thermal
hypersensitivity [63]. In addition, several studies showed that TRPV1 can contribute to
mechanical sensitization [14; 43; 45; 76]. Therefore, we tested TRPV1 for a role in C5a-
mediated mechanical sensitization, and found that the effect of C5a was significantly
diminished in TRPV1 KO mice (Fig. 3B). Consistent with this genetic approach, pre-
treatment with the TRPV1 antagonists, AMG9810 (Fig. 3B) or 5’-IRTX (Fig. 4A),
significantly decreased C5a-induced mechanical hypersensitivity.

To address whether TRPV1 contributes only to the initiation of mechanical hypersensitivity
or is also required for its maintenance, we blocked TRPV1 activity after C5a-induced
mechanical hypersensitivity had fully developed. Local administration of 5’-IRTX 90 min
after C5a injection produced a slow (2-3 hrs) but complete reversal of C5a-induced
mechanical hypersensitivity (Fig. 4B). The slow time course of the 5’-IRTX effect suggests
that TRPV1 functions as a regulator of mechanical sensitivity rather than a direct sensor of
mechanical stimulus in the context of the C5a effect. In the latter case, the reversal of
mechanical hypersensitivity would have been expected to occur much faster. Indeed, 30 min
of pretreatment with 5’-IRTX was sufficient to prevent the development of spontaneous
nocifensive behavior in response to intraplantar administration of the TRPV1 agonist
capsaicin (Fig. 4C). Overall, these results demonstrate that TRPV1 is required for both the
initiation and maintenance of C5a-induced mechanical hypersensitivity. They also suggest
that C5a-dependent TRPV1 activation triggers additional signaling events, e.g. release of
neuroactive peptides and neurogenic inflammation that ultimately produce prolonged
sensitization of mechanosensitive afferent fibers.

3.4. CGRP receptor is required for C5a-induced mechanical sensitization

A large subset of TRPV1-positive neurons express the neuroactive peptides, substance P
(SP) and CGRP [5; 71], that could be released upon TRPV1 activation to produce
neurogenic inflammation and mechanical sensitization [19; 49; 51]. Therefore, we examined
the role of these neuropeptides and their receptors in C5a-induced mechanical
hypersensitivity. First, we tested the effect of pharmacologic blockade of the SP receptor,
neurokinin 1 receptor (NK1R), using its selective antagonist SR140333 [16; 53]. Neither
local (Fig. 5A, B) nor systemic administration (Fig. 5C, D) of SR140333 significantly
affected mechanical (Fig. 5A, C) or thermal (Fig. 5B, D) hypersensitivity induced by C5a. In
contrast, pretreatment with the selective CGRP receptor antagonist BIBN4096 [55]
completely prevented C5a-induced mechanical sensitization (Fig. 6A), although it had no
effect on C5a-induced thermal hypersensitivity (Fig. 6B). Thus, CGRP, but not SP, appeared
to play a significant role in mediating C5a-induced mechanical sensitization. This
conclusion was further supported by testing the effects of intraplantar administration of
CGRP. This treatment resulted in prominent mechanical hypersensitivity (Fig. 7) not only in
WT but also in TRPV1 KO mice, consistent with the idea that CGRP acts downstream of
TRPV1 in the signaling cascade that mediates C5a-induced mechanical sensitization.

3.5. NGF contributes to C5a-induced mechanical sensitization.

Having shown that C5a produces mechanical sensitization that depends on macrophages and
TRPV1, we next sought to identify the factor(s) that could signal from C5a-stimulated
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macrophages to TRPV1-expressing nociceptors. Recently we found that nerve growth factor
(NGF) can play such a role in mediating C5a-induced thermal hypersensitivity [63]. Given
that NGF is also expressed and released by macrophages [20; 40; 47] and that it sensitizes
TRPV1 via TrkA receptor activation [10; 39; 83; 84], we tested whether NGF plays a role in
Cb5a-induced mechanical sensitization. Specifically, we utilized an NGF-neutralizing
antibody (anti-NGF) that was validated by others [8; 9; 79] and used previously by our
group [63]. Pretreatment with anti-NGF, but not a control 1gG, 30 min prior to C5a
administration significantly reduced the effect of C5a on paw withdrawal threshold (Fig.
8A), suggesting that NGF contributes to C5a-induced mechanical sensitization.

4. Discussion

The results presented here define a novel pathway through which C5a produces mechanical
hypersensitivity. From the cellular perspective, we show that C5a acts through macrophages
to initiate an intercellular signaling cascade that sensitizes primary afferents to mechanical
stimuli. At the molecular level, we demonstrate that this macrophage-to-sensory-neuron
signaling critically depends on TRPV1 and CGRP receptor activation in eliciting strong and
prolonged mechanical hypersensitivity (Fig. 8B).

4.1. Macrophages in Cha signaling and pain sensitization

Recognition of the modulatory role of the immune system in nociception has led to a rapid
growth of knowledge surrounding neuro-immune interactions in pain. We have examined
one aspect of neuro-immune modulation and determined how activation of the complement
cascade produces mechanical hypersensitivity. Although the hyperalgesic activity of the
complement cascade has been highlighted in numerous reports over the last decade [23; 32;
37; 44], the cellular mechanisms linking the complement system to mechanical
hypersensitivity had not been determined. Here, we show that C5a-induced mechanical
sensitization is dependent on macrophages (Fig. 2). Recent studies suggested that
differential activation of immune cell populations in male and female mice is responsible for
sexual dimorphism observed in some chronic pain conditions [66]. To this end, male and
female mice did not differ significantly with respect to the effects of C5a and macrophage
depletion (Fig. 2), indicating that the particular complement-mediated pain pathway
described in our work is similar in both sexes.

Our findings revealing the key role of macrophages in mediating the pronociceptive effects
of Cba appear to disagree with a previous report suggesting that C5a acted through
neutrophils [69]. However, that conclusion was based on experiments using the cytotoxic
agent vinblastine that in addition to depleting neutrophils, also eliminates most myeloid cells
including monocytes and macrophages [7; 42]. The specificity of the MAFIA model for
macrophage/monocyte-derived cells versus other myeloid cells such as neutrophils [3]
argues that macrophages are the primary responders to C5a in the skin. This does not rule
out that in a chronic disease state such as rheumatoid arthritis, surgical pain, or neuropathic
pain, other immune cells such as neutrophils may still contribute to C5a signaling. Indeed,
neutrophils are known to be C5a-sensitive [59; 65] and important for wound/disease
responses and healing [29].
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Overall, identification of macrophages as the primary first responders to complement
activation in skin adds to a rapidly expanding spectrum of macrophage functions in the
pathogenesis of chronic inflammatory and neuropathic pain states [36; 50; 60-62; 80].

4.2. Therole of TRPV1 and NGF in C5a-induced mechanical sensitization

4.3. CGRP

We demonstrated that TRPV1, and not TRPAL, is an essential mediator of C5a-induced
mechanical sensitization using both genetic and pharmacologic approaches (Fig. 3, 4). We
also found that NGF plays a significant role in C5a-induced mechanical sensitization (Fig.
8A), consistent with the proposed role of NGF as a critical signaling mediator in
macrophage-to-nociceptor communication (Fig. 8B) [63]. NGF acts via the TrkA receptor to
facilitate membrane trafficking and function of TRPV1 through multiple signaling pathways
[10; 83; 84]. This could potentially promote the release of CGRP and other neuropeptides
[56], causing paracrine sensitization of mechanosensitive fibers, similar to capsaicin-induced
neurogenic inflammation that also results in mechanical sensitization [14; 15; 45]. The
proposed involvement of neuropeptide release and neurogenic inflammation downstream of
TRPV1 activation is consistent with the slow reversal of C5a-induced mechanical
hypersensitivity by administering the TRPV1 antagonist 5’-IRTX (Fig. 4B). Notably, in
human subjects intradermal C5a injection produced a significant wheal-and-flare reaction,
which was prevented by local pre-treatment with lidocaine [81]; the latter suggests that C5a-
induced inflammation has a neurogenic component, consistent with our findings.

Although the NGF-neutralizing antibody significantly reduced C5a-induced mechanical
hypersensitivity in our experiments, this inhibition was incomplete (Fig. 8A). This is in
contrast to the full inhibition of C5a-induced thermal hypersensitivity by the same antibody
[63]. This also differs from the nearly complete blockade of C5a-induced mechanical
sensitization achieved by macrophage depletion (Fig. 2), TRPV1 KO (Fig. 3, 4) or CGRP
receptor antagonism (Fig. 6). It is possible that besides NGF, additional inflammatory
factors mediate the sensitizing effects of C5a downstream of macrophages. This is consistent
with our previous report that a large number of cytokines and pro-inflammatory modulators
are rapidly mobilized in the skin in response to injection of C5a [63], and that many of these
mediators (e.g., TNF-a, IL1-f and IL-6) can produce mechanical sensitization [1; 41; 69].
Future studies will be necessary to determine whether there are additional factors mobilized
by C5a that significantly contribute to macrophage-to-sensory-neuron signaling and the
resulting mechanical hypersensitivity.

in Cha-induced mechanical sensitization

We found that the CGRP, but not NK1, receptors are essential for C5a-induced mechanical
sensitization (Fig. 5, 6). Moreover, intraplantar administration of CGRP mimicked the
behavioral effects of C5a. Importantly, the latter action did not require TRPV1 (Fig. 7),
suggesting that CGRP acts downstream of TRPV1 in the pronociceptive C5a signaling
pathway described here. The most likely explanation for our findings is that TRPV1-
dependent mobilization of CGRP from peptidergic afferent fibers, and the resulting
activation of CGRP receptors, are essential signaling events in C5a-induced mechanical
sensitization (Fig. 8B). CGRP is an important mediator of pronociceptive signaling both in
the peripheral and central nervous systems. TRPV1-dependent release of CGRP in the
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periphery is well documented both in rodents and humans [4; 18; 64; 72], and this process
plays an important role in the development of neurogenic inflammation and peripheral
sensitization [25; 51]. Peripherally released CGRP can activate receptors expressed in
vascular smooth muscles to produce vasodilation, and in macrophages to regulate
chemotaxis, phagocytosis and cytokine secretion [56; 68; 74]. Interestingly, macrophages
can accumulate around CGRP-positive fibers in the setting of inflammatory pathology [70],
and CGRP release from peptidergic fibers during inflammation activates macrophages,
further enhancing neurogenic inflammation [21]. CGRP receptors are also found in DRG
neurons suggesting that CGRP can act directly at primary sensory fibers to change their
excitability [12]. Indeed, CGRP was shown to enhance tetrodotoxin-resistant voltage-gated
Na* currents in DRG neurons via protein kinases A- and C-dependent mechanisms [46].
Thus, CGRP can contribute to C5a-induced mechanical sensitization through both nerve
fibers and non-neuronal cells in the skin.

Whether the proposed TRPV1- and CGRP-dependent mechanical sensitization involves the
same or distinct populations of nociceptors is unclear. Based on our results and published
literature, it is likely that C5a-induced mechanical sensitization involves at least two serially
activated populations of fibers, first, a peptidergic-TRPV1/CGRP population, and second, a
TRPV1-negative mechanically-sensitive population. This idea is consistent with the
markedly delayed reversal of mechanical sensitization produced by the TRPV1 antagonist
5’-IRTX (Fig. 4B), which was substantially slower than the time required for TRPV1
inhibition per se (Fig. 4C). In addition, this model is in agreement with the finding that
distinct subsets of sensory fibers mediate noxious thermal (TRPV1-positive) and mechanical
(Mrgprd-positive) behavioral responses [6]. Finally, optogenetic silencing of CGRPa.-
expressing neurons in naive animals significantly reduced acute thermal sensitivity, but did
not affect response to mechanical stimulation [13], further supporting the idea that distinct
subsets of primary sensory fibers are involved in the development of C5a-induced
mechanical hypersensitivity.

In conclusion, we identified critical signaling components that mediate complement C5a-
induced mechanical sensitization in the periphery (Fig. 8B). Our work highlights the
complexity of neuro-immune interaction in the development of pain hypersensitivity and
defines C5a/C5aR1, NGF, TRPV1 and CGRP receptors as key elements of this interaction
that could be therapeutically targeted for alleviating pain driven by hyperactivation of the
complement system.
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Figure 1. C5a produces dose-dependent mechanical hyper sensitivity.
(A) Paw withdrawal thresholds in WT (C57BL/6J) mice, as measured before (time=0 hr)

and after injection of 10 ng (green circles; n=4), 100 ng (red squares; n=4), or 500 ng (black
triangle; n=5) of C5a (in 10 pL of saline) into the plantar surface of the hindpaw. Significant
main effect of time: Fs 50=18.31; p<0.001 (two-way repeated-measures ANOVA). *p<0.05,
**p<0.01, ***p<0.001, relative to baseline (Dunnett post hoc test). Color of each asterisk
denotes significance of change relative to baseline for the corresponding test group. (B-D)
Dose response curves were calculated based on the experiments in (A) using non-linear, four
parameter regression model for 500 ng (B), 100 ng (C), and 10 ng (D) C5a injection.
Horizontal dotted black line indicates 50% withdrawal frequency.
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Figure 2. Macrophages arerequired for C5a-induced mechanical sensitization.
(A and B) Paw withdrawal thresholds as measured before (time=0 hr) and after injection of

C5a (500 ng) into the hindpaw plantar surface of male (A) or female (B) MAFIA mice
treated with vehicle (black) or AP20187 (red; macrophage-depleted) for 5 days prior to
behavioral testing as described in the Methods. Males: AP20187 n=8, vehicle n=5. Females:
AP20187 n=6, vehicle n=5. Significant main effect of time: F5 55=7.46, p<0.0001 for males
and Fs 55=11.46, p<0.0001 for females; significant main effect of AP20187 treatment:
F111=54.47, p<0.0001 for males and F1 9=28.36, p<0.001 for females (two-way repeated-
measures ANOVA). *p<0.05, **p<0.01, ***p<0.001, for AP20187 relative to vehicle-
injected mice (Holm-Sidak post hoc test). In addition, there was no significant difference in
the response to C5a between vehicle(AP20187)-treated male and female mice (two-way
repeated-measures ANOVA with Holm-Sidak post hoc test).
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Figure 3. Ch5a-induced mechanical sensitization requires TRPV1, but not TRPAL.
(A)Hindpaw mechanical sensitivity was measured before and after intraplantar injection of

C5a (500 ng), in WT (black; n=6) and TRPA1 KO (red; n=7) mice. There was no
statistically significant difference in the response of C5a relative to WT mice (two-way
repeated measures ANOVA with Holm-Sidak post hoc test). Significant main effect of time:
Fs5 66=25.46, p<0.001. (B) Mechanical sensitization to 500 ng C5a was determined for 3
treatment groups: (1) WT mice injected with C5a alone (black circles; n=10), (2) WT mice
co-injected with C5a and 67 ng of the TRPV1 antagonist AMG9810 (green triangles; n=6),
and (3) TRPV1 KO mice injected with C5a (red squares; n=9). Paw withdrawal thresholds
were measured before (time=0 hr) and at multiple times after C5a/drug injection. Significant
main effect of time: F4 104=4.61, p<0.001; Significant main effect of treatment/genotype:
F2104=7.779, p<0.001 (two-way ANOVA test). *p<0.05, is relative to “WT, C5a” (Holm-
Sidak post hoc test). Green and red asterisks correspond to “WT, C5a+AMG” and
“TRPV1KO, C5a” mouse groups, respectively.
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Figure4. TRPV1isrequired for both initiation and maintenance of C5a-induced mechanical
hyper sensitivity.

(A) Pre-treatment with the TRPV1 antagonist 5’-IRTX (10 pL of 50 nM) reduced
mechanical hypersensitivity elicited by C5a (500 ng). 5’-IRTX (red, n=5) or vehicle (black,
n=4) were injected into the plantar surface of the hindpaw 30 min prior to C5a
administration. There was a significant interaction between the effects of time and 5’-IRTX
treatment: F5 35=4.596, p=0.0025. Significant main effect of time: Fs 35=13.11, p<0.001;
Significant main effect of 5°’-IRTX treatment: F; 7=32.55, p<0.001 (two-way repeated-
measures ANOVA). **p<0.01, ***p<0.001, relative to vehicle-treated mice (Holm-Sidak
post hoc test). (B) Delayed (90 min post C5a; arrow) treatment with 5’-IRTX (10 uL of 50
nM; red, n=5), but not vehicle (black, n=5), slowly reversed mechanical hypersensitivity
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induced by C5a (500 ng). There was a significant interaction between the effects of time and
5’-IRTX treatment: F5 40=2.637, p=0.0375; Significant main effect of time: Fs 40=18.17,
p<0.001 (two-way repeated-measures ANOVA). *p<0.05, relative to sham (Holm-Sidak post
hoctest). (C) Pre-treatment with 5’-IRTX (10 uL of 50 nM) blocked spontaneous pain
behaviors elicited by intraplantar injection of capsaicin (1.6 pug in 10 uL). WT mice were
pre-treated with either 5’-IRTX (red, n=6) or vehicle (black, n=6) by subcutaneous injection
into the plantar surface of the hindpaw 30 min prior to capsaicin administration. TRPV1 KO
mice (green, n=4) were naive prior to capsaicin injection. Spontaneous pain behaviors were
quantified as cumulative time spent licking and flinching. Baseline (time=0 min) was
obtained 5 min prior to capsaicin injection. There was a significant interaction between the
effects of time and treatment: Fg 5,=3.065, P=0.0067; Significant main effect of time:
F452=9.795, p<0.001, Significant main effect of 5’-IRTX treatment/genotype: F; 13=13.29,
p<0.001 (two-way repeated-measures ANOVA). *p<0.05, ***p<0.001, “WT, 5’-IRTX” (red
asterisks) or “TRPV1 KO” (green asterisks) relative to “WT, Vehicle” (Holm-Sidak post hoc
test).
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Figure 5. NK 1 receptor isnot required for C5a-induced mechanical or thermal hyper sensitivity.
(A and B) Pre-treatment with the NK1 receptor antagonist SR140333 via subcutaneous

administration (SC; 1 nmol; n=7) 30 min prior to C5a injection (500 ng) did not significantly
affect C5a-induced mechanical (A) or thermal (B) hypersensitivity relative to vehicle-treated
mice (n=6) (two-way repeated-measures ANOVA with Holm-Sidak post hoc test).
Significant main effect of time: F5 55=24.8, p<0.0001 for mechanical sensitivity and
F111=95.12, p<0.0001 for thermal sensitivity. (C and D), Pre-treatment with the NK1
receptor antagonist, SR140333 via intraperitoneal administration (IP; 1 mg/kg; n=6) 30 min
prior to C5a injection (500 ng) did not significantly affect C5a-induced mechanical (C) or
thermal (D) hypersensitivity relative to vehicle-treated mice (n=5) (two-way repeated-
measures ANOVA with Holm-Sidak post hoc test). Significant main effect of time:
F432=43.73, p<0.0001 for mechanical sensitivity and F1 =110, p<0.0001 for thermal
sensitivity.
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Figure 6. CGRP receptor isrequired for C5a-induced mechanical, but not thermal,

hyper sensitivity.

Pre-treatment with the CGRP receptor antagonist BIBN4096 (10 mg/kg IP; n=8) 30 min
prior to C5a injection (500 ng) significantly reduced C5a-induced mechanical (A) but not
thermal (B) hypersensitivity, compared to vehicle pre-treated animals (n=8). (A) For
mechanical sensitivity, there was a significant interaction between the effects of time and
treatment: F 56=4.74, P=0.0023. Significant main effect of time: F4 56=13.38, p<0.0001,;
Significant main effect of BIBN4096 treatment: F1 14=20.42, p<0.001 (two-way repeated-
measures ANOVA). **p<0.01, ***p<0.001, relative to vehicle (Holm-Sidak post hoc test).
(B) BIBN4096 pretreatment did not significantly affect C5a-induced thermal
hypersensitivity (two-way repeated-measures ANOVA with Holm-Sidak post hoc test).
Significant main effect of time: F1 14=206.7, p<0.0001.
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Figure 7. CGRP administration induces mechanical hyper sensitivity
Intraplantar injection of CGRP (5 pg in 10 pL) in WT (solid black; n=7) and TRPV1 KO

mice (solid red; n=11) produced significant mechanical sensitization relative to vehicle-
injected WT (dashed black; n=11) and TRPV1 KO (dashed red; n=4). Baseline corresponds
to 0 hr time point. There was a significant interaction between the effects of time and
treatment: F15 g4=2.561, P=0.0061. Significant main effect of time: F4 g4=10.2, p<0.001,
Significant main effect of treatment/genotype: F3 »1=23.76, p<0.001 (two-way repeated-
measures ANOVA). *p<0.05, **p<0.01, ***p<0.001, CGRP relative to vehicle injection
(Holm-Sidak. post hoc test). Red and black asterisks correspond to TRPV1 KO and WT,
respectively. ## p<0.01 is “WT, CGRP” relative to “TRPV1 KO, CGRP” (two-way repeated-
measures ANOVA with Holm-Sidak post hoc test, main effects listed above).
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Figure 8. C5a-induced mechanical sensitization dependson NGF.
(A) Mechanical hypersensitivity induced by C5a (500 ng, intraplantar) was reduced by

pretreatment with an NGF neutralizing antibody (1 mg; 30 min prior to C5a injection; red;
n=6), but not by control 1gG (1 mg; 30 min prior to C5a injection; black; n=6). Significant
main effect of time: F4 40=35.08, p<0.001; Significant main effect of anti-NGF treatment:
F110=11.04, p=0.0077 (two-way repeated-measures ANOVA). *p<0.05, relative to 1gG
treatment (Holm-Sidak post hoc test). (B) Proposed model describes the pronociceptive
signaling of complement C5a in the periphery by integrating conclusions from the current
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study focused on mechanical hypersensitivity with those from our previous work focused on
thermal hypersensitivity [63].
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